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Foreword 

This book is about a revolution in our view of space and time, and its 
remarkable consequences, some of which are still being unraveled. It is 
also a fascinating account, written by someone closely involved, of the 
struggles and eventual success in a search for an understanding of what 
are possibly the most mysterious objects in the Universe--black holes. 

It used. to be thought obvious that the surface of the Earth was flat: It 
either went on forever or it had some rim that you might fall over if 
you were foolish enough to travel too far. The safe return of ~lagellall 
and other round-the-world travelers finally convinced people that the 
Earth's surlace was curved back on itself into a sphere, but it was still 
thought self-evident this sphere existed in a space that was flat in the 
sense that the rules of Euclid's geometry were obeyed: Parallel lines 
never meet. However, in 1915 Einstein put forward a theory that 
combined space and time into something called spacetime. This was 
not flat but curved or warped by the matter and energy in it. Because 
spacetime is very nearly flat in our neighborhood, this curvature makes 
very little difference in norma) situations. But the implications for the 
further reaches of the Universe were more surprising than even Ein-
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stein eVer realized. One of these was the possibility that stars could 
collapse under their own gravity until the space around them became 
so <:urved that they cut themselves off from the rest of the Universe. 
Einstein himself didn't believe that such a collapse could ever occur, 
but a number of other people showed it was an inevitable consequence 
of his theory. 

The story of how they did so, and how they found the peculiar 
properties of the black holes in space that were left behind, is the 
subject of this book. It is a history of scientific discovery in the making, 
written by one of the participants, rather like The Double Helix by 
James Watson about the discovery of the structure of DNA, which led 
to the understanding of the genetic code. But unlike the case of DNA, 
there were no experimental results to guide the investigators. Instead, 
the theory of black holes was developed before there was any indica
tion from observations that they actual1y existed. I do not know any 
other example in science where such a great extrapolation was success
fully made solely on the basis of thought. It shows the remarkable 
power and depth of Einstein's theory. 

There is much we still don't know, such as what happens to objects 
and information that fall into a black hole. Do they reemerge else
where in the Universe, or in another universe? And can We warp space 
and time so much that one can travel back in time? These questions are 
part of OUf ongoing quest to understand the Universe. Maybe someone 
will come back from the future and tell us the answers. 

STEPHEX H.\ WKING 



Introduction 

This book is based upon a combination of firmly established physical 
principles and highly imaginative speculation, in which the author 
attempts to reach beyond what is solidly known at present and project 
into a part of the physical world that has no known counterpart in our 
everyday life on Earth. His goal is, among other things, to examine 
both the exterior and interior of a black hol~ stellar body so massive 
and concentrated that its gravitational field prevents material particles 
and light from escaping in ways which are common to a star such as 
our own Sun. The descriptions given of events that would be experi
enced if an observer were to approach such a black hole from outside 
are based upon predictions of the general theory of relativity in a 
"strong-gravity" realm where it has never yet been tested. The specula
tions which go beyond that and deal with the region inside what is 
termed the black hole's "horizon" are based on a special fonn of cour
age, indeed of bravado, which Thorne and his international associates 
have in abundance and share with much pleasure. One is reminded of 
the quip made by a distinguished physicist, "Cosmologists are usually 
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wrong but seldom in doubt." One should read the book with two goals: 
to learn some hard facts with regard. to strange but real features of our 
physical Universe, and to enjoy informed speculation about what may 
lie beyond what we know with reasonable certainty. 

As a preface to the work, it should be said that Einstein's general 
theory of relativity, one of the greatest creations of speculative science, 
was formulated just over three-quarters of a century ago. Its triumphs 
in the early 1920s in providing an explanation of the deviations of the 
motion of the planet Mercury from the predictions of the Newtonian 
theory of gravitation, and later an explanation of the redshift of distant 
nebulas discovered by Hubble and his colleagues at Mount Wilson 
Observatory, were followed by a period of relative quiet while the 
community of physical scientists turned much of its attention to the 
exploitation of quantum mechanics. as well as to nuclear physics. high
ene:rgy particle physics, and advances in observational cosmology. • 

The concept of black holes had been proposed in a speculative way 
soon after the discovery of Newton's theory of gravitation. With proper 
alterations, it was found to have a natural place in the theory of relativ
ity if one was willing to extrapolate solutions of the basic equations to 
such strong gravitational fields -a procedure which Einstein regarded 
with skepticism at the time. Using the theory, however, Chandrasek
har pointed out in 1930 that, according to it, stars having a mass abov~ 
a critical value, the so-called Chandrasekhar limit, should collapse to 
become what we now call black holes, when they have exhausted the 
nuclear sources of energy responsible for their high temperature. 
Somewhat later in the 19305, this work was expanded by Zwicky and 
by Oppenheimer and his colleagues, who demonstrated that there is a 
range of stellar mass in which one would expect the star to collapse 
instead to a state in which it consists of densely packed neutrons, the 
so-caned neutron star. In eitht-r case, the final implosion of the star 
when its nuclear energy is exhausted should be accompanied by an 
immense outpouring of energy in a relatively short time, an outpour
ing to be associated with the brilliance of the sllpernovae seen occasion
ally in our own galaxy as well as in more distant nebu1as. 

World War II interrupted such work. However, in the 1950s and 
19605 the scientific community returned to it with renewed interest 
and vigor on both the experimental and theoretical frontiers. Three 
major advances were made. First, the knowledge gained from research 
in nuclear and high-energy physi('...s found a natural place in cosroologi-
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cal theory, providing support for what is commonly termed the "big 
bang" theory of the formation" of our Universe. Many lines of evidence 
now support the view that our Universe as we know it originated as the 
result of expansion from a small primordial soup of hot, densely packed 
particles, commonly called a fireball. The primary event occurred at 
some time between ten and twenty hill ion years ago. Perhaps the most 
dramatic support for the hypothesis was the discovery of the degraded 
remnants of the light waves that accompanied a late phase of the initial 
explosion. 

Second, the neutron stars predicted by Zwicky and the Oppenheimer 
team were actually observed and behaved much as the theory pre
dicted, giving full credence to the concept that the supernovae are 
associated with stars that have undergone what may be called a final 
gravitational collapse. If neutron stars can exist for a given range of 
stellar mass, it is not unreasonable to conclude that black holes will be 
produced by more massive stars, granting that much of the observa
tional evidence will be indirect. Indeed, there is much such indirect 
evidence at present. 

Finally, several lines of evidence have given additional support to 
the validity of the general theory of relativity. They include high
precision measurements of spacecraft and planetary orbits in our solar 
system, and observations of the "lensing" action of some galaxies upon 
light that reaches us from sources beyond those galaxies. Then, more 
recently, there is good evidence of the loss of energy of motion of 
mutually orbiting massive binary stars as a result of the generation of 
gravitational waves, a major prediction of the theory. Such observa
tions give one courage to believe the untested predictions of the gen
eral theory of relativity in the proximity of a black hole and open the 
path to further imaginative speculation of the type featured here. 

Several years ago the Commonwealth Fund decided at the sugges
tion of its president, Margaret E. Mahoney, to sponsor a Book Program 
in which working scientists of distinction were invited to write about 
their work for a literate lay audience. Professor Thorne is such a scien
tist, and the Book Program is pleased to offer his book as its ninth 
publication. 

The advisory committee for the Commonwealth Fund Book Pro
gram, which recommended sponsorship of this book, consisted of the 
following members: Lewis Thomas, M.D., director; Alexander G. 
Beam, M.D., deputy director; Lynn Margulis, Ph.D.; Maclyn McCarty, 

15 
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M.D.; Lady Medawar; Berton Roueche; Frederick Seitz, Ph.D.; and 
Otto Westphal, M.D. The publisher is represented by Edwin Barber, 
vice-chairman and editor at W. W. Norton & Company, Inc. 

FR.EDER.ICK SEITZ 



Preface 

what thUi book is about, 
and how to read it 

For thirty years I have been participating in a great quest: a quest to 
understand a legacy bequeathed by Albert Einstein to future genera
tions-his relativity theory and its predictions about the Universe-
and to discover where and how relativity fails and what replaces it. 

This quest has led me through labyrinths of exotic objects: black 
holes, white dwarfs, neutron stars, singularitiE'.8, gravitational waves, 
wormholes, time warps, and time machines. It has taught me episte
mology: What makes a theory "good"? What transcending principles 
control the laws of nature? Why do we physicists think we know the 
things we think we know, even when technology is too weak to test our 
predictions? The qUE'.st has shown me how the minds of scientists work, 
and the enormous differences between one mind and another (say, 
Stephen Hawking's and mine) and why it takes many different types of 
scientists, each working in his or her own way, to flesh out our under
standing of the Universe. Our quest, with its hundreds of participants 
scattered over the globe, has helped me appreciate the international 
character of science, the different ways the scientific enterprise is orga
nized in different societies, and the intertwining of science with politi-
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cal currents, especially Sovietl American rivalry. 
This book .is my attempt to share these insights with nonscientists, 

and with scientists who work in fields other thall my own. It is a book 
of interlocking themes held together by a thread of history: the history 
of our struggle to decipher Einstein's legacy, to discover. its seemingly 
outrageous predictions about black holes, singularities, gravitational 
waves, wormholes, and. time warps. 

The book begins with a prologue: a science fiction tale that in
Y'oduces the reader, quickly, to the book's physics and astrophysics 
concepts. Some readers may find this tale disheartening. The concepts 
(black llOles and their horizons, wormholes, tidal forces, singularities. 
gravitational waves) fly by too fast, with too little explanation. My 
advice: Just let them fly hy; enjoy the tale; get a rough impressioll. 
Each concept will be introduced again, in a more le~urely fashion, in 
the body of the book. A.fter reading the body, return to the prologue 
and appreciate its technical nuances. 

The body (Chapters 1 through 14) has a completely different flavor 
from the prologue. Its l-'entral thread is historical, and with this thread 
are interwoven the book's other tbE'xnes. I pursue the hjstorical thread 
for a few pages, then branch on to a tangential theme, and then an
other; then I return to the history for a while, and then 1a.ullch on to 
another· tangent. This branching, launching, and weaving expose the 
read.er to an f"legant. tapestry of inten-elated ideas Ii'om physics, astro
physics, philosophy of science, sociology of science, and science in the 
political arena. 

Some of the physics may be tough going. As an aid, there is a 
glossary of physics concepts at the back of the book. 

Science is a community enterprise. The insights that shape our view 
of the Universe come not from a single person or a small handful, but 
from the combined effon.s of many'. Therefore, this book has many 
characters. To help the reader remember those who appear several 
times, there is a 1ist and a few words about each in the "Characters" 
section at the back of the book. 

In scientific research, as in life, ma.ny themes are pursued simul
taneously by many different people; and the insights of one decade 
may spring from ideas that are several decades old but were ignored 
in the intervening years. To make sense of it all, the book jumps 
backward and forward. in time, dwelling 011 the 1960s for a while, 
then dipping back to the 1950s, and then retuming to a main thread 
jn the 19708. R.eaders who get ,dizzy from all this time tra.vel may 
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find help in the chronology at the back of the book.. 
I do not aspire to a historian's standards of completeness, ar-£uracy, or 

impartiality. Were 1 to seek completeness, most readers would drop by 
the wayside in exhaustion, as would 1. Were I to seek much higher 
accuracy, the book would be filled with equations and would be un
readably technical. Although I have sought impartiality, I surely have 
failed; I am too close to my subject: I have been involved personal1y in 
its development from the early 1960s to the present, aIld several of my 
closest friends were peTSonally involved from the 1930s onward. I have 
tried to balance my resulting bias by extensive taped interviews with 
other participants in the quest (see the bibliography) and by running 
chapters past some of them (see the acknowledgments). However, 
some bias surely remains. 

As an aid to the reader who wants greater completeness. accuracy, 
and impartiality, I have listed in the notes at the back of the book the 
sources for many of the text's historical statements, and references to 
some of the original technical articles that the quest's participants have 
written to explain their discoveries to each other. The notes also con
tain more precise (and therefore more techni('.al) discussions of some 
issues that are distorted in the text by my striving for simplicity. 

Memories are fallible; different people, experiencing the same 
events, may interpret and remexnber them in very different ways. I 
have relegated such different..'eS to the notes. In the text, 1 have stated 
my own final view of things as though it were gospel. May real histori
ans forgive me, and may nonhistorians thank me. 

John Wheeler, my principal mentor and teacher during my fonna
tive years as a physicist (and a c..entral character in this book), delights 
in asking his friends, "What is the single most important thing Y"u 
have learned about thus and so?" Few questions focus the mind so 
clearly. In the spirit of John's question, J ask myself, as 1 come to the 
end of fifteen years of on-and-off writing (mostly off), "What is the 
single Illost important thing that you want your readers to learn?" 

My aJiswer: the amazing power of the human mind-by fits and 
starts, blind alleys, and leaps of insight· .. -to unravel the complexities of 
our Universe, and reveal the ultimate simplicity, the elegance, and the 
glorious beauty of the fundamental laws that govern it. 

19 



Prologue: 
A Voyage among the Holes 

in which the reader, 
in a science fiction tale, 

encounters black holes 
and aU their strange properties 
as best we understand them in the 1990s 

Of all the conceptions of the human m~nd, from unicorns to gar
goyles to the hydrogen Qomb, the most fantastic, perhaps, is the black 
hole: a hole in space with a definite edge into which anything can fall 
and out of which nothing can escape; a hole with a gravitational force 
so strong that even light is caught and held in its grip; a hole that 
curves space and warps time.! Like unicorns and gargoyles, black holes 
seem mOre at home in the realms of science fiction and ancient myth 
than in the real Universe. Nonetheless, well-tested laws of physics 
predict firmly that black holes exist. In our galaxy alone there may be 
millions, but their darkness hides them from view. Astronomers have 
great difficulty finding them.a 

Hades 

Imagine yourself the owner and captain of a great spacecraft, with 
computers, robots, and a crew of hundreds to do your bidding. You 

1. Chapters 3, 6, 7. 
2. Chapter 8. 
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P.t Atoms of gas. pulled by a black hole's Rra"ily, stream toward the hoJe 
from all directions. 

have been commissioned by the World Geographic Society to explore 
black holes in the distant reaches of interstellar space and radio back to 

Earth a description of your experiences. Six years into its voyage, your 
starship is now decelerating into the vicinity of the black hole closest to 
Earth, a hole called "Hades" near the star Vega. 

On your ship's video screen you and your crew see evidence of the 
hole's presence: The atoms of gas that sparsely populate interstellar 
space, approximately one ill each cubic centimeter, are being pulled by 
the hole's gravity (Figure P.l). They stream toward the hole from all 
directions, slowly at great distances where gravity pulls them weakly, 
faster nearer the hole where gravity is stronger, and extremely fast·-·
almost as fast as light--close to the hole where gravity is strongest. If 
something isn't done, your starship too will be sucked in. 

Quickly and carefully your first mate, Kares, maneuvers the ship 
out of its plunge and into a circular orbit, then shuts off the engines. 
As you coast around and around the hole, the centrifugal force of your 
circular motion holds your ship up against the hole's gravitational 
pull. Your ship is like a toy slingshot of your youth on the end of 
a whirling string, pushed out by its centrifugal force and held in by 
the string's tension, which is like the hole's gravity. As the starship 
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P.2 The spectrum of electromagnetic waves, running from radio waves at very 
long wavelengths (very low frequencies) to gamma rays at very short wave· 
lengths (very high frequencies). For a discussion of the notation used here for 
numbers (10S", 10-1.11, etc.), see Box P.1 below. 

coasts, you and your crew prepare to explore the hole. 
At first you explore passively: You use instrumented telescopes to 

study the electromagnetic waves (the radiation) that the gas emits as it 
streams toward the hole. Far from the hole, the gas atoms are cool, just 
a few degrees above absolute zero. Being cool, they vibrate slowly; and 
their slow vibrations produce slowly oscillating electromagnetic waves, 
which means waves with long distances from one crest to the next
long wavelengths. These are radio waves; see Figure P.2. Nearer the 
hole, where gravity has pulled the atoms into a faster stream, they 
collide with each other and heat up to several thousand degrees. The 
heat makes them vibrate more rapidly and emit more rapidly oscillat
ing, shorter wavelength waves, waves that you recognize as light of 
varied hues: red, orange, yellow, green, blue, violet (Figure P.2). Much 
closer 10 the hole, where gravity is much stronger and the stream much 
faster, collisions heat the atoms to several million degrees, and they 
vibrate very fast, producing electromagnetic waves of very short wave
length: X-rays. Seeing those X-rays pour out of the hole's vicinity, you 
are reminded that it was by discovering and studying just such X-rays 
that astrophysicists, in 1972, identified the first black hole in distant 
space: Cygnus X-1, 14,000 light-years from Earth.' 

3. ChapteT 8. 
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Turning your telescopes still closer to the hole, you see gamma rays 
from atoms heated to still higher temperatures. Then, looming up, at 
the center of this brilliant display, you see a large, round sphere, abso
lutely black; it is the black hole, blotting out all the light, X-rays, and 
gamma rays from the atoms behind it. You watch as superhot atoms 
stream into the black hole froIn aU sides. Once inside the hole, hotter 
than ever, they must vibrate faster than ever atld radiate more strongly 
than ever, but their radiation cannot escape the hole's intense gravity. 
~othjng can escape. That is why the hole looks black; pitch-black:' 

With your telescope, you examine the black sphere closely. It has an 
absolutely sharp edge, the hole's surface, the location of "no escape." 
Anything just above this surface, with sufficient effort, can escape from 
gravity's grip: A rocket can blast its way free; particles, if fired upward 
fast enough, can escape; light can escape. But just below the surface, 
gravity's grip is inexorable; nothing can ever escape from there, regard
less of how hard it tries: Ilot rockets, not particles, not light, not radia
tion of any sort; they can never reach your orbiting starship. The hole's 
sudace, therefore, is like the horizon on Earth, beyond which you 
cannot see. That is why it has been named the horizon of the black hole. 5 

Your first mate, Kares, measures carefully the circumference of your 
starshlp's orbit. It is 1 million kilometers, about half the circumference 
of the Moon's orbit around the Earth. She then looks out at the distant 
stars and watches them circle overhead as the ship moves. By timing 
their apparent motions, she infers that it takes 5 minutes and 46 sec
onds for the ship to encircle the hole once. This is the ship's orbital 
period. 

From the orbital period and circumference you can now compute 
the mass of the hole. Your method of computation is the same as was 
used by Isaac ~ewton in 1685 to compute the mass of the Sun: The 
more massive the object (Sun or hole), the stronger its gravitational 
pull, and therefore the faster must an orbiting body (planet or starship) 
move to avoid being sucked in, and thus the shorter the body's orbital 
period must be. By applying iIlewton's mathematical version of this 
gravitationallaw6 to your ship's orbit, you compute that the black hole 
Hades has a mass ten times larger than that of the sun ("10 solar 
masses").7 

4. Chapters 3 and 6. 
5. Chapter 6. 
6. GnapteT 2. 
7. Readers who want to compute properties of black holes foe themselves will find the 

relevant formulas in the notes at the end of the bonk. 
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You know that this hole was created long ago by the death of a star, 
a death in which the star, no longer able to resist the inward. pull of its 
own gravity, imploded upon itself.' You also know that, when the star 
imploded, its mass did not change; the black hole Hades has the same 
mass today as its parent star had long ago-or almost the same. Hades' 
mass must actually be a little larger, augmented by the mass of every
thing that has fallen into the hole since it was born: interstellar gas, 
rocks, starships ... 

You know all this because, before embarking on your voyage, you 
studied the fundamental laws of gravity: laws that were discovered in 
an approximate form by Isaac Newton in 1687, and were radically 
revised into a more accurate form by Albert Einstein in 1915.° You 
learned that Einstein's gravitational Jaws, which are called general 
relativity; force black holes to behave in these ways as inexorably as 
they force a dropped stone to fall to earth. It is impossible fol' the stone 
to violate the laws of gravity and fall upward or hover in the air, and 
similarly it is impossible for a black hole to evade the gravitational 
laws: The hole must be born when a staT implodes upon itself; the 
hole's mass, at birth, must be the same as the star's; and each time 
something fans into the hole, its mass must grow.10 Similarly, if the 
star is spinning as it implodes, then the newborn hole must also spin; 
and the hole's angular momentum (a precise measure of how fast it 
spins) must be the same as the star's. 

Before your voyage, you also studied the history of human under
standing about black holes. Back in the 19705 Brandon Carter, Stephen 
Hawking, Werner Israel, and others, using Einstein's general relativis
tic descriptionl1 of the laws of gravity, deduced that a black hole must 
be an exceedingly simple beastl2

: All of the hole's properties-the 
strength of its gravitational pull, the amount by which it deflects the 
trajectories of starlight, the shape and size of its surface'--are deter
mined by just three numbers: the hole's mass, which you now kJlow; 
the angular momentum of its spin, which you don't yet know; and its 
electrical charge. You are aware, moreover, that no hole in interstellar 
space c.an contain much eleL-trical charge; if it did, it quickly would pull 

8. Chapters 5 5. 
9. Chapter 2-
to. f.'or further di5lllJssion of the concept that the laws of physicsjorce black holes. and the 

solar system. and the Cnivcrsc, to behave in (.-ertain ways, see the last few paragraphs of 
Chapter I. 

11. Chapter 2. 
12. Chapter 7. 

27 
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opposite charges from the interstellar gas into itself, thereby neutraliz
ing its own charge. 

As it spins, the hole should drag the space near itself into a swirling, 
tornado-like motion relative to space far away, much as a spinning 
airplane propeller drags air near itself into motion; and the swirl of 
space should cause a swirl in the motion of anything near the hole.1s 

To learn the angular momentum of Hades, you therefore look for a 
tornado-like swirl in the stream of interstellar gas atoms as they fall 
into the hole. To your surprise, as they fall closer and closer to the hole, 
moving faster and faster, there is no sign at all of any swirl. Some 
atoms circle the hole clockwise as they faU; others circle it counter
clockwise and occasionally collide with clockwise-circling atoms; but 
on average the atoms' fall is directly inward (directly downward) with 
no swirL Your conclusion: This to-solar-mass black hole is hardly spin· 
ning at all; its angular momentum is close to zero. 

Knowing the mass and angular momentum of the hole and knowing 
that its electrical charge must be negligibly small, you can now com· 
pute, using general relativistic formulas, all of the properties that the 
hole should have: the strength of its gravitational pull, its correspond
ing power to deflect starlight, and of greatest interest, the shape and 
size of its horizon. 

If the hole were spinning, its horizon would have weB·delineated 
north and south poles, the poles about which it spins and about which 
infalling atoms swirl. It would have a well-delineated. equator halfway 
between the poles, and the centrifugal force of the horizon's spin would 
make its equator bulge out/4 just as the equator of the spinning Earth 
bulges a bit. But Hades spins hardly at all, and thus must have hardly 
any equatorial bulge. Its horizon must be forced by the laws of gravity 
into an almost precisely spherical shape. That is just how it looks 
through your telescope. 

As for size, the laws of physics, as described by general relativity, 
insist that the more massive the hole is, the larger must be its horizon. 
The horizon's circumference, in fact, must be 18.5 kilometers multi· 
plied by the mass of the hole in units of the Sun's mass. is Sin(.'e your 

13. Chapter 7. 
1+. Ibid. 
15. Chapter 3. The quantity 18.5 kilometers, which will appear many tilDes in this book. is 

41t (that is, 12.5663706 ... ) times Xewton's gravitation constant times the mass of the Sun 
divided by the square of the speed of light. For this and other useful formulaa describing black 
holes. see the lIotes to this chapter. 
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orbital measurements have told you that the hole weighs ten times as 
much as the Sun, its horizon circumference must be 185 kilometers ._
about the same as Los Angeles. With your telescopes you carefuIIy 
measure the circumference: 185 kilometers; perfect agreement with 
the general relativistic formula. 

This horizon circumference is minuscule compared to your starship's 
1-million-kilometer orbit; and squeezed into that tiny circumference is 
a mass ten times larger than that of the Sun' If the hole were a solid 
body squeezed into such a small circumference, its average density 
would be 200 million (2 X 108

) tons per cubic centimeter--2 X 101
<4-

times more dense than water; see Box P.l. But the hole is not a solid 
body. General relativity insists that the 10 solar masses of stellar mat
ter, which created the hole by imploding long ago, are now COClcell
trated at the hole's very center . ··concentrated into a minuscule region 
of space called a sill&'ularity. 111 That singularity , roughly 10-5

:5 centime
ter in size (a hundred billion billion times smaller than an atomic 
nucleus), should be surrounded by pure emptiness, aside from the tenu
ous interstellar gas that is falJing inward now and the radiation the gas 
emits. There should be near emptiness from the singularity out to the 
horizon, and near emptiness from the horizon out to your starship. 

16. Chapter 1~. 

Box P.l 

Power Notation for Large and Small Numbers 

In this book I occasionally will use "power notation" to describe very large 
or very small numbers. Examples are 5 x 106, which means five million, 
or 5,000,000, and 5 X 1O-e, which means five millionths, or 0.000005. 

In general, the power to which 10 is raised is the number of digits 
through which one must move the decimal point in order to put the 
number into standard decimal notation. Thus 5 X lOe means take 5 
(5.00000000) and move its decimal point rightward through six digits. 
The result is 5000000.00. Similarly, 5 X 10-6 means take 5 and move its 
decimal point leftward through six digits. The result is 0.000005. 
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The singularity and the stellar matter locked up in it are hidden by 
the hole's horizon. However long you may wait, the locked-up matter 
can never reemerge. The hole's gravity prevents it. Nor can the locked
up matter ever send you information, not by radio waves, or light, or 
X-rays. For all practical purposes, it is completely gone fcom our Vni
verse. The only thing left behind is its intense gravitational pull, a pull 
that is the same on your 1-million-kilometer orbit today as before the 
star imploded to form the hole, but a pull so strong at and inside the 
horizon that nothing there can resist it. 

"What is the distance from the horizon to the singularity?" you ask 
yourself. (You choose not to measure it, of course. Such a measurement 
would be suicidal; you could never escape back out of the horizon to 
report your result to the World Geographic Society.) Since the singu
larhy is so small, 10-55 centimeter, and is at the precise center of the 
hole, the distance from singularity to horizon should be equal to the 
horizoll's radius. You are tempted to calculate this radius by the stan
dard method of dividing the circumference by 21t (6.283185307 ... ). 
However, in your studies on Earth you were warned not to believe such 
a calculation. The hole's enormous gravitational pull completely dis
torts the geometry of space inside and near the hole,17 in muC'.h the 
same manner as an extremely heavy rock, placed on a sheet of rubber, 
distorts the sheet's geometry (Figure P.3), and as a result the horizon's 
radius is not equal to its circumference divided by 21t. 

"Never mind," you say to yourself. "Lobachevsky, Riemann, and 
other great mathematicians have taught us how to calculate the proper
ties of circles when space is curved, and Einstein has incorporated those 
calculations into his general relativistic description of the laws of grav
ity. I can use these curved-space formulas to compute the horizon' s radius. " 

But then you remember from your studies on Earth that, although a 
black hole's mass and angular momentum determine all the properties 
of the hole's horizon and exterior, they do not determine its interior. 
General relativity insists that the interior, near the singularity, should 
be chaotic and violently nonspherical,18 much like the tip of the rubber 
sheet in Figure P.3 if the heavy rock in it is jagged and is bouncing up 
and down wildly. Moreover, the chaotic nature of the hole's Core will 
depend not only on the hole's mass and angular momentum, but also 
on the details of the stellar implosion by which the hole was born, and 

17. Chapters 3 aIld 15. 
lB. Chapter 13. 
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the details of the subsequent infall of interstellar gas-details that you 
do not know. 

"So what," you say to yourself. "Whatever may be its structure, the 
chaotic core must have a circumference far smaller than a centimeter. 
-Thus, I will make only a tiny error if I ignore it when computing the 
horizon's radius." 

But then you remember that space can be so extremely warped near 
the singularity that the chaotic region might be millions of kilometers 
in radius though only a fraction of a centimeter in circumference, just 
as the rock in Figure P.o, if heavy enough, can drive the chaotic tip of 
the rubber sheet exceedingly far downward while leaving the circum
ference of the chaotic region extremely small. The errors in your cal-

P.3 A heavy rock placed on a rubber sheet (for example, a trampoline) dislOrIS 
the sheet as shown. The sheet's distorted geometry is very similar to the distor
tions of the geometry of space around and inside a black hole. For example. the 
circumfel'eJ1ce of the thick black circle is far less than 2x times its radius, just 
as the circumference of the hole's hori7.on is far 1es..'1 than 2lt limes its radius. For 
further detail. see Chapters 3 and 13 . 
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culated radius could thus be enormous. The horizon's radius is simply 
not computable from the meager information you possess: the hole's 
mass and its angular momentum. 

Abandoning your musings about the hole's interior, you prepare to 
explore the vicinity of its horizon. Not wanting to risk human life, you 
ask a rocket-endowed, 1O-centimeter-tall robot named Arnold to do the 
exploration for you and transmit the results back to your starship. 
Arnold has simple instructions: He must first blast his rocket engines 
just enough to halt the circular motion that he has shared with the 
starship, and thell he must turn his engines off and let the hole's 
gravity pull him directly downward. As he falls, Arnold must transmit 
a brilliant green laser beam back to the starship, and on the beam's 
electromagnetic oscillations he must encode information about the dis
tance he has fallen and the status of his electronic systems, much as a 
radio station encodes a newscast on ule radio waves it transmits. 

Back in the starship your crew will receive the laser beam, and Kares 
will decode it to get the distance and system information. She will also 
measure the beam's wavelength (or, equivalently, its color; see Figure 
P.2). The wavelength is important; it tells how fast Arnold is moving. 
As he moves faster and faster away from the starship, the green beam 
he transmits gets Doppler-shifted, 19 as received at the ship, to longer 
and longer wavelengths; that is, it gets more and more ted. (There is an 
additional shift to the red caused by the beam's struggle against the 
hole's gravitational pull. When computing Arnold's speed, Kares must 
correct her calculations for this gravitationAl redshift ~O) 

And so the experiment begins. Arnold blasts his way out of orbit and 
onto an infalling trajectory. As he begins to fall, Kares starts a clock to 
time the arrival of his laser signals. When 10 seconds have elapsed, the 
decoded laser signal reports that all his systems are functioning well, 
and that he has already fallen a distance of 2630 kilometers. From the 
color of the laser light, Kares computes that he is now moving inward 
with a speed of 530 kilometers per second. When the ticking clock has 
reached 20 se(."Onds his speed has doubled to 1060 kilometers per second 
and his distance of fall has quadrupled to 10,500 kilometers. The clock 
ticks on. At 60 seconds his speed is 9700 kilometers per second, and he 
has fallen 135,000 kilometers, five-sixths of the way to the horizon. 

19. See Box 2.3. 
20. Chapters l and 3. 
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You ZlOW must pay very dose attention. The next few seconds wil1 be 
crucial, $0 Kares turns OIl a high-speed recording system to collect all 
details of the incoming data. At 61 seconds Arnold reports all systems 
still functioning normally; the horizon is f 4,000 kilometers below him 
and he is falling toward it at 13,000 kilometers per second. At 61.7 
seconds all is still well, 1700 kilometers more to go, speed 39,000 kilo
meters per second, Or about one-tenth the speed of light, laser color 
beginning to change rapidly. In the next one-tenth of one second you 
watch in amazement as the laser color zooms through the electromag
netic spectrum, from green to red, to infrared, to microwave, to radio
wave, to--. By 61.8 seconds it is all over. The laser beam is completely 
gone. Arnold has reached the speed of light and disappeared into the 
horizon. And in that last tenth of a second, just before the beam winked 
out, Arnold was happily reporting, "All systems go, all systems go, 
horizon approaching, all systems go, all systems go ... " 

A1J your excitement subsides, you examine the recorded data. There 
you flnd the full details of the shifting laser wavelength. You see that 
as Arnold fell, the wavelength of the laser signal increased very slowly 
at first, then faster and faster. But, surprisingly, after the wavelength 
had quadrupled, its rate of doubling became nearly constant; thereafter 
the wavelength doubled every 0.00014 second. After 33 doublings 
(0.0046 second) the wavelength reached 4 kilometers. the limit of your 
recording system's capabilities. Presumably the wavelength kept right 
on doubling thereafter. Since it takes an infinite number of doublings 
for the wavelength to become infinite, exceedingly faint, exceedingly 
long-wavelength signals might still be emerging from near the hori
zonl 

Does this mean that Arnold has not yet crossed the horizon and 
never will? No, not at all. Those last, forever-doubling signals take 
forever long to climb out of the hole's gravitational grip. Arnold flew 
through the horizon, moving at the speed of light, many minutes ago. 
The weak remaining signals keep coming out only because their travel 
time is so long. They are relics of the past. 21 

After many hours of studying the data from Arnold's fall, and after a 
long sleep to reinvigorate yourself, you embark on the next stage of 
exploration. This time you, yourself, will probe the horizon's vicinity; 
but you will do it much more cautiously than did Arnold. 

21. G.ltapter 6. 
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Bidding farewell to your crew, you climb into a space capsule and 
drop ou.t of the beUy of the starship and into a circular orbit alongside 
it. You then blast your roeket engines ever so gently to slow your 
orbital motion a bit. This reduces slightly the centrifugal force that 
holds your capsule up. and the holets gravity then pulls you into a 
slightly smaller, coasti~. circular orbit. As you again gently blast yOUy 

engi!le5, your circular orbit again gently shrinks. Your goal, by this 
gentle, safe, inward spiral, is to reach a. circular orbit just above the 
horiz.oll, an orbit with circumferenc-.e just 1.0001 tim.ea Jarger than that 
of the horizon itself. Tbere you can e;\:plore roost of the horizon's 
properties, but 8t.ill escape its fatal grip. 

As your orbit slowly shrinks, however, 80Inething strange start-os to 
happen. Already at a 100,OI)O-kilomc.~ter circumferellce you feel it. 
Floating inside the capsule with your feet toward the hole and YOtlr 
head toward the stdtS, you feel a weak downward tug on your feet and 
upward tug on your head; you are being stretched like a pi~e of taffy 
candy, b\lt gently. The caU5e, you realize, is the hole's gravity: Your 
feet are closer to the hole than your head, so the hole p\ll1~ on them 
harder than on your head_ The same was true, of ('ourse, when you used 
to stand on the Earth; btlt the head-to-fool difference on Earth was so 

. minuscule, less than ODe part in a million, that you never noticed it. By 
contrast, as you float ill your capsule a.t a circumference £If 100,000 
kilometers, the hea.d-to·foot di.ffcr~.nce is one-eighth of an Earth grav·· 
ity (Ye 'g"). A.t t.he cellter of your body the centrifugal force of your 
orbital mot-io.n precisely counteracts the holets pull. It is as though 
gravity did not exist; you float freely. But at your feet, the stron.ger 
gravity pulls down with an added I/{' g, and at your head the weaker 
gravity allows the centrifugal force to push up with all added 1;;6 g. 

Bemused, you C'.Qotinue your inward spiral; but your bemusement 
quickly changes to worry. As youI' orbit grows smaller, the forces on 
your head and feet grow larger. At a circnmference of 80,000 kilome
ters the difference is a %-g stretching force; at 50,000 kilometers it is a 
full Earth gravity stretch; at 30,000 kilometers it is 4 Earth gravities. 
Gritting your teeth in pain as YOUT head and feet are pulled. apart, y\JU 

continue on in to 20,000 kilometers and a 15-g stret.ching force. More 
than t..ltis you cannot stand! You try to solve the problem by rolling up 
into a tight ball so yQur head and feet will be closer together and the 
difference in forces smaller, but the forces are so strong that they will 
not let you roll up; they snap you back out into a radial, head-tQ-foot 
stretch. If your capsule spird.ls in much farther. your body will give 
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way; you will be tom apart! There is no hope of reaching the horizon's 
vicinity. 

Frustrated and in enormous pain, you halt your capsule's descent, 
tum it around, and start carefully, gE'.ntly, blasting your way back up 
through circular, coasting orbits of larger and larger cirC'Qmference and 
then into the belly of the starship. 

Entering the captain's chamber, you vent your fmstrations on the 
ship's master computer, DAWN. "Tikhii, tikhii," she says soothingly 
(drawing words from the ancient Russian language). "I know you are 
upset, but it is really your own fault. You were told about those head
to-foot forces in your training. Remember? They are the same forces as 
produce the tides on the oceans of the Earth. "n 

Thinking back to your training, you recall that the oceans on the 
side of the Earth nearest the Moon are pulled most strongly by the 
Moon's gravity and thus bulge out toward the Moon. The oceans on the 
opposite side of the Earth are pulled most weakly and thus bulge out 
away from the Moon. The result is two oceanic bulges; and as the Earth 
turns, those bulges show up as two high tides every twenty-four hours. 
In honor of those tides, you recall, the head-to-foot gravitational force 
that YOll felt is called a tidol force. You also recall that Einstein's 
general relativity describes this tidal force as due to a curvature of 
space and warpage of time, or, in Einstein's language, a curvature of 
spacetime. 25 Tidal forces and spacetime distortions go hand in hand; 
one always accompanies the other, though in the case of ocean tides the 
distortion of spacetime is so tiny that it can be measured only with 
extremely precise instruments. 

But what about Arnold? Why was he so blithely immune to the 
hole's tidal force? For two reasons, DAWN explains: first, because he 
was much smaller than you, only 10 centimeters high, and the tidal 
force, being the difference between the gravitational pulls at his head 
and his feet, was correspondingly smaller; and second, because he was 
made of a superstrong titanium alloy that could withstand the stretch
ing force far better than your bones and flesh. 

Then with horror you realize that, as he fell through the horizon and 
on in toward the singularity, Arnold must have felt the tidal force rise 
up in strength until even his superstrong titanium body could not resist 
it. Less than 0.0002 second after crossing the horizon, his disintegrat-

22. Chaptel" 2. 
2~. lbid. 

)5 



J6 BLACK HOLES . .\ND TIME WARPS 

ing, stretching body must have neared the hole's central singularity. 
There, you recall from your study of general relativity back on Earth, 
the hole's tidal forces must come to life, dancing a chaotic dance, 
stretching Arnold's remains first in this direction, then ill that, then in 
another, faster and faster, stronger and stronger, until even the individ
ual atoms of which he was made are distorted beyond all recognition. 
That, ill fact, is one essence of the singularity: It is a region where 
chaotically oscillating spacetime curvature creates enormous, chaotic 
tidal forces.1l4 

Musing over the history of black-h01e research, you recall that in 
1965 the British physicist Roger Penrose used general relativity's de
scription of the laws of physics 10 prove that a singularity must reside 
inside every black hole, and in 1.969 the Russian troika of Lifshitz, 
KhalatIlikov, and Belinsky used it to deduce that very near the singu
larity, tidal gravity must oscillate chaotically, like taffy being pulled 
first this way and Well that by a mechanical taffy. pulling machine.las 
Those were the golden years of theoretical black-hole research, the 
1960s and 1970s1 But because the physicists of those golden years were 
not clever enough at solving Einstein's general relativity equations, OIle 
key feature of black-hole behavior eluded them. They could only con
jecture that whenever an imploding star creates a singularity, it must 
also create a surrounding horizon that hides the singularity from view; 
a singularity can never be created "naked," for all the Universe to see. 
Penrose called this the "conjecture of cosmic censorship," since, if cor
rect, it would censor all experimental infonnation about singularities: 
One could never do experiments to test one's theOl'etical understanding 
of singularities. unless one were willing to pay the price of entering a 
black. hole, dying while making the measurements, and not even being 
able to transmit the results back out of the hole as a memorial to one's 
efforts. 

Although Dame Abygaile Lyman, in 2023, finally resolved the issue 
of whether cosmic censorship is true or not, the resolution is irrelevant 
to you now. The only singularities charted in your shipts atlases are 
those inside black holes, and you refuse to pay the price of death to 
e"xplore them. 

Fortunately, outside but near a black-hole horizon there are many 
phenomena to explore. You are detennined to experience those phe-

94. Chapter 15. 
25. Ibid. 
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nomena firsthand and report hack to the Wodd Geographic Society, 
but you cannot experience them near Hades' horizon. The tidal force 
there is too great. You must explore, instead, a black hole with weaker 
tidal forces. 

General relativity predicts, DAWN reminds you, that as a hole 
grows more massive, the tidal forces <J.t and above its horizon grow 
weaker. This seemingly paradoxical behavior has a simple origin: The 
tidal force is proportional to the hole's mass divided by the cube of it3 
circumference; so as the mass grows, and the horizon circumference 
grows proportionally, the near-horizon tidal for('"e actually decreases. 
For a hole weiglling a million solar masses, that is, 100,000 times more 
massive than Hades, the horizon will be 100,000 times larger, and the 
tidal force there will be 10 billion (1010) times weaker. That would be 
comfortable; no pain at alII So you begin making plans for the next leg 
of your voyage: a journey to the nearest million-solar-mass hole listed 
in Schechter's Black-Hole Atlas-a hole called Sagittario at the center 
of our Milky Way galaxy, 50,100 light-years away. 

Several days later your crew transmit back to Earth a detailed de
scription of your Hades explorations, including motion pictures of YOl1 

being stretched by the tidal force and pictures of atoms falling into the 
hole. The description will requjre 26 years to cover the 26 light-year 
distance to Earth, and when it finally arrives it will be published with 
great fanfare by the World Geographic Society. 

In their transm.ission the crew describe your plan for a voyage to the 
center of the Milky Way: Your starship's rocket engines will blast all 
the way with a 1-g acceleration, so that you and your crew can experi
ence a comfortable l-Earth-gravity force inside the starship. The ship 
will accelerate toward the galactic center for half the journey, then it 
will rotate 180 degrees and decelerate at t g for the second half. The 
entire trip of 30,100 light-years distance will require 30,102 years as 
measllted on Earth; but as measured on the starship it will require only 
20 years. In accordance with Einstein's laws of special relativity,iS your 
ship's high 8peed will cause time, as measured on the ship, to "dilate"; 
and this time dilation (or lime warp), in effect, will make the starship 
behave like a time machine, projecting you far into the Earth's future 
while you age only a modest amount.!z1 

You explain to the World Geographic Society that your next trans-

26. CiJ.apter 1. 
27. Ibid. 
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mission will come from the vicinity of the galactic center, after you 
have explored its mi11ion-solar·-mass hole, Sagittario. Menlhers of the 
Society must go into deep-freeze hibernation for 60,186 years if they 
wish to live to rec:.eive your transmission (30,102 - 26 = 50,076 years 
from the time they receive your message until you reach the galactic 
cen.ter, plus 50,110 yt"ars while your next transmission travels from the 
galactic center to Earth} 

Sagittario 

After a gO-year voyage as measured in starship time, your shjp de
celerates into the Milky Way's ('.enter. There in the distancE' you see a 
rich mixture of gas and dust flowing inward from an directions toward 
an enormous black hole. Kares adjusts the rocket blast to bring the star
ship into a coasting, cir4;Ular orbit well above the horizon. By measur
ing the circumference and period of your orbit and plugging the results 
into Newton's formula, you determine the mass of the hole. It is 1 
million times the mass of the Sun, just as claimed in Schechter's Black
Hole Atlas. F'rom the aruence of any tornado-like swirl in the ulflowing 
gas and dust you infer that the hole is not spinning much; its horizon, 
therefore, must be spherical and its circumference must be 18.5 million 
kilometers, eight times larger than the Moon's orbit around the Earth. 

After further scrutiny of the infalling gas. you prepare to descend 
towal'd the horizon. For safety, Kares sets up a laser communication 
link betweE'n your space capsule and your starship's master computer, 
DAWN. You then drop out of the belly of the starship, tunl your 
capsule so its jets point in the direction of your cirding orbital motion, 
and start blasting gently to slow your orbital motion alld drive yourself 
into a gentle inward (downward) spiral from one coasting circuJ81' orbit 
to another. 

All goes as expected until you reach an orbit of circumference 55 
million kil()rneten--just three times the circum.ference of the horizon. 
There the gentle blast of your rocket engine, instead of driving you iIltO 

a slightly tighter circular orbit, sends you into a suicidal plunge toward 
the horizon. 10 pa.nic JOu rotate yOUT capsule and blast with great force 
to move back up into an orbit jus\: outside 55 million kilometel's_ 

''V\7hat the hen went wrongl?" you ask DAWN by laser link. 
"Tikhii. tikhii," she replies soothingly. "You planned yOUT orbit 

using Newton's description of the laws of gravity_ But Newton's de-
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scription is only an approximation to the true gravitational laws that 
govern the Universe.!a8 It is an excellent approximation far from the 
horizon, but bad near the horizon. Much more ac-£urate is Einstein's 
general relativistic description; it agrees to enormOllS precision with the 
t~ue laws of gravity near the horizon, and it predicts that, as you near 
the horizon, the pull of gravity becomes stronger than Newton ever 
ex.pected. To remain in a circular orbit, with this strengthened gravity 
counterbalanced by the centrifugal force, you must strengthen your 
centrifugal force, which means you must increase your orbital speed 
around the black hole: As you descend through three horizon circumf
erences, you must rotate your capsule around and start blasting your
self forward. Because instead you kept blasting backward, slowing your 
motion, gravity overwhelmed your centrifugal force as you passed 
through three horizon circumferences, and hurled you inward." 

"Damn that DA W~I" you think to yourself. "She always answers 
my questions, but she never volunteers crucial information. She never 
warns me when I'm going wrong!" You know the reason, of course. 
Human life would lose its zest and richness if computers were permit
ted to give warning whenever a mistake was being made. Back in 2032 
the W odd Council passed a law that a Hobson block preventing such 
warnings must be embedded in all computers. As much as she might 
wish, DA W ~ cannot bypass her Hobson block. 

Suppressing your exasperation, you rotate your capsule and begin a 
careful sequence of forward blast, inward spiral, coast, forward blast, 
inward spiral, coast, forward blast, inward spiral, coast, which takes you 
from 3 horizon circumferences to 2.5 to 2.0 to 1.6 to 1.55 to 1.51 to 
1.505 to 1.501 to ... What frustrationl The more times you blast and 
the faster your resulting coasting, circular motion, the smaller becomes 
your orbit; but as your coasting speed approachE'.5 the speed of light, 
your orbit only approaches 1.5 horizon circumferences. Since you can't 
move faster than light, there is no hope of getting close to the horizon 
itself by this method. 

Again you ap'peal to DA W~ for help, and again she soothes you and 
explains: Inside 1.5 horizon circumferences there are no circular orbits 
at all. Gravity's pull there is so strong that it cannot be counteracted by 
any centrifugal forces, not even if one coasts around and around the 
hole at the speed of light. If you want to go closer, DAWN says, you 
must abandon your circular, coasting orbit and instead descend directly 

28. Cha;:Jter 2. 
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toward the horizon, with your rockets blasting downward to keep you 
from falling catastrophically. The force of your rockets will support you 
against. the hole's gravity as you slowly descend and then hover just 
above the horizoll, like an astronaut hovering on blasting rockets just 
above the Moon's surface. 

Having learned some caution by now, you asl~ DAWN for advice 
about the consequences of such a strong, steady rocket blast. You ex
plain that you wish to hover at a location, 1.0001 horizon circumfer
ences, where most of the effects of'the horizon can be experienced, but 
nom which you can escape. If you support your capsule there by a 
steady rocket blast, how much acceleration force will you feel? "One 
hundred and fifty million Earth gravities," DAWN replies gently. 

Deeply discouraged, you blast. and spiral your way back up into t.he 
belly of the starship. 

After a long sleep, followed by five hours of calculations with gcm
era1 relativity's black-hole fonnulas, three hours of plowi,ng through 
Schechter's Black-Hole Atlas, and an hour of consultation with your 
crew, you formulate the plan for the next leg of your voyage. 

Your crew then transmit to the World (':Jeographic Society, under 
the optimistic assumption that it stin exists, an account of YOUT experi
ellces with Sagittario. At the end of their transmission your crew de
scribe your plan: 

Y OUf calculations show that the larger the hole, the weaker the 
rocket blast you will need to support yourself, hovering, at 1.000 j 
horizon circumferences. For a painful but bearable lO-Earth-gravity 
blast, the hole must be 15 trillion (15 X 101&) solar masses_ The nearest 
such llole is the one called Gargantua, far outside the 100,000 (105

) 

light-year confines of our own Milky Way galaxy, and far outside the 
100 million (108) light-year Virgo cluster of galaxies, around which our 
Milky Way orbits. In fact, it is near the quasar 3C273, :2 hillion (2 X 

109) light-years from the Milky Way and 10 percent of the distance to 

the edge of the observable part of the Universe. 
The pIau, your crew explain in their transmission, is a voyage to 

Gargantua. Using the usual l-g acceleration for the first balf of the trip 
and l-g deceleration for the second half, the voyage will require 2 
billion years as measured on Eartll, but, thanks to the speed-induced 
warpage of time, only 42 years as measured by you and your crew in 
the stal'$hip. If the members of the World Geographic Society are not 
'Willing to chance a +-billion-year deep-freeze hibernat.ion (2 billion 
years for tbe starship to reach Gargant.ua and 2 billion years for its 
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transmission to return to Earth), then they will have to forgo receiving 
your next transmission. 

Gargantua 

Forty-two years of starship time later, your ship decelerates into the 
vicinity of Gargantua. Overhead you see the quasar 5C270, with two 
brilliant blue jets squirting out of its centers; below is the black abyss 
of Gargantua. Dropping into orbit around Gargantua and making your 
usual measurements, you confirm that its mass is, indeed, 15 trillion 
times that of the Sun, you see that it is spinning very slowly, and you 
compute from these data that the circumference of its horizon is 29 
light-years. Here, at last, is a hole whose vicinity you can explore while 
experiencing bearably small tidal forces and rocket accelerations! The 
safety of the exploration is so assured that you decide to take the entire 
starship down instead of just a capsule. 

Before beginning the descent, however, you order your crew to pho
tograph the giant quasar overhead, the trillions of stars that orbit Gar
gantua, and the billions of galaxies sprinkled over the sky. They also 
photograph Gargantua's black disk below you; it is about the size of the 
sun as seen from Earth. At first sight it appears to blot out the light 
from all the stars and galaxies behind the hole. But looking more 
closely, your crew discover that the hole's gravitational field has acted 
like a lenro to deflect some of the starlight and galaxy light around the 
edge of the horizon and focus it into a thin, bright ring at the edge of 
the black disk. There, in that ring, you see several images of each 
obscured star: one image produced by light rays that were deflected 
around the left limb of the hole, another by rays deflected around the 
right limb, a third by rays that were pulled into one complete orbit 
around the hole and then released in your direction, a fourth by rays 
that orbited the hole twice, and so on. The result is a highly complex 
ring structure, which your crew photograph in great detail for future 
study. 

The photographic session complete, you order Kares to initiate the 
starship's descent. But you must be patient. The hole is so huge that, 
accelerating and then decelerating at 1 g, it will require 15 years of 
starship time to reach your goal of 1.0001 horizon circumferencesl 
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,~ the ship desceIlds, your crew make a photographic record of the 
changes in the appearance of the sly around the starship. Most remark
able is the change ill the hole's black disk below the ship: Gradulllly it 
grows larger. You t'xJ>P.ct it to stop growing when it has (.'Overed the 
entire sky below you like a giant black floor, lea\-i.ng the sky overhead 
as clear as on Earth. But no; the black disk keeps right on grow-ing, 
swinging up around the sides of yQur starship to COver everything 
except a bright, circular opening overhead, an opt:ning through which 
you set' the extema! Gn;verse (Figure P.4). It is as though you had 
elltered a cave and were plunging deeper and deeper, watching the 
cave's brjght mouth grow smaller and smaller in the distance. 

In growing panic, you appeal to DAWN for help: "Did Kares miscal
culate OIIT trajectory? Have we plunged through the horizon? Are we 
doomed?!" 

P.. The starship hovering above the black·hole horizon. and the trajectories 
along which light tra:vels to it from distant galaxies (the lightl"d,)'S). The bole's 
gra~ty deflects the light rays downward ("gravitationw 'ens effect"). causi~ 
hunums on the stal'ship to llee all the I~ht concentrated in a briBhl, circular spot 
overhead. 
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"Tikhii, tikhii," she replies soothingly. "We are safe; we are still 
outside the horizon. Darkness has covered most of the sky only because 
of the powerful lensing effect of the hole's gravity. Look there, where 
my pointer is, almost precisely overhead; that is the galaxy 3C295. 
Before you began your plunge it was in a horizontal position, 90 de
grees from the zenith. But here near Gargantua's horizon the hole's 
gravity pulls so hard on the light rays from 3C295 that it bends them 
around from horizontal to nearly vertical.lu a result 3C295 appears to 
be nearly overhead." 

Reassured, you continue your descent. The console displays your 
ship's progress in terms of both the radial (downward) distance trav
eled and the circumference of a circle around dle hoJe that passes 
through your location. In the early stages of your descent, for each 
kilometer of radial distance traveled, your circumference decreased by 
6.283185307 ... kilometers. The ratio of circumference decrease to 
radius decrease was 6.283185307 kilometers/1 kilometer, which is 
equal to 2ft, just as Euclid's standard formula for circles predicts. But 
now, as your ship nears the horizon, the ratio of circumference decrease 
to radius decrease is becoming much smaller than 2ft: It is 5.960752960 
at 10 horizon circumferences; 4.442882938 at 2 horizon circumferences; 
1.894451650 at 1.1 horizon circumferences; 0.625200306 at 1.01 hori
zon circumferences. Such deviations from the standard Euclidean ge
ometry that teenagers learn in school are possible only in a cunred 
space; you are seeing the curvature which Einstein's general relativity 
predicts must accompany the hole's tidal force. lIl 

In the final stage of your ship's descent, Kares blasts the rockets 
harder and harder to slow its fall At last the ship comE"-S to a hovering 
rest at 1.000 1 horizon circumferences, blasting with a 10-g acceleration 
to hold itself up against the hole's powerful gravitational pull. In its 
last 1. kilometer of radial travel the circumference decreases by olIly 
0.062828712 kilometer. 

Struggling to lift their hands against the painful 10-g force, your 
crew direct their telescopic cameras into a long and detailed photo
graphic session. Except for wisps of weak radiation all around you from 
collisionally heated, infalling gas, the only electromaglletic waves to be 
photographed are those in the bright spot overhead. The spot is small, 
just 3 degrees of arc in diameter, six times the size of the Sun as seen 
from Earth. But squeezed into that spot are images of all the stars that 
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orhit Gargantua. and an the galaxies in the Universe. At the precise 
center are the galaxies that al'e truly overhead. Fifty-five perl-oent of the 
way from the spot's center to its edge are images of galaxies like 5C295 
which, if not for the hole's lens effect, would be in horizontal positions, 
90 degrees from the zenith. Thirty-five percent of the way to the spot's 
edge are images of galaxiE'-s that you know are really on the opposite 
side of the hole from you, directly below you. In the outermost M 
percent of the spot is a second image of each galaxy; and In the outer
most 2 percent, a third iInage! 

Equally peculiar, the colors of all the stars and galaxies are wTong. A 
galaxy that you know is really green appears to be shining with soft 
X-rays: Gargantua's grcl.vity, in pulling the galaxy's radiation down
ward to you, has made the radiation more energetic by decreasing its 
wavelength from 5 X 10-7 meter (green) to 5 x ZO-' meter (X-ray). 
And similarly, the outer disk of the- quasar 3C275, which you know 
emits infrared radiation of wavelength 5 X 10-5 meter, appears to be 
shining with green 5 X 10-7 meter light. 

After thoroughly recording the details of the overhead spot, you turn 
your att.ention to the interior of yaur starship. You half E'xpect that 
here, so near the hole's horizon, the laws of physics will be changed in 
some way, and those changes will affect your own physiology. But no. 
You look at your first mate, Kares; she appears normal. You look at 
your second mate, Bret; he appears normal. You touch each other; you 
feel normal. You drink. a glass of water; aside from the effects of the 
lO-g acceleration. the wateT goes down normally. Kares tUl'ns on an 
argon ion laser; it produces the same brilliant green. light as ever. Bret 
pulses a mby laser on and then off, and measures the time it takes for 
the pulse of light to travel from the laser to a minor and back; from his 
measurement he computes the speed of the light's travel. The result is 
absolutely dle same as in an Earth-based laborcttozy. 299,792 kilome
te1"ll per. second. 

Everything in the starship is nonnal, absolutely the same as ifthe 
ship had been resting on the 6Urface of a massive planet with lO-g 
gravity. If you did. not look outside the starship and see the bizarre spot 
overhead and the engulfing blackness all around, you would not knC)w 
that you were very near the horizon of a black hole rather than safely 
on the surface of a planet-·-or you almost wouldn't know. The hole 
curves spaC'.etime inside your starship as well as outside, and with suf
ficiendy accurate instruments, you can detect the curvature; for exam
ple, by its tidal stretch between your head and your feet. But whe'reas 
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the curvature is enormously important on the scale of the horizon's 
300-trillion-kilometer circumference, its effects are minuscule on the 
scale of your l-kilometer starship; the curvature-produced tidal force 
between one end of the starship and the other is just one-hundredth of 
a trillionth of an Earth gravity (10-14 g), and between your own head 
and feet it is a thousand times smaller than that! 

To pursue this remarkable normality further, Bret drops from the 
starship a capsule containing a pulsed-Iaser-and-mirror instrument for 
measuring the speed of light. As the capsule plunges toward the hori
zon, the instrument measures the speed with which light pulses travel 
from the laser in the capsule's nose to the mirror in its tail and back. A 
computer in the capsule transmits the result on a laser beam up to the 
ship: "299,792 kilometers per seL'Ond; 299,792; 299,792; 299,792 ... " 
The color of the incoming laser beam shifts from green to red to 
infrared to microwave to radio as the capsule nears the horizon, and 
still the message is the same: "299,792; 299,192; 299,792 ... " And then 
the laser beam is gone. The capsule has pierced the horizon, and never 
once as it fell was there any change in the speed of light inside it, nor 
was there any change in the laws of physics that governed the workings 
of the capsule's electronic systems. 

These experimental results please you greatly. In the early twen
tieth century Albert Einstein proclaimed, largely on philosophical 
grounds, that the local laws of physics (the laws in regions small 
enough that one can ignore the curvature of spacetime) should be the 
same everywhere in the Universe. This proclamation has been en
shrined as a fundamental principle of physics, the equivalence princi
ple. 5'l Often in the ensuing centuries the equivalence principle was 
subjected to experimental test, but never was it tested so graphically 
and thoroughly as in your experiments here near Gargantua's horizon. 

You and your crew are now tiring of the struggle with 10 Earth 
gravities, so you prepare for the next and final leg of your voyage, a 
return to our Milky Way galaxy. Your crew will transmit an account of 
your Gargantua explorations during the early stages of the voyage; and 
since your starship itself will soon be traveling at nearly the speed of 
light, the transmissions will reach the Milky Way less than a year 
before the ship, as measured from Earth. 

As your starship pulls up and away from Gargantua, your crew make 
a careful, telescopic study of the quasar 3C273 overhead55 (Figure P.5). 
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Its je1:$--thin spikes of hot gas shooting out of the quasar's core--are 
enormous: 5 mi1lion light-years in length. Training your telescopes on 
the core, your <;rew see the source of the jets' power: a thick, hot, 
doughnut of gas less than 1 light· year in size, with a black hole at its 
center. The doughnut, which astrophysicists have called an "accretion 
disk," orbits around alid around tbe black. hole. By measuring its rota
tioIl period and ci:rc\lm£erence~ your crew infer the mass of the bole: 2 
billion (2 X 10&) solar Illasses, 7500 times smaller tharl Gargantlla, but 
far larger than any hole in the Milky Way. A stream of gas flows from 
the doughmlt to the hOrizOll, pulled by the hole's gravity. As it nears 
the h.ori'Zon the stream, unlike any you have seen before. swirls around 
and around tbe hole in a tornado-type motion. This hole must be 
spinning last.! The axis of spin is easy to identify; it is the a:xis about 
whic-.h the gas stream swirls. The two jets, you notice, shoot out along 
the spin axis. They are born just above the hO'rizon's north and south 
poles, where they suck up energy from the hole's spin and from the 
doughnut)'" much like a tornado sucks up dust from the earth. 

The contrast between Gargantua and 3(,'273 is amazing: Why does 
Gargantua, with its 1000 times greater mass and size, not possess an 
encircling doughnut of gas and gigantic quasar jets? Bret, after a long 
telescopic study, tells you the answer: Once every few momhs a star in 
orhit around 3C273's smaller hole strays close to the horium and gets 
ripped apart by the hole's tidal force. The st.ar's guts, roughly i $olar 
mass worth of gas, get spewed out and strewn around the hole. Gradu
ally internal friction drives the strewn-ollt gas down into the doughnut. 
This fresh gas compensates for the gas that the doughnut is continually 
feeding into the hole and the jets. The- doughnut and jets thereby are 
kept riC'.hly full of gas. and contimle to shine brightly. 

Stars also stray close to Gargantua, Bret explains. But beca.use Gar
ga.lltua is far larger than 5C275, the tidal fort.'e outside its horizon is too 
weak. to tear any star apart. Gargantua swallows stars whole without 
spewing their guts into a surrounding donghnut. And with no dough
nut, Gargantua has 110 way of producing iets or other quasar violence. 

As your starship continues to dse out of' Gargantua's gravitational 
grip, you make plans for the journey home. By the time your ship 
reaches the Milky Way, the Earth will be <I- billion years older than 
when you left. The changes in hwnan society will be so enormous that 
you don't want to return there. Instead, YOll a.nd your crew decidt- to 
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P.5 The quasar 3C273: a 2·billion-solar-mass black hole encircled by a dou8h
nut of gas ('"acuetion disk") and with two 8i8antic jets shooting out along the 
hole's spin axis. 
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colonize the space around a spinning black hole. You know that just as 
the spin t?"nergy of Ule hole in 3C273 hE'Jps power the quasar's jets, So 

the spin energy of a smalle-f hole can be used as a power ~ource for 
human civilization. 

You do not want to arrive at some chosen hole and discover that 
other beings have already built a civilization around it; so instead of 
aimillg yOU! starship at a rapidly spinning hole that already exists, you 
aim at a star system which w.ill give birth to a rapidly spinning hole 
shortly after your ship arrives. 

III the Milky Way's Orion nebula, at the time you left Earth, there 
was a binary star system composed of two ~-solar-masll stars orbiting 
each other. DAWN has calculated that each of those stars should have 
implod.ed, while you were outbound to Gargantua, to form a 94-so1ar. 
mass, Ilonspinning hole (with 6 solar masses of gas ejecteod during the 
implosion). Those two 24-so1ar-mass holE:s should now be circling 
around each other as a black-hole binary, and as they ciTcle, they should 
emit ripples of tidal force (ripples of "spacetime curvature") called 
gravitational waves. 5' These gravitational waves should pllSh back on 
the binary in much the same way as an outflying bullet pushes back on 
the gun that firet; it, and this grat.,itationol-wave recoil should drive the 
hole~ into a slow but inexorable inward spiraL With a slight adjust
ment of your starship's acceleration, you can time you.r arrival to coin-· 
cide with the last stage of that inward spiral: Several days after you 
arrive, you will see the holes' nonspinnin.g hOriZOllS whirl around and 
around each other, closer and closer, and faster and faster, until th~y 
coalesce to produce a single whirling, spinning, larger horizon. 

Because the t.wo parent holes do not spin, np-ither alone can serve as 
an efficient power source for your colony. However, the newborn, rap
idly spinning hole will be ideal! 

Home 

After a 42-year voyage your starship finally decelerates into the 
Orion nebula, where DAWN predicted the two holes should be. There 
they are, right 011 the mark! By measuring the orbital motion of inter
stellar atoms CUt they fall into the holes, you verify that their horizons 
are not spinning and that each wt'ighs 24 solar masses, just as DAVrN 
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predicted. Each horizon has a circumfereIlC'.e of 440 kilometers; they are 
30,000 k.ilometers apart; and they are orbiting around each other once 
each 13 seconds. Inserting these nwnbers into the general relativity 
formulas for gravitational-wave recoil, you conclude that the two holes 
should coalesce seven days from now. There is just time enough for 
your crew to prepare their telescopic cameras and record the details. By 
photographing the bright ring of focused starlight that encircles each 
hole's black disk, they can easily monitor the holes' motions. 

You WaJ.'lt to be near enough to see clearly, but far enough away to be 
safe from the holes' tidal forees. A good location, you decide, is a 
starship orbit ten times larger than the orbit in which the holes circle 
each other--an orbital diameter of 300,000 kilometers and orbital cir
cumference of 940,000 kilometers. Kares maneuvers the starship into 
that orbit, and your crew begin their telescopic, photographic observa
tions. 

Over the next six days the two ho)es gradually move closer to each 
other and speed up their orbital motion. One day before coalescence, 
the distance between thf'.m has shrunk from 30,000 to 18,000 kilome
ters and their orbital period has dec.reased from 13 to 6.3 seconds. One 
hour before coalescence th.ey are 8400 kilometers apart and their orbi
tal period is 1.9 seconds. One minute before coalescence: separation 
3000 kilometers, period 0.41 second. Ten seconds before coalescence: 
separation 1900 kilometers, period 0.21 second. 

Then~ in the last ten seconds, you and your starship begin to shake, 
gently at first, then more and Inore violently. his as though a gigantic 
pair of hands had grabbed your head and feet and were alternately 
compressing and stretching you harder and harder, faster and faster. 
And then, more suddenly than it started, the shaking stops. All is quiet. 

"What was that?" you murmur to DAWN, your voice trembling. 
"Tikhii, tikhii," she replies soothingly. ''That was the undulating 

tidal force of gravitational waves from the holes' coalescence. You are 
accust.omed to gravitational waves so weak that only very delicate 
instruments can detect their tidal force. However, here, close to the 
coalescing holes, they were enormously strong--strong enough that, 
had we parked O1lr starship ill an orbit 30 times smaller, it would have 
been tom apart by the waves. But now we are safe. The coalescence is 
complete and the waves are gone; they are on their way out into the 
Universe, carrying to distant astronomers a symphonic description of 
the coalescence. "341 
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Training one of your crew's telescopes on the source of gravity 
below, you see that DAWN is right~ the coalescence is conlplete. Where 
before there were two flOles there now is just one, and it is spinning 
rapidly, as you see from the swirl of infalling atoms. This hole will 
make an ideal power generator for your crew and thousands of genera
tions of their descendants. 

By measuring the starship's orbit, Kares deduces that the hole 
weighs 45 solar masses. Since the parent holes totaled 48 solar masses, 3 
solar masses must have bec?.Il converted into pure energy and carried off 
by the gravitational waves. No wonder the waves shook you so hard! 

As you tum your telElScopes toward the hole, a small object unexpect
edly hurtles past your starship, splaying brilliant sparks profusely in all 
directions, and then explodes, blasting a gaping hole in your ship'S side. 
Your well-trained crew and robots rush to their battle stations, you 
search vainly for the attacking warship--and then, responding to atl 

appeal for her help, DA W)J announces soothingly over the ship's 
speaker system, "Tikhii, tikhii; we are not being attacked. That was 
just a freak. primordial black hole, evaporating and then exploding."u 

"A what?!" you cry out. 
"A primordial black hole, evaporating and then destroying itself in 

an explosion," DA W.N repeats. 
"Explain!" you demand. "What do you mean by primordial? What 

do you mean by evaporating and exploding? You're not making sense. 
Things can fall into a black hole, but nothing (;an ever come out; 
nothing can 'evaporate.' And a black hole lives forever; it always grows, 
never shrinks. There is 110 way a black hole call 'explode' and destroy 
itself. That's absurd." 

Patiently as always, DAWN educates you. "Large objects--such as 
humans, stars, and black holes formed by the implosion of a star-'are 
governed by the classical laws of physics," she explains, "by Newton's 
laws of motion, Einstein's relativity Jaws, and so forth. By contnlst, tiny 
objects-- for example, atoms, molecules, and black holes smaller than 
a..'l atom'-are governed by a very different set of laws, the quantum 
laws of phy!)ics.58 While the classical laws forbid a normal-sized black 
hole ever to evaporate, shrink, explode, or destroy itself, not so the 
quantum laws. They demand that any atom-sized black bole gradually 
evaporate and shrink until it reaches a critically small circumference, 
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about the same as an atomic nucleus. The hole, which despite its tiny 
size weighs about a billion tons, must then destroy itself in an enor
mous explosion. The explosion converts all of the hole's billion-ton 
mass into outpouring energy; it is a trillion times more energetic than 
the most powerful nuclear explosions that humans ever detonated on 
Earth in the twentieth century. Just such an explosion has now dam
aged our ship,tI DAWN explains. 

"But you needn't worry that more explosions will follow," DAWN 
continues. "Such explosions are exceedingly rare because tiny black 
holes are exceedingly rare. The only place that tiny holes were ever 
created was in our Universe's big bang birth, twenty billion years ago; 
that is why they are called primordial holes. The big bang created only 
a few such primordial holes, and those few have been slowly evaporat
ing and shrinking ever since their birth. Once in a great while one of 
them reaches its critical, smaJIest size and explodes.59 It was only by 
chance-"an extremely improbable occurrence--that one exploded 
while hurtling past our ship, and it is exceedingly unlike1y that our 
starship will ever encounter another such hole." 

Relieved, you order your crew to begin repairs on the ship while you 
and your mates embark on your telescopic study of the 45-solar·mass, 
rapidly spinning lIole below you. 

The hole's spin is obvious not only from the swirl of infalling atoms, 
but also from the shape of the bright-ringed black spot it makes on the 
sky below you: The black spot is squashed, like a pumpkin; it bulges at 
its equator and is flattened at its poles. The centrifugal force of the 
hole's spin, pushing outward, creates the bulge and flattening.40 But the 
bulge is not symmetric; it looks larger on the right edge of the disk, 
which is moving away from you as the horizon spins, than on the left 
edge. DAWN explains that this is because the horizon can capture rays 
of starlight more easily if they move toward you along its right edge, 
against the direction of its spin, than along its left edge, with its spin. 

By measuring the shape of the spot and comparing it with general 
relativity's black-hole formulas, Bret infers that the hole's spin angular 
momentum is 96 percent of the maximum allowed foe a hole of its 
mass. And from this angular momentum and the hole's mass of 45 Suns 
you compute other properties of the hole, including the spin rate of its 
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horizon, 270 revolutions per second~ and its equatorial circumference, 
535 kilometers. 

The spin of the hole intrigues you. Never before could you observe a 
spinning hole up close. SD with pangs of conscience you ask for and get 
a volunteer robot, to explore the neighborhood of the horizon and 

transmit back his experiences. You giYe the robot, whose narne is 
Kolob, careful instructions: "Descend to ten meters above the horizon 
and there blast your rockets to hold yourself at rest, hovering directly 
below the starship. Use your rockets to resist both the inward pull of 
gravity and the tornado-like swirl of space." 

Eager for adventure, Kolob drops out of the starship's belly and 
plunges downwal'd, blasting his rockets gently at first, then harder, to 
resist the swirl of space and remain directly below the ship. At first 
Kolob bas no problems. But when he reaches a circumference of B35 
kilometers, 56 percent larger than the horizon, his laser light brings the 
message, "1 can't resist the swirl; I can't; I can't'" and like a rock caught 
up in a tornado he gets dragged into a circulating orbit around the 
hole.4t 

"Don't worry," you reply. "Just do your best to resist the swirl, and 
continue to descend until you are ten meters a.bove the horizon." 

Kolob complies. AB he descends, he is dragged into more and more 
rapid circulating motion. Finally, when he stops his descent and hovers 
ten meters above the horizon, he is encircling the hole in near perfect 
lockstep with the horizon itself, 270 circuits per second. No matter how 
hard he blasts to oppose this motion, he cannot. The swirl of space 
won't let him stop. 

"Blast in the other direction," you order. "If you can't circle more 
slowly than 270 circuits per second, try circling faster." 

Kolob tries. He blasts. keeping himself always 10 meters above the 
hori7.0n but trying to encircle it faster than before. Although he feels 
the usual acceleration from his blast, you see his motion change hardly 
at all. He still circles the hole 270 times per second. And then, before 
you can transmit further instructions, his fuel gives out; he begins to 
plummet downward; his laser light zooms through the electromagnetic 
spectrum from green to red to infrared to radio waves, and then turns 
black with no change in his circulating motion. He is gone, dawn the 
hole, plunging toward the violent singularity that you will never see. 
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After three weeks of mourning, experiments, and telescopic studies, 
your crew begin to build for the future. Bringing in materials from 
distant planets, they construct a girder-work ring around the hole. The 
ring has a circumference of 5 million kilometers, a thickness of 3.4 
kilometers, and a width of 4000 kilometers. It rotates at just the right 
rate, two rotations per hour, for centrifugal forces to counterbalance the 
hole's gravitational pull at the ring's central layer , 1.7 kilometers from its 
inner and outer faces. Its dimensions are carefully chosen so that those 
people who prefer to live in 1 Earth gravity can set up their homes 
near the inner or outer face of the ring, while those who prefer weaker 
gravity can live nearer its center. These differences in gravity are 
due in part to the rotating ring's centrifugal force and in part to the hole's 
tidal force--or, in Einstein's language, to the curvature of spacetime. 

The electric power that heats and lights this ring world is extracted 
from the black hole: Twenty percent of the hole's mass is in the form of 
energy that is stored in the tornado-like swirl of space outside but near 
the horizon.4i This is 10,000 times more energy than the Sun will 
radiate as heat and light in its entire lifetimel-and being outside the 
horizon, it can be extracted. Never mind that the ring world's energy 
extractor is only 50 percent efficient; it still has a 5000 times greater 
energy supply than the Sun. 

The energy extractor works on the same principle as do SOIne qua
sars45

: Your crew have threaded a magnetic field through the hole's 
horizon and they hold it on the hole, despite its tendency to pop off, by 
means of giant superconducting coils (Figure P.6). ~ the horizon spins, 
it drags the nearby space into a tornado-like swirl which in turn in
teracts with the threading magnetic field to form a gigantic electric 
power generator. The magnetic field lines act as transmission lines for 
the power. Electric current is driven out of the hole's equator (in the 
form of electrons flowing inward) and up the magnetic field lines to 
the ring world. There the current deposits its power. The-n it flows out 
of the ring world on another set of magnetic field lines and down into 
the hole's north and south poles (in the form of positrons flowing 
inward). By adjusting the strength of the magnetic field, the world's 
inhabitants can adjust the power output: weak field and low power in 
the- world's early years; strong field and high power in later years. 
Gradually as the power is extracted, the hole will slow its spin, but it 
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P.6 A city on a girder-work ring around a spinning black hoJe, and the electro· 
mawtelic system by which the city extract.'1 power from the bole's spin. 

win take many eons to exhaust the hole-'s enormous store of spin en
ergy. 

Your crew and countless generations of their desrendants can call this 
artificial world "home" and use it as a base for iuture explorations of 
the Universe. But not you. You long for the Narth and the friends 
whom you left behina, friends who must have been dead now for Illore 
t.ltan 4 billion years. Your longing is so great that you are willing to risk 
the last quaner of your normal, 200-year life span in a dangerous and 
perhaps foalhardy attt'mpt to return to the idyllic era of your youth. 

Time travel into the future is rather easy, as YOUT voyage among the 
holes has shown. Not so travel into the past. In fact, such travel might 
be completely forbidden by the fundamental laws of physics. HDwever, 
DA WN tells you of speculations: dating badt to the twentieth century, 
that backward time travel might be achieved with the aid of a hypo
thetical space warp called a wormhole. 44 This space warp consists of two 

44. QU1pter 14. 
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P.7 The two mouths of a hypothetical wormhole. Enter either mouth, and you 
wilJ emerge from the other, having traveled through a short tube (the wonn
hole's throat) that extends not lhrough our Universe, but through hyperspaCf'_ 

entrance holes (the wormhole's mouths), which look much like black 
holes but without horilons, and which can be far apart in the Cniverse 
(Figure P.7). Anything that enters one mouth finds itself in a very 
short tube (the wormhole's throat) that leads tD and out of the other 
mouth. The tube cannot be seen from our Universe because it extends 
through hyperspace rather than through normal space. It might be 
possible for time to hook up through the wormhole in a different way 
than through our Universe, DA WN explains. By traversing the worm
hole in one direction, say from the left mouth to the right, one might 
go backward in our Cniverse's time, while traversing in the opposite 
direction, from right to left, one would go forward. Such a wormhole 
would be a time warp, as well as a space warp. 

The laws of quantum gravity demand that exceedingly tiny worm
holes of this type exist,45 DA W~ tens you. These quantum wormholes 
must be so tiny, just 10-35 centimeter in size, that their existence is only 
fleeting- far too brief, 10-45 second, to be usable for time travel. They 

45. Chapters 13 and 14. 
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must flash into existence and then flash out in it random, unpredictable 
mamler--here, there, and everywhere. Very occasionally a flashing 
wonnhole will have one mouth near the ring wOTld today and the 
other near Earth in the era ... billi.on yeans ago when you embarked. on 
your voyage. DAWN proposes to try to catch such a wormhole as it 
flickers, enlarge it like a child blowing up a baUoon, and keep it open 
long el10ugh for you to travel through it to the home of your youth. 

But DAWN warns you of great danger. Physicists have conjectured, 
though it has never beE'D proved, that an instant before an enlarging 
wonnhole becomes a time machine> the wormhole must self-destruct 
with a gigantic, explosive flash. In this way the Universe might protect 
itself from time-travel paradoxes, such as a man going back in time and 
killing his mother before h(~ was conceived, thereby preventing himself 
from being born and killing his mother.45 

If the physicists' conjecture is wrong, then DAWN might be able to 
hold the wonnhole open for a few seconds, with a largE' enough throat 
for you to travel through. By waiting nearby as she enlarges the Worm
hole and then plunging through it, within a fraction of a second of your 
own time you will arrive home on Earth, in the era of rour youth 4 
billion years ago. But if the time machine self-destructs, you will be 
destroyed with it. You decide to take the chance ... 

'*'1:t* 
The above tale sOWlds like science fiction. Indeed, part of it is; I 
cannot by any means guarantee that there exists a to-solar-mass bla.ck 
hole near the star Vega. or a million-solar·mass hole at the center of the 
Milky Way, or a 15-trillion-solar-mass black hole anywhere at all in 
the Universe; they are all speculative but plausible fiction. Nor can I 
guarantee that humans will eVer succeed in developing the technology 
for intergalactic travel, or even for interstellar tl'avel, or for construct
ing ring worlds on girder-work structures around black holes. These 
are also speculative fiction. 

On. the other hand, I can guarantee with considerable but not com· 
plete confidence that black holes exist in our Universe and have the 
precise properties described in the above tale. If you hover in a blasting 
starship just above the horizon of a 15-trillion-solar·mass hole, I guar· 
antee that the laws of physics will be the same inside your starship as 

+6. Chapter t 4-. 
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on Earth, and that when you look out at the hea.vens around you, you 
will see the entire Universe shining down at you in a brilliant, small 
disk of light. I guarantee that, if you send a robot probe down near the 
horizon of a spinning hole, blast as it may it will never be able to move 
forward or backward at any speed other than the hole's own spin speed 
(270 circuits per second in my example). I guarantee that a rapidly 
spinning hole can store as much as 29 percent of its mass as spin 
energy, and that if one is clever enOllgh, one can extract that energy 
and use it. 

How can I guarantee all these things with considerable confidence? 
After all, I have never seen a black hole. Nobody has. Astronomers have 
found only indh-ect evidence for the existence of black holes"? and no 
observational evidence whatsoever for their claimed detailed proper
ties. How can I be 50 audacious as to guarantee so much about them? 
For one simple reason. JU9t as the laws of physics predict the pattern of 
ocean tides on Earth, the time and height of each high tide and each 
low tide, so also the laws of physics, if we understand them correctly, 
predict these black-hole properties, and predict them with no equivoca
tion. From Newton's description of the laws of physics one can deduce, 
by mathematical calculations, the sequence of Earth tides for the year 
1999 or the year 2010; similarly, from Einstein's general relativity 
description of the laws, one can deduce, by mathematical calculations, 
everything there is to know about the properties of black holes, from 
the hori~on on outward. 

And why do I believe that Einstein's general relativity description of 
the fundamental laws of physics is a highly accurate one? After all, we 
know that Ne\\'ton's description ceases to be accurate near a black hole. 

Successful descriptions of the fundamel1tal laws contain within 
themselves a strong indication of where they will faiL48 Newton's de
scription tells us i.tself that it will probably fail near a black hole 
(though we only learned in the twentieth century how to read this out 
of Newton's description). Similarly, Einstein's general :relativity de
scription exudes confidence in itself outside a black hole, at the hole's 
horizon, and inside the hole aU the way down almost (but not quite) to 
the singularity at its center. This is one thing that gives me confidence 
in general relativity's predictions. Another is the fact that, although 
general relativity's black-hole predictions have not yet been tested 

+7. Chapters 8 and 9. 
+8. Last section of Chapter 1. 
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directly, there have been high--precision tests of other features of gen
eral relativity on the Earth, in the solar system, and in binary systems 
that contain compact, exotic stars called pulsars_ General relativity has 
come through each teSt with flying colors. 

Over the pa.~ twenty years 1 have participated in the theoretical
pbysics quest whic-.h produ(:ed Qur present understanding of black holes 
and in the quest to test black-hole predictions by astronomical observa
tion. My own cOlltributions have been modest, but with my physicist 
and astronomer colleagut.>s I have reveled in the exC'.i.tement of the 
quest and hue marveled at the insight it has produced. This book is 
my attempt to convey some sense of that excitement and marvel to 
people who are not experts in either astronomy or physics. 



1 

The Relativity 
of Space and Time 

Professor Wilhelm Ostwald 
University of Leipzig 
Leipzig, Germany 

Esteemed Herr Professor! 

in which Einstein destroys 
Newton ~ conceptions 
oJspace and time as Absolute 

13 April 1901 

Please forgive a father who is so bold as to turn to you, esteemed Herr 
Professor, in the interest of his son. 

1 shall start by telling you that my son Albert is 22 years old, that 
he studied at the Zurich Polytechnikum for 4 years, and that he 
passed his diploma examinations in mathematics and physics with 
flying colors last summer. Since then, he has been trying 
unsuccessfully to obtain a position as Assistent, which would enable 
him to continue his education in theoretica1 & experimental physics. 
All those in position to give a judgment in the matter, praise his 
talents; in any case, I can assure you that he is extraordinarily studious 
and diligent and clings with gl"E'.at love to his science. 

My son therefore feels profoundly unhappy with his present lack of 
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position, and hi8 idea that he has gone ofIthe trat:ks with his career & 
is now out of touch gets more and more entren(;hed each day. In 
I:l.ddition, he is oppressed by the thought that he is a burden on us, 
people of m()dest means. 

Since it is you, highly honored Herr Professor, whom my son seems 
to admire alld esteem more than any other scholar currently acti"'e in 
physics. it is YOll to whom I have laken the liberty of turning with the 
humble request to read his paper published in the Annalen fiir 
PhY5ick and to write biro, if possible, a few words of encouragement, 
so t.hat he nlight recover his ioy in living and working. 

If, in addition. you could secure him an Assistcnt's position for now 
or the next autumn, roy gratitude would know no bounds. 

I beg you onre again to forgive me for my impudenC'e in writing to 
.rou, and I am also taking the libeny of mentionillg that my son does 
not know ahythicg about my unusual step. 

I remain, highly esteE'.med Herr Professor, your devoted 
Herma11n Einstein 

It was, indeed, a period of depression for Albert Einstein. He had been 
jobless for eight months, since graduating froM the Zurich Po)jtech
llj.kum at age twenty-one, and he felt himself a failure. 

At the Politt'Chnikllm (usually called the "ETH" after lts German
la.nguage initi.als), Einstein had studied under several of the wodd's 
roost renowned physicisu and mathematicians, but had not got all well 
with them. III the tunl-of·the·century academic world where most 
Professors (wit.lt a capi.tal P) demanded and e:tpected respect, Einstein 
gave little. Since childhood he had bristled against authority, always 
questioning, never accepting anything without testing its troth him
self. "Unthinking l"eSpect for authority is the greatest enemy of truth," 
he asserted. Heinrich WebeT, the most famous of his two ETH physiCS 
professors, complained in exasperation: "You are a smart boy, Einstein~ 
a very smart boy. But you have one great fault: you do no!; let yourself 
be told anything." His other physics pnl£essol". Jean Pernet, asked him 
why he didn't study znedi(~ine, law, or philology rather than. physics. 
"You can do what you like." Pernet said, "I oIlly wish to warn you in 
your own interest." 

Einatein did not. make matters better by his casual attitude toward 
coursework. "One had to cram aU this stuff into one's mind for the 
examitlatiolls whether one liked it or not," he later said. His mathe. 



1. THE RELATIVITY OF SPACE AND TIME 

matics professor, Hermann VIinkowski, of whom we shall hear much 
in Chapter 2, was so put off by Einstein's attitude that he called him a 
"lazy dog." 

But lazy Einstein was 11ot. He was just selective. Some parts of the 
coursework he absorbed thoroughly; others he ignored, preferring to 
spend his rime on self-directed study and thinking. Thinking was fun, 
joyful, and satisfying; on his own he could learn about the "new" 
physics, the physics that Heinrich Weber omitted from all his lectures. 

Newton's Absolute Space and Time, 
and the Aether 

The "old" physics, the physics that Einstein could learn from Weber, 
was a great body of knowledge that I shall call Newtonian, not because 
Isaac Newton was responsible for all of it (he wasn't), but because its 
foundations Were laid by Newton in the seventeenth century. 

By the late nineteenth century, all the disparate phenomena of the 
physical Universe could be explained beautifully by a handful of sim
ple Newtonian physical laws. For example, all phenomena involving 
gravity could be explained by Newton's law.f of motion and gravity: 

• Every object moves uniformly in a straight line unless acted on by 
a force. 

• When a force does act, the object's velocity changes at a rate pro· 
portional to the force and inversely proportional to its mass. 

• Between any two objects in the Universe there acts a gravitational 
force that is proportional to the product of their masses and in
versely proportional to the square of their separation. 

By mathematically manipulating1 thE'.se three laws, nineteenth-cen
tury physicists could explain the orbits of the planets around the Sun, 
the orbits of the moons around the planets, the ebb and flow of ocean 
tides, and the fall of rocks; and they could even learn how to weigh the 
Sun and the Earth. Similarly, by manipulating a simple set of electric 
and magnetic laws, the physicists could explain lightning, magnets, 
radio waves, and the propagation, diffraction, and reflection of light. 

1. Rea.ders who wish !O understand what is meant by "nuuhematkall.r manipu!tzlvl/5" the 
laws of physia. will find a discussion in the notes section at the end of the book. 
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Fame and fortune awaited those who could harness the Newtonian 
laws for technology. By mathematically manipulating the Newtonian 
laws of heat, James Watt figured out how to conv~rt a primitive- steam 
engine devised by others into the practical device that C'dJIle to bear his 
name. By leaning heavily on Joseph Hf>-I1ry's understanding of the laws 
of elecu-icity and magnetism, Samuel Morse devised his profitable ver
siol} of the telegraph. 

Inventors and physjcists a1ike took pride in the perfection of their 
understanding. Everythjng in the heavens and on Earth seemed to 
obey the Newtonian laws of physk..s, and mastery of the laws was 
bringing humans a mastery of their environment- and perhaps one 
day would bring mastery of the entire universe. 

An the old, well-established Newtonian laws and their technological 
applications Einstein could learn in Heillrich Weber's lectures, and 
learn well. Illdt?ed, in his first several years at the ETH, Einstein was 
enthusiastic about Weber. To the sole woman in his ETH class, Mileva 
Marie (of whom he was eonamored), he wrote in February 1898, 
"Weber lectured masterfully. J eagerly anticipate his every class." 

But in his fourth year at the liTH Einstein became highly dissatis
fied. Weber lectured only on the old physics. He completely ignored 
some of the most important developments of recent decades, including 
James Clerk Maxwell's discovery of a new set of elegant electromag
netic laws from which one could deduce all electromagnetic phenom
ena: the behaviors of magnets, elect.ric sparks, electric circuits, radio 
waves, light. Einstein had to teach himself Maxwell's unifying laws of 
electromagnetism by reading up·ta.date books written by physicists at 
other universities, and he presumably did not hesitate to inform Weber 
of his dissatisfaction. His relations with We-bel' deteriorated. 

In retrospect. it is clear that of all things Weber ignored in his 
lectures, the most important was the mounting evidence of cracks in 
the foundation of Newtonian physies, a foundation whose bricks and 
mortar were ~ewton's concepts of space and time as absolute. 

Ne-wton's absolute space was the spat.'e of everyday experience, with 
its three dimensjons: east-west, north-south, up-down. It was obviotls 
from. ever.yday experience that there is one and only one such space. It 
is a spa('..e shared by allllumanity, by the Sun, by all the planets and the 
stars. We all move through this space in our own ways and at our own 
speeds, and regardless of our motion, we experience the space in the 
same way. This space gives us our Sense of ll'ngth and breadth and 
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height; and according to Newton, we all, regardless of our motion, will 
agree on the length, breadth, and height of an object, so long as we 
make sufficiently accurate measurements. 

Newton's absolute time was the time of everyday experience, the 
time that flows inexorably forward as we age, the time measured by 
high-quality clocks and by the rotation of the Earth and motion of the 
planets. It is a time whose flow is experienced in common by all 
humanity, by the Sun, by all the planets and the stars. According to 
Newton we all, regardless of our motion, will agree on the period of 
some planetary orbit or the duration of some politician's speech, so long 
as we all use sufficiently accurate clocks to time the orbit or speech. 

If Newton's concepts of space and time as absolute were to crumble, 
the whole edifice of Newtonian physical laws would come tumbling 
down. Fortunately, year after year, decade after decade, century after 
century, Newton's foundational concepts had stood firm, producing one 
scientific triumph after another, from the domain of the planets to the 
domain of electricity to the domain of heat. There was no sign of any 
crack in the foundation-until 1881, when Albert Michelson started 
timing the propagation of light. 

It seemed obvious, and the Newtonian laws so demanded, that if OIle 
measures the speed of light (or of anything else), the result must 
depend on how one is moving. If one is at rest in absolute space, then 
one should see the same light speed in all directions. By contrast, if one 
is moving through absolute space, say eastward, then one should see 
eastward-propagating light slowed and westward-propagating light 
speeded up, just as a person on an eastbound train sees eastward-flying 
birds slowed and westward-flying birds speeded up. 

For the birds, it is the air that regulates their flight speed. Beating 
their wings against the air, the birds of each species move at the same 
maximum speed through the air regardless of their flight direction. 
Similarly, for light it was a substance called the aether that regulated 
the propagation speed, according to Newtonian physical laws. Beating 
its electric and magnetic fields against the aether, 11ght propagates 
always at the same universal speed through the aether, regardless of its 
propagation direction. And since the aether (according to Newtonian 
concepts) is at rest in absolute space, anyone at rest will measure the 
same light speed in all directions, while anyone in motion will measure 
different light speeds. 

Now, the Earth moves through absolute space, if for no other reason 
than its motion around the Sun; it moves in oue direction in Januw:y, 

6) 
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then in the opposite direction six months later. in June. Correspolld
ingly, we on Earth &.hould measure the speed of light to be djfferent in 
different directions, and the difterences should change with the sea
sons--though 9nly very slightly (about 1 part in 10,000), because the 
Eartb moves so slowly compared to light. 

To verify this prediction was a fascinating challenge for experimen
tal physicists. Albert Michelson, a tweIlty·.eight.year·.old American, 
took up the challenge in 1881, using an exquisitely areurilte ex.peri
lnental technique (now called "Michelson interferometry"iI) that he 
had invented. But try as he might, Michelson could find no evidence 
whatsoever for any variation of light speed with direction. The speed 
turnt.>d out to be the same ill all directions and at all seasons in his 
ini6al 1881 experiments, and the same to much higher precision in 
later 1887 experiments that Michelson performed ill Cleveland, Ohio, 
;ointl}' with a chemist, Edward Morley. Michelson reacted with a mix
ture of elatiol1 at his discovery and dismay at its consequenl..'eS. Hein
rich Weber and most other physicists of the 18905 reacted with skepti
cism. 

It was easy to be skeptical Interesting experimentS are often terribly 
difficult- -so difficult, in fact, that regardless of how carefully they are 
carried out, they can give wrong results. Just one little abnormality in 
the apparattlS, or one tiny uncontrolled fluctuation in its temperature, 
or one unexpected vibration of the floor beneath it, might alter the 
e"periment's final result. Thus, it is not surprising that physicists of 
today,like physicists of the 18905. are occasionally confronted by terri
bly difficult experiments which conflict with each other or conflict 
'Vitti our deeply cherished beliefs about the nature of the Univetse and 
its physical laws. Recent examples are experiments that purported to 
discover a "fifth force" (one not present in the standard, highly success
ful physical laws) and other experiments denyi:cg that such a force 
exists; also experiments claiming to discover :'cold fusion" (a phenome
llon forbidden by the standard laws, if physicists understand thO!;e Jaws 
correctly) and other experiments denying tha.t cold fusion occurs. Al
most always the experiments that threaten our deeply cherished beliefs 
are wrong; their radical results are artifacts of experimental error. 
However, occasionally they are right and point the way toward il revo
lution in our understanding of nature. 

One mark of an outstanding physicist is an ability to "smell" which 

2. (dJl!ptl'.J' 10. 
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experiments are to be trusted, and which not; which are to be worried 
about, and which ignored. As technology improves and the experi
ments are repeated over and over again, the truth ultimately becomes 
clear; but if one is trying to contribute to t.he progress of science, and if 
one wants to place one's own imprimatur on major discoveries, then 
one needs to divine early, not later, wllich experiments to trust. 

Several outstanding physicists of the 1890s examined the Michel
son-Morley experiment and concluded that the intimate details of the 
apparatus and the exquisite care with which it was executed made a 
strongly convincing case. This experiment "smells good," they decided; 
something might well be wrong with the foundations of Newtonian 
physics. By contrast, Heinrich Weber and most others were confident 
that, given time and further experimental effort, all would come out 
fine; Newtonian physics would triumph in the end, as it had so many 
times before. It would be inappropriate to even mention this experi
ment in one's university lectures; one should not mislead young minds. 

The Irish physicist George F. Fitzgerald was the first to accept the 
Michelson-Morley experiment at face value and speculate about its 
implications. By comparing it with other experiments, he came to the 
radical conclusion that the fault lies in physicists' understanding of the 
concept of "length," and correspondingly there might be something 
wrong with Newton's concept of absolute space. In a short 1889 article 
in the American journal Science, he wrote in part:· 

I have read with much interest Messrs. Michelson and Morley's 
wonderfully delicate experiment .... Their result seems opposed to 
other experiments .... I would suggest that almost the only hypothe
sis that can reconcile this opposition is that the length of material 
bodies changes, according as they are moving through the aether 
[through absolute space] or aC'IOSS it, by an amount depending on the 
square of the ratio oftheir velocities to that oflight. 

A tiny (five parts in a billion) contraction of length along the direc
tion of the Earth's motion could, indeed, account for the null result of 
the Michelson-Morley experiment. But this required a repudiation of 
physicists' understanding of the behavior of matter: No known force 
could make moving objects contract along their direction of motion, 
not even by so minute an amount. If physicists understood correcdy the 
nature of space and the nature of the molecular forces inside solid 
bodies, then uniformly moving solid bodies would always have to re-
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tain theil' same shape and size relative to absolute space, regardless of 
how fast they moved. 

HE".lldrik Lorentz in Amsterdam also believed the Michelson -Mor
It.')' experiment, and he took seriously Fitzgerald's suggestion that mov
ing objects COlI tract. Fitzgerald, upon learning of thill, wrote to Lorentz 
expressing delight, since "1 have been ratheT laughed at for my \ .. iew 
over here." In a search for deeper u.nderstanding, Lorentz-and inde
pendently Henri Poincare in Paris, France, and Joseph Lanum' in Cam
bridge, England-reexamined the laws of electromagnetism, and no
ticed a peculiarity that dovetailed with F'itzgerald's length-contraction 
idea: 

If one expressed Maxwell's ele<-1:romagnetic laws in terms of the 
electric and magnetic fields measured at rest in absolute space, the laws 
took on. an especially simpJe and beautiful mathematical form. For 
example, one of the laws said. simply, "As seen by anyone at rest in 
absolute spacl\ magnetic field lines have no ends" (see Figure 1.1a,b). 
However, if one expressed Maxwell's la.ws in terms of the slightly 
different fields measured by a moving person, then the laws looked far 
more complicated and ugly. In particular, the "no ends" law became, 
"As seen by someone in motion, most magnetic field lines are endless, 
but a few get cut by the motion, thereby acquiring ends. Mo.reover, 
when the moving person shakes the magnet, new field lines get cut, 
thell heal, then get cut again, then reheal" (see Figure t.ic). 

The new rnathematical discovery by T ..orentz, Poincare, and Larmor 
was a war to make the moving person's electromagnetic laws look 
beautiful, and ill fact look identical to the laws used by a person at rest 
in absolute space: "Magnetic field lines never end, under any circuIn
stances whatsoever." One could make the laws take on this beautiful 
form by pretending, contrary to Newtonian precepts, that all moving 
objects get contracted along their dire(;tion of motion by precisely the 
amount that Fitzge:rald needed to explain the Michelson-Morley ex
periment! 

If the Htzgerald contraction had been the only "new physics" that 
one needed to make the electromagnetic laws universally simple and 
beautiful, Lorentz, Poincare, and I..armor, with their intuitive faith 
that the laws of physi(!5 ought to be beautiful, might have cast aside 
Newtonian precepts and believed firmly in the contraction. However, 
the contraction by itself was not enough. To make the laws beautiful, 
one also had to pretend that time flows Clore slowly as measured by 
someone moving through the Universe than by someone at rest; mo
tion "dilates" time. 



( ~) ( b ) 

1.1 One of Maxwell's electromaSnetic laws, as understood within the frame
work of nineteenth-century, Newtonian physics: (a) The concept of a magnetic 
field line: When one places a bar magnet under a sheet of paper and scatters iron 
min~ on top of the sheet, the filings mark out the magnet's field lines. Each field 
line leaves the magnet's north pole, s,,,ings around the magnet and reenters it at 
the south pole, and then travels through the magnet to the north pole., where it 
attaches onto itself. The field line is therefore a closed cun-e .. somewhat like a 
rubber band, without any ends. The statement that "magnetic field lines never 
have ends" is Maxwell's law in its simplest, most beautiful fonn. (b) According to 
Newtonian physi('s. this version of Maxwell's law is COlTect no matter what one 
does with the magnet (for example, even if one shakes it wildly) so long as one 
is at rest in absolute space. No m8fl!netic field line ever has any ends. from the 
vie\'\o-poinl of someone at rest. (c) When studied by someone riding on the surface 
of the Earth as it moves through absolute space, Maxwell's law is much more 
complicated, according to Newtonian physics. If the moving person·s magnet sits 
quietly on a table .. then a few of its field lines (about one in a hundred million) 
will have ends. Ifthe person shakes the magnet wildly. additional field lines (one 
in a trillion) will get cut temporarily by the shakiD& and then will heal. then get 
cut, then reheal. Although one field line in a hundred million or a trillion ~;,h 
ends WaH far too few to be discerned in any nineteenth-century physics experi
ment, the fact that Maxwell's laws predicted such a th.l.n@ seemed rather oompli
cated and ugly to Lorentz, Poincare, and Larmor. 
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Now, the Newtonian laws of physics were unequivocal: Time is 
absolute. It flows uniformly and inexorably at the same universal rate, 
independently of how one moves. If the Newtonian laws were correct, 
then motion cannot cause time to dilate any more than it ('.an cause 
lengths to contract. Unfortunately, the clocks of the 1890s were far too 
inaccurate t.o reveal the truth; and, fa€--ed with the scientific and techno
logical triwnphs of Newtonian physics, triumphs grounded firmly on 
the foundation of absolute time, nobody was willing to assert with 
conviction that time really does dilate. Lorentz, Poincare, and Larmor 
waffled. 

Einstein, as a student in Zurich, 'Was not yet ready to tackle such 
heady issues as these, but alrt~ady he was beginning to think a.bout 
them. To his friend Mileva Maril: (with whom rOmance was now 
budding) he wrote in August 1899, "I am more and more cOllvinced 
that the elect.rodYllamics of moving bodies, as presented today, is not 
corrett." Over the next six years, as his powers as a physicist matured, 
he would ponder this issue and the reality of the contradiction of 
lengths and dilation of time. 

Weber, by cOlltrast, showed no interest in such speculative issues. He 
kept right on lecturing about Newtonian physics as though all were in 
perfect order, as though there were no hints of cracks in the foundation 
of physics. 

As hf.' neared the end. of his studies at the ETH, Einstein naively 
assumed that, because he was intelligent and had not really done all 
that badly in his courses (overall mark of 4.91 ou.t of 6.00), he would be 
offered the position of "Assistent" in physics at the ETH u.nder Weber, 
and could use it in the usual manner as a springboard into the academic 
world. As an Assistent he could start doing research of lIis own, leading 
in a few years to a Ph.D. degree. 

But such was not to be. Of the four students who passed their final 
exams in the combined physics-mathematics program in August 1900, 
three got assistantships at the ETH working lUlder mathematician8j 
the fourth, Einstein, got nothing. Webel' hired as Assistents two engi
neering students rather than Einstein. 

Einstein kept trying. In September, one month after graduation, he 
applied for a vacant Assistent position in mathematics at the ETH. He 
was rejected. In winter and spring he applied to Wilhelm Ostwald in 
Leipzig, Germany, and Heike Kamerlingh Onnes in Leiden, the Neth
f'..rlands. From them he seems never to have received even the courtesy 
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of a reply-though his note to Onnes is now proudly displayed in a 
museum in Leiden, alld though Ostwald ten years later would be the 
first to nominate Einstein for a Nobel Prize. Even the letter to Ost\\'ald 
from Einstein's father seems to have elicited no respome. 

To the saucy and strong-willed Mileva Marie, with whom his ro
mance had turned intense, Einstein wrote on 27 March 1901, "I'm 
absolutely convinced that Weber is to blame .... it doesn't make any 
sense to WTite to any more professors, because they'H surely tum to 
Weber for information about me at a certain point, and he'll just give 
me another bad recommendation." To a close friend, Marcel Gross
mann, he wrote on 14 April 1901, "I could have found [an Assistent 
position] long ago had it not been for Weber's underhandedness. All 
the same, I leave no stone unturned and do not give up my sense of 
humor ... God created the donkey and gave him a thick hide." 

A thick hide he needed; not only was he searching fru.itlessly for a 
job, but his parents 'were vehemently opposing his plans to marry 
Mileva, and his relationship to Mileva was growing turbulent. Of 
Mileva his mother wrote, "This Miss Maric is causing me the bitterest 
hours of my life, if it were in my power, I would make every effort to 
banish her from. our horizon, I really dislike her." And of Einstein's 
mother, Mileva wrote, "That lady seems to have made it her life's goal 
to embitter as much. as possible n.ot only my life but also that of her SOll • 

. . . I wouldn't have thought it possible that there could exist such 
heartless and outright wicked people!" 

Einstein wanted desperately to escape his financial dependence on 
his parents, and to have the peace of mind and freedom to devote most 
of his energy to physics. Perhaps this could be achieved by some means 
other than an Assistent position in a university. His degree from the 
ETH qualified him to teach in a frYTnlt4$ium (high school). so to this he 
turned: He managed in mid-May 1901 to get a temporary job at a 
technical high school in Winterthur, Switzerland, substituting for a 
mathematics teacher who had to serve a term in the anny. 

To his former history professor at the ETH, Alfred Stern, he wrote, 
"I am beside myself with joy about [this teaching job], because today I 
received the news that everything has been definitely arranged. I have 
not the slightest idea as to who might be the humanitarian who recom
mended Ine there, because from what I have been told, I am not in the 
good books of any of my former teachers." The job in Winterthur, 
followed in autumn 1901 by another temporary high school teaching 
job in Schaffhausen, Switzerland, and then in June 1902 by a job as 
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"technical expert third class" in the Swiss Patent Office in Bern, gave 
him independence and stability. 

Despite continued turbulence in his personal life (long sepal'ations 
fn'lIIl Mileva; an illegitimate child with Mileya in 1902, whom they 
seem to have put up for adoption, perhaps to protect Eimtein's career 
possibilities in staid Switzerland; his marriage to Mileva a year later in 
spite of his parents' vjolent opposition), Einstein maintained all opti
mistic spirit and remained clear-headed enough to think, and think 
deeply ahout physi<:s: Froln 190 1 through 1904 he seasoned his powers 
as a physicist by theorE'tical research on the nature of the forces be
tween molecules in liquids, such as water, and in metals, a.nd research 
on the .nature of heat. His new insights, which were 6uDstantial, were 
pu blished in a sequ~nce of five articles if! the most prestigious physics 
journal of the early 19OOs: the Annalen tier Physilr-

The patent office job in Bern was well suited to seasoning Einstein's 
powers. On the job he was challenged to flgure out whp.ther the inven
tions submitted would work-"-often a delightful task, and one that 
sharpened his mind. And the job left free half his waking hOllrs and all 
weekelld. Most of these he spent studying and thinking a.bout physics, 
often in the midst of family dlaos. 

His abilhy to concentrate d~pite distractions was described by a 
student, who visited him at home several yt'aTS after his marriage to 
Mileva: "He wa.s sitting in his study in front of a heap of papen; cover€.od 
with mathematical ft)rmulas_ Writing with his right band and holding 
his younger son in his left, he kept replying to questions from his elder 
son Albert who was playing with his bricks. With the words, 'Wait a 
minute, I've nearly finished,' he gave me the children to look after for a. 
few moments and went on working." 

In Bern, Einstein was isolated. from other physicists (though he did 
have a few close non-physicist friends with. whom he could discuss 
science and philosophy). For most physicists, such isolatioll would be 
disastrous. Most require continual contact with colleagues working on 
similar problems to keep their researcll from straying off in unproduc
tive directions. But Einstein's intellect was different; he worked more 
fruitfully in isolation than ill a stimulating milieu of other physicists. 

Sometimes it. helped him to talk with others-···not he cause they 
offered him deep new insights or informat.ion. but rather because by 
explaining paradoxes and problE'.ms to others, he could clarify them in 
his own mind. Particularly helpful was Michele Angelo Besso, an Ital
ian engineer who had been II. classmate of Einstein's at ETR and 11.0W 
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Ltrft: Einstein seated at his desk in the patent office in Bern, Switzerland. ca. 
1905. Right: Einstein with his wife, Mileva, and their son Hans Albert, ca. 1904. 
[Left: courtesy the Albert Einstein Archives of the Hebrew University of Jerusalem; right: 
courtesy Schweitcrischcs Literaturachiv/Archiv del" Einstein-Gesellsdlaft. Bern.] 

was working beside Einstein in the patent office. Of Besso, Einstein 
said, "I could not have found a better sounding board in the whole of 
Europe." 

Einstein's Relative Space and Time, 
and Absolute Speed of Light 

Michele Angelo Besso was especially helpful in May 1905, when 
Einstein, after focusing for several years on other physics issues, re
turned to Maxwell's electrodynamic laws and their tantalizing hints of 
length contraction and time dilation. Einstein's search for some way to 
make sense of these hints was impeded by a mental block. To clear the 
block, he sought help from Besso. As he recalled later, "That was a very 
beautiful day when I visited [Besso] and began to talk with him as 
follows: 'I have recently had a question which was difficult for me to 
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understand. So I came here today to bring with me a battle Dn the 
question.' Trying a lot of discussions with him, I could suddenly com
prehend the matter. The next day I visited him again and said to him 
without greeting: 'Thank you. I've complet.ely solved the problem.' " 

Einstein's solution: There is no such thing as absolute space. There is 
no such thing as absolute time. Newwn's foundation for all 0/ physics was 
flawed And as/or the aether: It does not exist 

By rejecting absolute space, Einstein made absolutely meaningless 
the notion of "being at rest in absolute space." There is no way, he 
asserted, to ever measure the Earth's motion through absolute space, 
and that is why the Michelson-Morley experiment turned out the way 
it did. One can measure the Earth's velocity only relative to other 
physical objects such as the Sun or the Moon, jtlst as one can meaSUre a 
train's velocity only relative to physical objects such as the grDund and 
the air. For neither Earth nor train nor anything else is there any 
standard of absolute motion; motion is purely "relative." 

By ·rejecting absf>lute space, Einstein also rejected the notion that 
everyone, regardless of his Or her motion, must agree on the length, 
height, and width of some table or train or any other object. On the 
contrary, Einstein insisted, length, height, and width are "relati1-'t!" con
cepts. They depend on the relative motion of the object being measured 
and the person doing the measuring. 

By rejecting absolute time, Einstein rejected the notion that every
one, regardless of his or her motion, must experience the flow of time 
in the Same manner. Time is relative, Einstein asserted. Each person 
traveling in his or her own way must experience a different time flow 
than others, traveling differently. 

It is hard not to feel queasy when presented with these assertions. If 
correct, not only do they cut the fOUD.dations out from under the entire 
edifice of Newtonian physical law, they also deprive us of our common
sense, everyday notions of space and time. 

But Einstein was not just. a destroyer. He was also a creator. He 
offered us a new foundation to replace the old, a fo'Undation just as firm 
and, it has tnrned· out, in far mo·re perfect accord with the Universe. 

Einstein's new foundation consisted of two new fundamental princi
ples: 

• The principle of the absoluteness of the speed of light: Whatever 
might be their nature, space and time must be so constituted as to 
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make the speed of light absolutely the same in all directions, and 
absolutely independent of the motion of the person who measures 
it. 

This principle is a resounding affirmation that the Michelson--Morley 
experiment was correct, and that regardless of how accurate light
measuring devices may become in the future, they must always con
tinue to give the same result: a universal speed of light. 

• The principle of relativity: Whatever might be their nature, the 
laws of physics must treat all states or"motion on an equal footing. 

This principle is a resounding rejection of absolute space: If the laws of 
physics did not treat all states of motion (for example, that of the Sun 
and that of the Earth) on an equal footing, then using the laws of 
physics, physicists would be able to pick out some "preferred" state of 
motion (for example, the Sun's) and define it as the state of "absolute 
rest." Absolute space would then have crept back into physics. We shall 
return to this later in the chapter. 

From the absoluteness of the speed of light, Einstein deduced, by an 
elegant logical argument described in Box 1.1 below, that if you and I 
move relative to each other, what I call space must be a mixture of your 
space and your time, and what you call space mu.~t be a mixture of my 
space and my time. 

This "mixing of space and time" is analogous to the mixing of 
directions on Earth. Nature offers uS two ways to reckon directions, one 
tied to the Earth's spin, the other tied to its magnetic field. In 
Pasadena, California, magnetic north (the direction a compass needle 
points) is offset eastward from true north (the direction toward the 
Earth's spin axis, that is, toward the "North Pole") by about 20 degrees; 
see Figure 1.2. This means that in order to travel in the magnetic north 
direction, one must travel partly (about 80 percent) in the true north 
direction and partly (about 20 percent) toward true east. In this sense, 
rntl{Inetic north is a mixture of true north and true east; similarly, true 
north is a mixture of magnetic north and magnetic west. 

To understand the analogous mixing of space and time (your space 
is a mixture of ~ space and my time, and my space is a mixture of your 
space and your time), imagine yourself the owner of a powerful sports 
car. You like to drive your car down Colorado Boulevard in Pasadena, 
California, at extremely high speed in the depths of the night, when I, 
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a policeman, am napping. To the top of your car you attach a series of 
firecrackers, one over the front of the hood, one oYer the rear of the 
trutlk, and many in between; see 'Pigure 1.3a. You set the firecrackers 
to detonate simu.ltaneously as seen by you, just as you are passing my 
police station. 

Figure 1.3b depicts this from your own viewpoint. Drawn vertically 
is the flow of time, as measured by you ("your time') Drawn horizon· 
tally is distance along your car, from back to front, as measured by Y01.t 

("your space"). Since the firecrackers are all at rest in your space (that 
is, as seen by you), with the- passage of YOUT time they all remain at the 
same horizontal locations in the diagram. The dashed lines, one for 
each. firecracker. depict this. They extend vertically upward in the 
diagram, indicating no rightward or leftward motion in space whatso· 
ever as time passes--and they then terminate abruptly at the moment 
the firecra.ckers detonate. The detonation events are depicted by as
terisks. 

This figure is called a spacetime diagram because it plots space bori .. 
z£lntally and time vertically; thE' dashed lines arE.' called world lines 
beca.use thp.y sho\\r where in the world the firecrackers traveJ as time 
passes. Vre shall make extensive use of spacetime diagrams and world 
lines lat(>.l in this book. 

If one moves horizontally in the diagram (Figure 1.3h), one is mov
ing through spa(.'e at a fixed moment of your time. Correspondingly, it 
is convenient to think of each horizontal line in the diagram as depict .. 
ing space, as seen by you ("your space"), at a specific momellt of your 
time. For example. the dotted horizontal line is yOUl" space at the 
moment of firecracker detonation. As one mOvt-$ vertically upward in 
the diagram, onl:' is moving through time at a fixed location in your 

1.2 Magnetic nortb is a mixture of 
true north and tnle eallt, and 
OUt" north is a mixture of magnetic 
north and magnetic west 
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space. Correspondingly, it is convenient to think of eaC'.h vertical line in 
the spacetime diagram (for example, each firecracker world line) as 
depicting the flow of your time at a specific location in your space. 

r, in the police station, were I not napping, would draw a rather 
different spacetime diagram to depict your car, your firecrackers, and 
the detonation (Figure 1.3c). I would plot the flow of time, as measured 
by me, vertically, and distance along Colorado Boulevard horizontally. 
As time passes, each firecracker moves down Colorado Boulevard with 
your car at high speed. and cOTrE'.spondingly, the firecracker's world line 
tilts rightward in the diagram: At the time of its detonation, the fire
cracker is farther to the right down Colorado Boulevard than at earlier 
times. 

Now, the surprising conclusion of Einstein's logical argument (Box 
1.1) is that the absoluteness of the speed of light requires the fire
crackers not to detonate simultaneously as seen by me, even though 

1.5 (a) Your sports car speeding down (AJlorado Boulel'ard with f'irecra(~kers 
attached to its roof. (b) Spacetime diagrclm depicting the firecrackers' moLion 
and detonation from your viewpoint (riding in the car). (c) Spacetime diagram 
depicting the same firecracker mollon and detonation from my \ieV\'PoinL (at 
rest in the police station). 
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they detonate simultanetJUsly as seen by you. From my viewpoint the 
reannost firecracker on your car detonates first, and the frontmost one 
detonates last. Correspondingly, the dotted line that we called "your 
space at moment of detonation" (Figure 1.3b) is tilted in my spacetime 
diagram (Figure l.~c). 

From Figure 1.3c it is clear that, to move through your space at your 
moment of detonation (along the dotted detonation line), I must move 
through both my space and my tinlt'. In this sense, your space is a 
mixture of my spare and my time. This is just the same sense as the 
statement that magnetic north is a mixture of true north and true east 
(compare Figure l.x with Figure 1.2). 

You might be tp.mpted to assert that this "mixing of space and time'~ 
is nothing but a complicated, jingoistic way of saying that "simul
taneity depends on one's state of motion." True. However, physicists, 
building on J.:instein's foundations, have found this way of thinking to 
be powerful. It has helped them to decipher Einstein's legacy (his new 
laws of physics), and to discover in that legacy a set of seemingly 
outrageous phenomena: black holes, wormholes, singularities, time 
warps, and time machines. 

From the absoluteness of the speed of light and the principle of 
relativity, Einste-in deduced other remarkable features of space and 
ti.me. In the language of' the above story: 

• Einstein deduced that, as yOU speed eastward down Colorado Bou
levard, I must see y()ur space and everything at rf'.8t in it (your car, 
your firecrackers, and you) contracted along the east-west direc
tion, but not north---south or up-down_ This was the contraction 
inferred by Fitzgerald, but now put on a firm foundation: The 
contraction is caused by the peculiar nature of space and time, and 
not by any physical forces that act on moving matter. 

• Similarly, Einstein deduced that, as you speed eastward, you. must 
see my space and everything at rest in it (my police station, my 
desk, and me) contracted along the east-west direction, but not 
north-south or up-odown. That you see me contracted and I see 
you contracted may seem puzzling, but in fact it could not be 
otherwise: It leaves your state of motion and mine on an equal 
footing, ill accord with the principle of relativity. 

• Einstein also deduced that, as you speed past, I see your flow of 
time slowed, that is, dilated. The clock on yoW' car's dashboard 
appears to tick more slowly than my clock on the police station 



Box 1.1 

Einstein's Proof of the Mixing of Space and Time 

Einstein's principle of the absoluteness of the speed of light enforces the 
mixing of space and time; in other words, it enforces the relativity of 
simultaneity: Events that are simultaneous as seen by you (that lie in your 
space at a specific moment of your time), as your sports car speeds down 
Colorado Boulevard, are not simultaneous as seen by me, at rest in the 
police station. 1 shall prove this using descriptive words that go along with 
the spacetime diagrams shown below. This proof is essentially the same as 
the one devised by Einstein in 1905. 

Place a flash bulb at the middle of your car. Trigger the bulb. It sends a 
hurst of light forward toward the front of your car, and a burst backward 
toward the hack of your car. Since the two bursts are emitted simulta
neously, and since they travel the same distance as measured by you in 
your car, and since they travel at the same speed (the speed of light is 
absolute), they must arrive at the front and back of your car simulta
neously from your viewpoint; see the left diagram, below. The two evt'nts 
of burst arrival (call them A at your car's front and B at its back) are thus 
simultaneous from your viewpoint, and they happen to coincide with the 
firecrac.ker detonations of Figure 1.4, as seen by you. 

Next, examine the light bursts and their arrival events A and B from 
my viewpoint as your car speeds past me; see the right diagram, below. 
From my viewpoint, the back of your car is moving forward, toward the 
backward-directed burst of light, and they thus meet each other (event R) 
sooner as seen by me than as seen by you. Similarly, the front of your car is 
moving forward, away from the frontward-directed burst, and they thus 
meet each other (event A) later as seen by me than as seen by you. (These 
conclusions rely crucially on the fact that the speeds of the two light bursts 
are the same as seen by me; that is, they rely on the absoluteness of the 
speed of light.) Therefore, I regard event B as occurring before event A; 
and similarly, T see the firecrackers near the back of your car detonate 
before those near the front. 
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Note that the locations of the detonations (your space at a specific 
moment of your time) are the same in the above spacetime diagrams as in 
Figure 1.4. This justifles the asserted mixing of space and time discussed 
in the text. 
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wall You speak mOI'e slowly, your hair grows more slowly, Y9U age 
more slowly than I . 

• Sjmilarly, iu accDrd with the principle of relativity, as you speed 
past Ine, you see my flow of time slowed. You see the clock on my 
station wall tick more slowly than the OIle on your dashboard. To 
you I seem to speak more slowly, my hail' gro,,""'S more slowly, and I 
age more slowly than you. 

How can it possibly be that J see your time flow slowed, while you 
see mine slowed? How is that. logically possible? And how cat\ 1 see 
your spacp. contracted., while you see my spacf.' contracted? The answer 
lies in the relativity of simultaneity. You and.r disagree about whether 
events at difft>rent locations in our respective spaces are simultaneous. 
aJ'ld this disagreement turns out to mesh with our d~agreements over 
the flow of time and the contraction of space in just such a way as to 
keep everything logically consistent. To delnonstrate this consistency, 
howevt'.r, would takE' more pages than I wish to spend, so I refer you, 
for a ploof, to Chapter 5 of Taylor and Wheeler (1992). 

Bow is it that we as humans have never noticed this weird behavior 
of space and time iil our everyday lives? Tlle answer lies in OUI slow
ness. vYe always move relative to each other with speeds far SlTlaIler 
than that of light. (299,79~ kilomet.ers per second). If your C'dI 1..0c)lllS 

down Colorado Boulevard at 150 kilometers per hour, I should see your 
time flow dilated and your space contracted by roughly one part in a 
hundred trillion (1 )( 1O-t4)--far too little for us to notice. By ('.()ntrast, 
if your car were to move past zne at 87 percent the speed of light, then 
(using instruments that respond very quickly) I should see youI' time 
flow twice as slowly as mine, while you see my time flow twice as 
slowly as yours; slmHarly, I should see everything in your car half as 
long, east--west, as normal. and you should see everything in my police 
station half as lung, east-west, as normal. Indeed, a wide variety of 
ex-periments in the late twentieth century have verified. that spaCe aud 
time do behave in just this way. 

How did Einstein arrive at sudl a radical description of space and 
time? 

Not hy examining the ·results of experiments. Clocks of his era were 
too inaccurate to exhibit, at the low speeds available, any time dilati9n 
or disagreements about simultaneity, and measuring rods wele- too 
inaccurate to exhibit length contraction. The only releva·nt experi
ments were those few, SUell as Michelson and hlorley's, which ~ug-
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gested that the speed of light on the Earth's surface might be the same 
in all directions. These were very skimpy data indeed on which to base 
such a radical revision of one's notions of space and time! Moreover, 
Einstein paid little attention to these experiments. 

Instead, Einstein relied on his own innate intuition as to how things 
ought to behave. After much reflection, it became intuitively obvious to 

him that the speed of light must be a universal constant, independent 
of direction and independent of one's motion. Only then, he reasoned, 
could Maxwell's electromagnetic laws be made uniformly simple and 
beautiful (for example, "magnetic field lines never ever have any 
endsft

), and he was firmly convinced that the Universe in some deep 
sense insists on having simple and beautiful laws. He therefore intro
duced, as a new principle on which to base all of physics, his principle 
of the absoluteness of the speed of light. 

This principle by itself, without anything else, already guaranteed 
that the edifice of physical laws built on Einstein's foundation would 
differ profoundly from that of Newton. A Newtonian physicist, by pre
suming space and time to be absolute, is forced to conclude that the speed 
of light is relat~it depends on one~ s1:4te 0/ motion (as the bird and 
train analogy earlier in this chapter shows). Einstein, by presuming the 

speed of light to be absolute, was forced to conclude that space and time 
are relat~they depend on ones state if motion. Having deduced that 
space and time are relative, Einstein was then led onward by his questfor 
simplicity and beauty to his principle of relativity: No one state of motion 
is to be prriferred over any other; all states 0/ motion must be equa~ in the 
eyes of physical law. 

Not only was experiment unimportant in Einstein's construction of a 
new foundation for physics, the ideas of other physicists were also 
unimportant. He paid little attention to others' work. He seems not 
even to have read any of the important technical articles on space, 
time, and the aether that Hendrik Lorentz, Henri Poincare, Joseph 
Larmor, and others wrote between 1896 and 1905. 

In their articles, Lorentz, Poincare, and Larmor were groping to

ward the same revision of our notions of space and time as Einstein, but 
they were groping through a fog of misconceptions foisted on them by 
Newtonian physics. Einstein, by contrast, was able to cast off the New
tonian misconceptions. His conviction that the Universe loves simplic
ity and beauty, and his willingness to be guided by this conviction, 
even if it meant destroying the foundations of Newtonian physics, led 
him, with a clarity of thought that others could not match, to his new 
description of space and time. 
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The principle of relativity will play an important role later in this 
book. FOl' this reason 1 shaH devot.e a few pages to a deeper expJanation 
of it. 

A deeper explanation requires the concept of a reference .frame. A 
reference frame is a laboratory that contains all the measuring appara
tus onE" might need for whatever rneasucemen t.s one wishes to make. 
The laboratory and all its apparatus must move through the Universe 
together; they must all undergo the same motion. Jll fact. the motion of 
the reference frame is reaUy the central issue. When a physicist speaks 
of "different reference fram.es," the emphasis is on different states of 
motion and not on different measuring apparatuses in the two labora
torieos. 

A reference frame's laboratory and its apparatus need not be real. 
They perfectly well can he imaginary constructs, existing only in the 
mind of the physicist who wants to ask some question such as, "If I 
Were in a spacecraft floating through the asteroid belt, and I were to 
measure the size of some specific a.~eroid, what would the answer be?" 
Such physicists i.magine themselves as having a reference frame (labo
ratory) attached.to their spacecraft and as using that frame's apparatus 
to make the measurement. 

Einstein expressed his principle of relativity not in terms of arbitrary 
reference frames, but. in terms of rather special ones: frames (laborato
ries) that rnove freely under their own inertia, neither pushed nor 
pulled by any forces, and that therefol'e continue always onward in the 
same state of unifornl motion as they began. Such frames Einstein 
called inertial because their motion is governed solely by their own 
inertia. 

A reference frame attached to a firing rocket (a laboratory inside the 
rocket) is not inertial, bet.'ause its motion is affected by the rock.et's 
thrust as well as by its inertia. The tbrust prevents the frame's motion 
from being uniform. A reference frame attached to the spa.ce shuttle as 
it reenters the Earth's atmosphere also is not inertial, b~cause friction 
between the shuttle's skin and the Earth's air molecules slows the 
shuttle, making its motion nonuniform. 

Most impOltant, neaT allY massive body such as the Earth, all refer
ence franu:~s are pulled by gravity. There is no way whatsoever to s}lield 
a reference frame (or any other object) from gravity's pull. 111ert>[ore, 
by restricting himself to inertial frames, Einstein prevented himself 
from considering, in 1.905. physical sitnations in which gravity is im-



1. THE RELATIVJTY OF SPACE AND TJME 

portant!!; in effect, he idealized our {;niverse as one in which there is no 
gravity at all. Extreme idealizations like this are central to progress in 
physics; one throws away, conceptually, aspects of the Universe that are 
difficult to deal with, and only after gaining intellectual control OVer 
the remaining, easier aspects does one return to the harder ones. Ein
stein gained intellectual control over an idealized universe without 
gravity in 1905. He th~.n turned to the harder task of understanding the 
nature of space and time in our real, gravity-endowed Universe, a task 
that eventually would force him to conclude that gravity warps space 
and time (Chapter 2). 

With the concept of an inertial reference frame understood, we are 
now ready for a deeper, more precise formulation of Einstein's princi
ple of relativity: Formulate any law oj-physics in terms of measurements 
rruule in one inertial reference frame. Then, when restated in terms of 
measurements in any other inertialframe, that law of physics must take 
on precisely the same mathematical and logical form as in the original 
frame. In other words, the laws of physics must not provide any means 
to distinguish one inertial reference frame (one state of uniform mo
tion) from any other. 

Two examples of physica11aws will make this more clear: 

• "Any free object (one on which no forces act) that initial1y is at rest 
in an inertial reference frame will always remain at rest; and any 
free object that initially is moving through an inertial reference 
frame will continue forever forward, along a straight line with 
COll8tant speed." If (as is the case) we have strong reason to believe 
that this re1ativistic version of Newton's first law of motion is true 
in at least onE' inertial reference frame, then the principle of rela
tivity insists that it must be true in all inertial reference frames 
regardless of where they are in the universe and regardless of how 
fast they are moving . 

• Maxwell's laws of electromagnetism must take on the same math
ematical form in all reference frames. They failed to do so, when 
physics was built on Newtonian foundations (magnetic field lines 
could have ends in some frames but not in others), and this failure 
was deeply disturbing to Lorentz, Poincare, Larmor, and Einstein. 

3. This means that it was a bit unfair of me to use a high-speed .ports car, which feels the 
Earth', gravity, in myexamplp. above. However, it turns out that because the Earth'$ gravita. 
tional pull 15 perpeneicular to the direction of the ear's motion (downward versus horiznntal), it 
hat no effett on any of the issues discu88ed in the sports-car story. 
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In Einstein's view it was uttel"ly unacceptable that the laws were 
simple and beautiful in one frame, that of the aether, but complex 
and ugly in all frames that moved relative to the aether. By recOn
structing the foundations of physics, Einstein enabled Maxwell's 
laws to take on one and the same simple, beautiful form (for 
example, "magnetic field lines never ever have any ends") in each 
and every inE'rtial reference frame--in accord. with his principle of 
relativity. 

The principle of relativity is actuillly a metaprinciple ill the sense 
tha.t it is not itself a Jaw of physics, but instead is a pattern or rule 
which (Einstein asserted) must be obeyed by all laws of physics, no 
r1.latter what those laws might be, no matter whether they are laws 
governing electricity and magnetism. or atoms and molecules, or steam 
engines and sports cars. The power of this metaprinciple is breathtak
ing. Every new law that is proposed must be tested agaillst it. If ~he 
new law passes the test (if the law is the same in every inE:>rtial refer
ence frame), then the law has some hope of d~ribing the behavior of 
our Universe. If it fails the test, then it has no hope, Einstein asserted; it 
must be rejected. 

All of our experience in the nearly 100 years since t 905 suggests that 
Einstein was right. All new laws that lla\'"e beel1 successful in describ
ing the real Universe have turned out to obey Einstein's principle of 
relativity. This metaprinciple has become enshrined as a governor of 
physIcal law. 

In May 1905, once his discussion with Michele Angelo Besso had 
broken llis mental block and enabled him to aballdon absolute time 
and space, Einstein needed only a few weeks of thinking alld calculat·· 
ing to formulate his new foundation for physics, and to deduce its 
consequences for the nature of space, time, electromagnetism, and the 
behaviors of 11igh-speed objects. Two of the consequencE'oS were spectac:
ular: mass can be L'Onverted into energy (which would become the 
foundation for the atomic bomb; see Chapter 6), and the inertia of 
every object must increase so rapidly, as its speed approaches the speed 
of light, that no matter how hard one pushes on the object, one can 
never make it reach or surpass the speed of light ("nothing can go 
faster than light").4 

i. Hilt liee Gnapter 14 lor a ca"eat. 



1. THE RELATIVITY 01'" SPACE AND TIME 

In late June, Einstein wrote a technical article describing his ideas 
and their consequences, and mailed it off to the A nruzLen der Physik. 
His article carried the somewhat mundane title "On the Electro
dynamics of Moving Bodies." But it was far from mundane. A quick 
perusal showed Einstein, the Swiss Patent Office's "technical expert 
third class," proposing a whole new foulldation for physics, proposing a 
metaprinciple that all future physical laws must obey, radically revis
ing our concepts of space and time, and deriving spectacular conse
quences. Einstein's new foundation and its consequences would soon 
come to be known as special relatiVity ("special" because it correctly 
describes the Universe only in those special situations where gravity is 
unimportant). 

Einstein's article was received at the offices of the Annalen der Phy
sik in Leipzig on 30 June t 905. It was perused for accuracy and impor
tance by a referee. was passed as acceptable, and was published. 

In the weeks after publication, Einstein waited expectantly for a 
response from the great physicists of the day. His viewpoint and con
clusions were so radical and had so little experimental basis that he 
expected sharp criticism and controversy. Instead, he was met with 
stony silence. Finally, many weeks later, there arrived a letter from 
Berlin: Max Planck wanted clarification of some technical issues in the 
paper. Einstein was overjoyedl To have the attention of Planck, one of 
the most renowned of all living physicists, was deeply satisfying. And 
when Planck went on, the following year, to use Einstein's principle of 
relativity as a central tool in his own research, Einstein was further 
heartened. Planck's approval, the gradual approval of other leading 
physicists, and" most important his own supreme self-confidence held 
Einstein firm throughout the following twenty years as the controversy 
he had expected did, indeed, swirl around his relativhy theory. The 
controversy was still so strong in 1922 that, when the secretary of the 
Swedish Academy of Sciences infonned Einstein by telegram that he 
had won the Nobel Prize, the telegram stated explicitly that relativity 
was TWt among the works on which the award was based. 

The controversy finally died in the 1930s, as technology became 
sufficiently advanced to produce accurate experimental verifications of 
special relativity's predictions. By now, in the 19908, there is absolutely 
no room "for doubt: Every day more than 1017 electrons in particle 
accelerators at Stanford University, Cornell University, and elsewhere 
are driven up to!speeds as great as 0.9999999995 of the speed of light· .. -
and their behaviors at these u1tra-high speeds are in complete accord 
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with Einstein's special relati\istic laws of physics. (4'01' example. the 
electrons' inertia increases as they near the speed of light. preventing 
thE'.M from ever reaching it; and when the electrons collide with tar
ge~ they produce high -speed particles called mu mesons that live fOT 

only ~.22 micro~con.d8 as measured by their own time, but because of 
time dilation live fOT 100 microseconds or more as measured by the 
physicists' time, at rest in the laboratory. 

The Nature of Physical Law 

Does the succ.ess of Einstein's special relativity mean that we must 
totally abandon the Newtonian laws of physics? Obviously not. The 
Newtonian lawli are still used widely in everyday life. in most fields of 
science, and in most technology. lYe don.'t pay attention to time dila·· 
tion when planning an airplane trip, and engineers don't worry about 
length contraction when designing an airplane. The dilation and cO'n
traction are far too small to be of t'Oncern. 

Of course, if we wished to, we could use Einstein's laws rath~r than 
Newton's in everyday life. The two give almost precisely the same 
predit:tioDs for aU physical effect$, since everyday life entails relative 
speed. that are very small compared to the speed of light. 

Einstein's and Newton's predictions begin to diverge strongly only at 
relative speeds approaC'.hing the speed of light. Then and only then 
must one abandon Ne\1\1:on's predi<. .. tiolls and adllere strictly to Einstein's. 

This is an example of a very general pattern, one that we shall meet 
again in future chapters. It is a pattern that has been repeated over and 
over in tbe history- of twentieth-century ph}'sics: One set of laws (in our 
case the i,\1"ewtonianlaws) is widely accepted at first, because it accords 
beautifully with experiment. But then experiments become more accu
ratE' and this first set of laws turns O'ut to work well only in a lialited 
domain, itll domain af validity (for Nev.1:on's laws, the dOliiain of speeds 
small compared to the speed of light). Physicists then struggle, experi
mentally and theoretically, to understand what is going on at the 
boundary of that domain of validity, and they finally formulate a new 
set of laws which ;8 highly succesa£ul inside, near, and beyond the 
boundary (in Newton's case, Ewtein~ special relativity, valid at speeds 
approaching light as well as at low speeds). TheIl the process repeats. 
We shall meet the repetition in com.ing chapters: The failure of "pedal 
relativity when gravity becomes important, and its replaceme.nt by a 
new set of laws called gensnzl re/.Qtivi~ (Chapter 2); the failure of 
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general relativity near the singularity inside a black hole, and its re
p] acement by a new set of laws called quantum gravitv (Chapter 13). 

There has been an amazing feature of each transition from an old set 
of laws to a new one: In each case, physicists (if they were sufficiently 
clever) did not need any experimental guidance to t.ell them where the 
old set would begin to break down, that is, to tell them the boundary of 
its domain of validity. We have seen this already for Newtonian phys
ics: Maxwell's laws of electrodynamics did not mesh nicely with the 
absolute space of Newtonian physics. At rest in absolute spac.e (in the 
frame of the aether), Maxwell's laws were simple and beautiful-for 
example, magnetic field lines have no ends. In moving frames, they 
became complicated and ugly--magnetic field lines sometimes have 
ends. However, the complications had negligible influence on the out
come of experiments when the frames moved, relative to absolute 
space, at speeds small compared to light, then almost all field lines are 
endless. Only at speeds approaching light were the ugly complications 
predicted to have a big enough influence to be measured easily: lots of 
ends. Thus, it waS reasonable to suspect, even without the Michelson-
Morley experiment, that the domain of validity of Newtonian physics 
might be speeds small compared to light, and that the- Newtonian laws 
might break down at speeds approaching light. 

In Chapter 2 we shall see, similar1y, how special relativity predicts 
it.s own failure in the presence of gravity; and in Chapter 13, how 
general reJativity predicts its own failure near a singularity. 

When contemplating the above sequence of sets oflaws (Newtonian 
physics, special relativity, general relativity, quantum gravity)--and a 
similar sequence oflaws governing the structure of matter and elemen
tary particles--most physicists are driven to believe that these se
quences are converging toward a set of ultimate laws that truly governs 
the Universe, laws thatforce the Universe to behave the way it does, 
thatJorce rain to condense on windows, force the Sun to burn nuclear 
fuel,Jorce black holes to produce gravitational waves when they col
lide, and so on. 

One might object that each set of law8 in the sequence "looks" very 
diffeIl!nt from the preceding set. (For example, the absolute time of 
Newtonian physics looks very different from the many different time 
flows of special relativity.) Tn the "loob" of the laws, there is no sign 
whatsoever of convergence. Why, then, should we expe("1: convergence? 
The anawer is that one must distinguish sharply between the predic
tions made by a set oflaws and the mental images that the Jaws convey 
(what the laws "look like"), I expect convergence only in terms of 
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predictions, but that is all that ultimately counts. The mental images 
(one absolute time in Newtonian physics versus many time nows in 
relativistic physics) are not important to the ultimate nature oE reality. 
In fact, it is possible to change complete-Iy what a set of laws "looks 
like" without changing its predictions. III Chapter 11, I shall discllss 
this remarkablE' fact and give examples, and shall explain its implica
tions for the llature of reality. 

Why do I expect convergence in terms of predictions? Because all 
the evidence we have points to it. Each set of laws has a larger domain 
of validity than the sets that pr~ded it: Newton's laws work through
out the domain of everyday life, but not in physicists' particle accelera
t.ors and not in exotic parts of the distant Universe, such as pulsars, 
qUaBaIS, and black holes; Ein~in'& general relativity laws work every
where in our laborat.ories, and everywhere in the distant Universe, 
except deep inside black holes and in the big bang where the Universe 
was born; the laws of quantum gravity (which we do not yet under
st<l.nd. at all well) may turn out to work absolutely everywhere. 

Throughout this book. 1 shall adopt, without apology, the view that 
there does exist an ultimate set of physical laws (which we do not as yet 
know but which might be quantum gravity), and that those laws truly 
do govern the Unive-r5e around us, everywhere. They j'm:e the Uni
verse to behave the way it does. When I am being extremely aCCluate, I 
shall say that the laws we now work with (for example, general relativ· 
ity) are "an approxima.tion to" or "an approximate description of" the 
true laws. However, I shall usually drop the qualifiers and not distin
guish between the true laws and our approximations to them. At thf'-ge 
times I shall assert, for exam pie, that "the general relativistic laws 
(rather than the true lawsJforee a black hole to hold light so tightly in 
its grip that the light cannot escape from the hole's horiton.'" This is 
how my colleagues and I as physicists think, when struggling to under
stand the Universe. It is a fruitful way to think; it has helped produce 
deep new insight.~ into imploding stars, black holes, gravitational 
waves, and other phenomena. 

This viewpoint is incompatible with the common view that physi
cists work with theories which try to describe the tIniverse, but which 
are only human inventions and have no real power Qve-r the Universe. 
The word theory, in fact~ is so ladened with connotations of tentative
ness and human quirkiness that I shall avoid using it wherever possi
ble. In its place I shall use the phrase pkysicallaw with its firm conno
tation of t.ruly ruling the Universe, t.hat is, truly forcing the Universe to 
hehave as it does. 
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The Warping 
of Space and Time 

in which Hermann Minkowski 
unifies space and time, 

and Einstein warps them 

Minkowski's Absolute Spacetime 

The views of space and time which I wish to lay before you have 
sprung from the roil of experimental physics, and therein lies their 
strength. They are radical Henceforth, space by itself, and time by 
itself, are doomed to fade away into mere shadows, and only a kind 
of union of the two will preserve an independent reality. 

Willi these words Hermann Minkowski revealed to the world, in 
September 1908, a new discovery about the nature of space and time. 

Einstein had shown that space and time are "relative."The length of 
an object and the flow of time are different when viewed from different 
reference frames. My time differs from yours if I move relative to you, 
and my space differs from yours. My time is a mixture of your time and 
your space; my space is a mixture of your space and your time. 

Minkowski, building on Einstein's work, had now discovered that 
the Universe is made of a four-dimensional "spacetime" fabric that is 
absolute, not relative. This four-dimensional fabric is the same as seen 
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from all reference frames (if only one can learn how to ·'see" it); it 
exists independently of referent.-e frames. 

The fonowing tale (adapted from Taylor and Wheeler, 199~) illus
trates the idea underlying Minkowski's discovery. 

Once upon a tjme, on an island called Mledina in a far-off Eastern 
sea, there lived a people with strclllge customs and taboos. Each JUDe, 

ou the longest day of the year, all the Mledina men journeyed in a 
huge sailing vessel to a distant, sacred island called Serona, there to 
commune with an enormous toad. All night long the toad would ell
chant them with marvelous tales of stars and galaxies, pulsars and 
quasars. The next day the men would sail back to Mledina, filled with 
illspiration that sustained them fo)' the whole of the fonowing year. 

Each December, on the longest night of the year, the Mledina 
women sailed to Serolla, communed with the same toad all the next 
day, and returned the next night. inspired with t.he toad's visions of 
stars and galaxies, quasars and pulsars. 

~ow, it was absolutely taboo for any Mledina. woman to describe to 
any Mledina man her journey to the sacred island of Serona, or any 
details of the toad's tales. The Mledina men were ruled by the same 
taboo. !'lever must they expose to a woman anything about their an
nual voyage. 

In the summer of 1905 a radical Mledina youth named Albel't, who 
C'd.red little for the taboos of his cultul'e, discovered and exposed to all 
the Mledinans, female and male, two sacred maps. One was the map by 
which the Mledina priestess guided the sailing vessel on the women's 
midwinter journey. The other was the map used by the M1edina priest 
on the men '5 midsummer voyage. What shame the men felt, baving 
their sacred map exposed. The women's shame was 110 less. But there 
the maps we!f~, for everyone to see-and they c.ontained a great shock: 
'they disagreed about the location of Serona. The women were sailing 
eastward. 210 furlongs. then northward 100 furlongs, while the men 
Were sailing eastwam 164.5 furlongs, then northward 164.5 furlongs. 
How could this be? Religious tradition was firln; tllt~ women and the 
men wert' to SeEk their annual inspiration from the same sacred toad 
on the samt> sacred island of Serona_ 

Most of the Mledinans dealt with their shame by pretending the 
exposed maps were fakes. But a wise old Mledina man named Her
mann. believed. For three years he struggled to understand the mystery 
of the maps' discrepancy. Finally, one autumn day in 1908, the truth 
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came to him: The Mledina men must be navigating by magnetic com
pass, and the Mledina women by the stars (Figure 2.1). The Mledina 
men reckoned north and east magnetically, the Mledina women reck
oned them by the rotation of the Earth which makes the stars turn 
overhead, and the two methods of reckoning differed by 20 degrees. 
When the men sailed north ward, as reckoned by them, they were 
actually sailing "north 20 degrees east," or about 80 percent north and 
20 percent east, as reckoned by the women. In this sense, the men's 
north was a mixture of the women's north and east, and similarly the 
women's north was a mixture of the men's north and west. 

The key that led Hennann to this discovery was the formula of 
Pythagoras: Take two legs of a right triangle; square the length of one 
leg, square the length of the other, add them, and take the square root. 
The result should be the length of the triangle's hypotenuse. 

The hypotenuse was the straight-line path from Mledina to Serona. 
The absolute distance a.long that straight-line path was .J21 Oi + 100i 

= 232.6 furlongs as reckoned using the women's map with its legs 

2.1 The two mapa of the route from Mledina to Serona superimposed on each 
other, t<>lether with Hermann's notations of magnetic north, true north. and the 
absolute distance . 
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along true east and true north. As reckoned using the men's map with 
its legs alon rna netic east and magnetic Donh, the absolute distance 
was 164.5!a + 164.5~ :::: 232.6 furlongs. The eastward distance and 
the northward distance were "relative"; they depended on whether the 
.map's reference frame was magnetic or true. But from either pair of 
relative distances one f-'Ould compute the same, absolute, straight· line 
distance. 

History dOt'.8 Dot record how the people of Mledina, with their cul
ture of taboos, responded to thjs marvelous discovery. 

Hermann Minkowski's discovery was analogous to the discovery by 
Hermann the Mledinan: Suppose that you move relative to Ine (for 
example, in your ultra-high·speed sports car). Then: 

• Just as magnetic north is a mixture of true north and true east, so 
also my time is a mixture of your time and your space. 

• Just as magnetic east is a mixture of true east and true south, so 
also my space is a mixture of your space and your time. 

• Just as magnetic north and east, and true north and ea.st, are 
merely different ways of making measurements on a preexisting, 
two-dimensional Sl1rface--the surface of the Earth· -so also my 
space and time. and your space a.nd time, are merely different ways 
of making measurements on a preexisting, four-dimensional "sur
face" or "fabri.c," which Minkowski called spacetime. 

• Just as there is arl absolute, straight. line distance on the surface of 
the Earth frolO Mledina to Serona, computable from Pythagoras's 
formula ub-ing either distances along magnetic north and east or 
distances along true north and east, so also between any two event$ 
in spacetime there is an absolute straight-line interoa4 computable 
from an analogue of Pythagoras's formula using lengths and times 
measured in either refE'.rence fTame, mine or yours. 

It was this analogue of Pythagoras's formula (I shall can it Minlr.owski's 
formula) that led Hermann Minkowski to his discovery of absolute 
spacetime. 

The details of Minkowski's formula will not be important in the rest 
afthis book. There is no need to master them (though for readers who 
are curious, they are spelled out in BDx 2.1), The only imponant thing 
is that events in spacetime are analogous to points in 5pace, and there is 
an absolute interval between any two events in spacetime completely 
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Minkowski's Formula 

You zoom past me in a powerful, l-kilometer-Iong sports car, at a speed of 
162,000 kilometers per second (54 percent of the speed of light); recall 
Figure 1.3. Your car's motion is shown in the following spacetime dia
grams. Diagram (a) is drawn from your viewpoint; (b) from mine. A.s YOll 

pass me, your car backfires, ejecting a puff of smoke from its tailpipe; this 
backfire event is labeled B in the diagrams. Two microseconds (two
millionths of a second) later, as seen by you, a firecracker on your front 
bumper detonates; this detonation event is labeled D. 
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Because space and time are relative (your space is a mixture of my space 
and my time), you and I disagree about the time separation between the 
backfire event B and the detonation event D. They are separated by 2.0 
microseconds of your time, and by 4.51 microseconds of mine. Similarly, 
we disagree about the events' spatial separation; it is 1.0 kilometer in your 
space and 1.57 kilometers in mine, Despite these temporal and spatial 
disagreements, we agree that the two events are separated by a straight 
line in four-dimensional spacetime, and we agree that the "absolute inter
val" along that line (the spacetime length of the line) is 0.8 kilometer. 
(This is analogous to the Mledinan men and women agreeing on the 
straight-line distance betWeE>.n Mledina and Serona.) 

We can use Minkowski's fonnula to compute the absolute interval: We 
each multiply the events' time separation by the speed of light (299,792 
kilometers per second), getting the rounded-off numbers shown in the 
diagrams (0.600 kilometer for you, 1.35 kilometers for me). We then 
square the events' time and space separations, we subtract the squared 

(cuntinued next page) 
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tinte separation from the squared space separation, and we take the square 
root. (This is analogous to the Mlcdinans squaring the ell.Stward and 
northward .separations, addireg them, and taking the square mOL) As is 
shown in the diagrams, although your time and !lpace separations differ 
from mine, we get thE.' same final answer for the absolute interval: 0.8 
kilometer. 

There is only one important difference between Minkowski's fOTmula, 
which you and I follow, and Pythagoras's formula, which the Mledinans 
follow: Our squared separations are to be subtracted rather than added. 
This subtraction is intimately connected to the physical difference be
tWt>en spacetime, which you and I are exploring, and the Earth's surface, 
which ihe Mledinans explore-·but at the risk of infuriating you, I shall 
forgo explaining the connection, and simply refer you to the discussiDlls in 
Taylor and Wheeler (1992). 

analogous to the straight··line distance between any two points on a flat 
sheet of paper. The absoluteness of this inte-r"al (the fact that its value 
is the same, regardless of whose reference frame is "ll.sed to compute it) 
demonstrates that spacetime has an absolute reality; it is a four-dimen· 
siol1a1 fabric with properties that are independent of one's motion. 

As we shall see in the cOIning pctgeS, gravity is pToduced by a curva
ture (a warpage) of spacetime's absolute. four.dimensional fabric, and 
black holes, wormholes, gravitational waves, and singularities are all 
constructed wholly and solely froIn that fabric; that is, each of them is a 
specific type of spacetime warpage. 

Because the absolute fabric of spacetime is respon.sible for su~h fasci
nating phenomena, it is frustrating that you and I do not experienc.e it 
in ()~ ev~ryday lives. The fault lies in our low-velocity technology (for 
example. sports cars that travel far more slowly than light). Because of 
our low velocities relativ-e to each other, we experience space and tiule 
solely as separdte entities, we never notice the discrepancies between 
the lengths and times that you and J measure (we never notice that 
space and time are relative), and we never notice that our relative 
spaces and times are unified to form spacetime's absolute, four·di:rnen
sional fabric. 

Mirakowski, you may recall, was the mathematics professor who had 
labeled Einstein a lazy dog in his student days. In 1902 Minkowski, a 
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Russian by birth, had left the ETH in Zurich to take up a more attrac
t.ive professorship in Gottingen, Germany. (Science was as interna
tional then as it is now.) In Gottingen, Minkowski studied Einstein's 
article on special relativity, and was impressed. That study led him to 
his 1908 discovery of the absolute nature of four-dimensional space
time. 

When Einstein learned of Minkowski's diRcovery, he was not im
pressed. Minkowski was merely rewriting the laws of special relativity 
in a new, more mathematical language; and, to Einstein, the mathe
matics obscured the physical ideas that underlie the laws. As Minkow
ski continued to extol the beauties of his spacetime viewpoint, Einstein 
began to make jokes about Gottingen mathematicians describing rela
tivity in such complicated language that physicists wouldn't be able to 
understand it. 

The joke, in fact, was on Einstein. Four years later, in 1912, he 
would realize that Minkowski's absolute spacetime is an essential foull
dation for incorporating gravity into special relativity. Sadly, Minkow
ski did not live to see this; he died of appendicitis in 1909, at age 
forty-five. 

r shall return to ~1inkowski's absolute spacetime later in this chap
ter. First, however, I must develop another thread of my story: New
ton's law of gravity and Einstein's first steps toward reconciling it with 
special relativity, steps he took before he began to appreciate Minkow
ski's breakthrough. 

Newton's Gravitational Law, 
and Einstein's First Steps to Marry It 

to Relativity 

Newton conceived of gravity as a force that acts between every pair 
of objects in the Universe, a force that pulls the objects toward each 
other. The larger the objects' masses and the closer they are together, 
the stronger the force. Stated more precisely, the force is proportional 
to the product of Lhe objeL"1s' masses and inversely proportional to the 
square of the distance between theIn.. 

This gravitational law was an enormous intellectual triumph. 'When 
combined with Newton's laws of motion, it explained the orbits of the 
planets around the Sun, and the moons around the planets, the ebb and 
flow of oceB.n tides, and the fall of rocks; and it taught Newton and his 

9) 
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seventeenth-century compatriots how to weigh the Sun and the Eartli.1 

During the two (:enturies that separated Newton and Einstein, as
tronomers' measurement& of celestial orbits improved manyfold, put
ting Newton's gravitational law to ever more stringent tests. Occasion
ally new astronomic-al measurements disagreed with Newton's law, but 
in due course the observations or their interpretation turned out to be 
wrong. Time after time Newton's law triumphed over experimental or 
intellectual error. For example, when the motion of the planet Uranus 
(which had been discovered in liS1) appeared to violate the predic· 
tions of Newton's gravitational law, it seemed likely that the gravity of 
some other; undiscovered planet must be pulling on Uranus, perturb
ing its orbit. Calculations, based solely OD Newton's laws of gravity and 
motion and on the observations of Uranus, predicted where in the sky 
that new planet should be. In 1846, when 0. J. J. LeverrieJ' trained his 
telescope on the spot, there the predicted planet was, too dim to be seen 
by the naked eye but bright enough for his telescope. This new planet, 
which vindicated Newton's gravitational law, was given the name 
"Neptune. " 

In the early 1900s, there remained two other exquisitely small, but 
pu~z1ing discrepancies with Newton's gravitational law. One, a pecu
liarity in the orbit of the planet Mercury, would ultimately turn out to 
herald a failure of Newton's law. The other, a peculiarity in the Moon's 
orbit, would Illtimately go away; it would turn out to be a rnisinterpre~ 
tation of the astronomers' measurements. As is so often the case with 
exquisitely pTecise measurements, it was difficult to discern 'which of 
the two discrepancies, if either, should be worried about. 

Einstein correctly suspecr.ed that Mercury's peculiarity (an anoma
lous shift of its perihelion; Box 2.2) Was real a.nd the Moon'l peculiarity 
was not. Mercury's peculiarity "smelled" real; the Moon's did fLot. 
However, this' suspected disagreement of experiment with Newton's 
gravitational law wali faT less interesting and important to Einstein 
than his conviction that Newton's law would turn out to violate his 
newly formulated principle of relativity (the "metaprinciple" that all 
the laws of physics must be the sam,e in every inertial reference frame). 
Since Einstein believed firmly in his principle of relativity, such a 
violation would mean that Newton's gr'dvitationallaw must be flawed.1I 

l. See the notelO pap 6! for dfltails. 
2, It wa8Dotcompletely obvious that Newton's gravitatiollallaw violated H~nsteikl'. princi· 

pie of relativity I he<2l1se Einstein, in ["mmlating his principle, had relied on thE' concept of an 



Box 2.2 

The Perihelion Shift of Mercury 

Kepler described the orbit of Mercury as an ellipse with the Sun at one 
focus (left diagram, in which the elliptical elongation of the orbit is exag
gerated). However, by the late 18008 astronomers had deduced from their 
observations that Mercury's orbit is not quite elliptical. After each trip 
around its orbit, Mercury fails by a tiny amount to return to the same 
point as it started. This failure can be described as a shift, with each orbit, 
in the location of Mercury's closest point to the Sun (a shift of its perihe
lion). Astronomers measured a perihelion shift of 1.58 seconds of arc 
during each orbit (right diagram, in which the shift is exaggerated). 

Newton's law of gravity could account for 1.28 arc seconds of this 
1.58-arc-second shift: It was produced by the gravitational pull of JUpiter 
and the other planets on Mercury. However, there remained a O.10-arc
second discrepancy: an anomalous D.l0-arc-.recond shift of Mercury's 
perihelion during each orbit. The astronomers claimed that the errors and 
uncertainties in their measurement were only 0.01 arc st.'Cond in size, but 
considering the tiny angles being measured (0.01 arc second is equivalent 
to the angle subtended by a human hair at a distance of 10 kilometers), it 
is not surprising that many physicists of the late nineteenth and early 
twentieth centuries were skeptical, and expected Newton's laws to tri
umph in the end. 

~CUlty'S O:R.&T 
A.CCOItDlNG TO ~E~ 

inertial reference frame, and this concept could not be used ill the presence of grd.vity. (There is 
no way to shield a reference frame from gravity and thereby permit it to move eolely under the 
influence of Its own inertia.) However, Einstein was convinced that there must be some waY to 
extend the sway of hi. relativity principle into the realm of gravity (some way to "genvalize" 
it to include gravitational effects), and he was convinced that Newton's gravitatinnallaw would 
violate that yet-lO-be-formulated "generali2ed principle of relativity." 
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Einstein's reasoning was simple: According to Newton, the gravita
tional force depends on the distance between the two gravitating oh
Iects (for example, the Sun and Mercury), but according to relativity, 
that distance is different in different reference frames. For example, 
Einstein's relativity laws predict that the distance between the Sun and 
Mercury will differ by about a part in a billion, depending on whether 
one is riding on Mercury's surface when measuring it or riding on the 
surface of the Sun. If botb reference frames, Mercury's and the Sun's, 
are equally good in the eyes of the laws of physics, then which frame 
should be used to measure the distance that a.ppears in Newton's gravi
tationallaw? Either dloice, Mercury's frame or the Sun's, would violate 
the principle ofrelativity. This quandary convinced Einstein that New
ton's gravitational law must be flawed. 

Einstein's audacity is breathtaking. Having discarded Newton's ab
solute space and absolute time with almost no experimental justifica
tion, he was now inclined to discard Newton's enormously successful 
law of gravity, and with e~'en less experimental justification. However, 
he was motivated not by experiment, but by his deep, intuitive insight. 
into how the laws of physics ought to behave. 

Einstein began his search for a llew law of gra~ity in 1907. His initial 
steps were triggered and guided by a writing project: Although the 
patent office now classified him as only a "technical expert second 
class" (recently promoted from third class), he was sufficiently re
spected by the worldts great physici!its to be iIlvited to wl·jte a review 
article for the annual publication Jahrbuch der Radioaktivital und 
Elektrom1r. about his special relativistic laws of physics and their conse
quences. As he worked on his review, Einstein discovered a valuable 
strategy for scientific research: The necessity to layout a s\lbject in a 
self-contained, coherent, pedagogical manner forces one to think about 
it in new ways. One is driven tC) examine all the subject's gaps and 
flaws, and seek cures for them. 

Gravity was his subject's biggest gap; special relativity, with its iner
tial frames on which no gravitational force can act, was totally ignorant 
of gravity. So while Einstein wrote, he kept looking for ways to incor
porate gravity into his relativistic laws. As happens to most people 
immel1led in a puzzle, even when Einstein wasn't thinking direct.ly 
about this problem, the back of his mind mulled it over. Thus it was 
that one day in November 1907, in Einstein's own words, "1 was sitting 
in a chair in the patent office at Bern, when all of a sudden a thought 
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occurred to me: 'If a person falls freeJy, he will not feel his own 
weight.' " 

Now you or I could have had that thought, and it would not have led 
anywhere. But Einstein was different. He pursued ideas to their ulti
mate ends; he wrung from them every morsel of insight that he could. 
And this idea was key; it pointed toward a revolutionary new view of 
gravity. He later called it "the happiest thought of my life." 

The consequences of this thought tumbled forth quickly, and were 
immortalized in Einstein's review article. If you fall freely (for exam
ple, by jumping off a cliff), not only will you not feel your own weight, 
it will seem to you, in all respects, as though gravity had completely 
disappeared from your vicinity. For example, if you drop some rocks 
from your hand as you fall, you and the rocks will then fall together, 
side by side. If you look at the rocks and ignore your other surround
ings, you cannot discern whether you and the rocks are falling together 
toward the ground below or are floating freely in space, far from all 
gravitating bodies. In fact, Einstein realized, in your immediate vicin
ity, gravity is so irrelevant, so impossible to detect, that all the laws of 
physics, in a small reference frame (laboratory) that you carry with you 
as you fall, must be the same as if you were moving freely through a 
universe without gravity. In other words, your small, freely falling 
reference frame is "equivalent to" an inertial reference frame in a 
gravity-free universe, and the laws of physics that you experience are 
the same as those in a gravity-free inertial frame; they are the laws of 
special relativity. (We shall learn later why the reference frame must 
be kept small, and that "small" means very small compared to the size 
of the Earth--or, more generally. very small compared to the distance 
over which the strength and direction of gravity change.) 
~ an example of the equivalence between a gravity-free inertial 

ftame and your small, free1y falling frame, consider the special relativ
istic law that describes the motion of a freely moving object (let it be a 
cannonball) in a universe without gravity. As measured in any inertial 
frame in that idealized universe, the ball must move along a straight 
line and with uniform velocity. Compare this with the ball's motion in 
our real, gravity-endowed Universe: If the ball is fired from a cannon 
on a grassy meadow on Earth and is watched by a dog who sits on the 
grass, the ball arcs up and over and falls back to Earth (Figure 2.2). It 
moves along a parabola. (solid black. curve) as measured in the dog's 
reference frame. Einstein asks that you view this same cannonball 
from a small, freely falling reference frame. This is easiest if the 
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meadow is at the edge of a cliff. Then you can jump off the cliff just as 
the cannon is fired. and watch the ball as you fall. 

lu an aid in depicting what you S~ as you fall, imagizle that you 
hold in front of yourself a window with twelve panes of glass, and you 
watch the ball through your window (middle segment of Figure 2.2). 
As you fall. you see the clockwise sequence of scenes shown in Figure 
2.2. In looking at th.is sequence, ignore the dog. cannon, tree, and cliff; 
focus solely 011 your windowpanes and the ball. A.s seen by you, relative 
to your windowpanes, the ball moves along the straight dashed line 
with t.'()nstant vel()City. 

Thus, in the dog's reference frame the ball obeys Newton's laws; it 
moves along a parabola. III your smaU, freely fa}]jng reference frame it 
obeys, the laws of gravity-free special relatil'ity; it moves along a 
straight line with constant velocity. And what is true in this example 
must be true in general, Einstein realized in a great leap of insight: 

In. any smal~ .freely falling reference frame anywhere in our rea4 
grtJVity-endoUJed Universe. the laws of physics must. be tile same iU they 
are in an inertial reference frame in an idealized, gravity-free ulliverse. 
Einstein called this the principle of equivalence, because it asserts that 
small, freely falling frames in the presence of gravity are equivalent to 
inertial frames in the absE!'nce of gravity. 

This assertion, Einstein realized, had an enormously important con
sequence: It implied that, if W~ merely give the name "inertial refer
ence frame" to every small, freely falling reference frame in our real, 
gravity-endowed universe (for example, to a little laboratory that you 
carry as you fall over the clifi), then e"'erything that special relativity 
says about inertial frames in an idealized universe without gravity will 
automatically also be true in our real Universe. Most important, the 
principle gf relativity must be true: All small, inertia} (freely falling) 
Tf'ierence frames in our real, gravity-endowed Gniverse must be "cre
ated equal"; none can be preferred over any other in the eyes of the 
laws of physics. Or, stated more precisely (see Chapter 1): 

Formulate any Jaw 0/ phX$ics in terms of measu~ments made in one 
smal4 inertial (freely falling) reference frame. Then, when restated in 
terms of flleO-$uremen/s in. any other small inertial (freely falling) frame, 
that law of physics must take Q12 precisely the same mathematical and 
logicalform as in the origiltaljrame. And this must be true whethf'.r the 
(freely falling) inertial fTame is in gravity-free int.ergalactic space, or is 
falling off a cliff on Earth, or is at the center of OUT galaxy> or is falling 
through the horizon of a black. hole. 



( b ) 
•••••••••••••• < ••••••••••••••• , ••• 

( d ) ( c) 

2~ Center: You jump off a clift' holding a twelve-paned window in front of 
yourself. Remainder of figure. clockwise from the top: What you see through the 
window when a cannon is fired, Relative to the falling window t'l-ame, the ball's 
trajectory is the slraiSht, dashed line; relative to the dog and the Earth's surface, 
it is the solid parabola. 
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With this extension of llis principle of relativity to include gravity, 
Einstein took his first step toward a new set of gravitational laws- -Ilis 
first step from special relativity to general relativity. 

Be patient, dear reader. This ,,-hapter is probably the most difficult 
oDe ill the book. My story will get less technical in the ne.xt chapter, 
when we start t'xploring black holes. 

W,thin days after formulating his equivalence principle, Einstein 
. used it to make an amazing prediction, called gravitational time dila

tion.: q one is at rest relo.tive lO a gravitating body, tJeen the nearer one is 
to the body. the m.o~ ~'lowlJ' Q/'tes lime must jI.oT.t}. ii'or example, in a 
room on Earth, time must flow more slowly near the flool' than near 
the ceiling. This Earthly djfference t.urns ont to be so minuscule, how
ever (only 3 parts in 1016; that is. 300 parts in a billioll billion), that it is 
eXCE'.edingly difficult to deteCt. By c.ontrast (as we shall see in the next 
chapter), near a black hole gravitational time dilation is enonnous: If 
the hole weighs 10 times as much as the Sun, then time will flow 6 
million tiInes more slowly at 1 centimeter height above the hole's 
horizon than far from its hariton; and right at the horizon, the flow of 
time will be completely stopped. (Imagine the possibilities for time 
travel: If you descend to just above a black hole's horizon, hovel" there 
for one year of nea.r·hori~n time flow, and then ·retum to Earth, you 
will find that during that OUe year of your time, millions of years have 
flown past on Earth!) 

Einstein discovered gravitational time dilation by a somewha.t com
plicated argument, but later he produced a simple and elegant demon
stration of it, one that illustrates beautifully his methods of physical 
reasoning. That demonstration is presented in Box 2.4. and thE' Doppler 
shift of light, on which it relies, is explained in Box 2.~. 

When starting to write his 1907 ~eview article, Einstein expected it 
to describe relativity in a u.niverse without gravity. However, while 
writing, he had disc:overed three clues to the mystery of how gravity 
might mesh with his relativity laws-the equivalence principle, gravi
tatjonal time dilation, and the e-.xtension (lfhis principle of relativity to 
incltlde gravitY---1lo he incorporated those clues into his article. Then, 
arQund the beginning (If December. he mailed the article off to the 
editor of the Jahrhuch de,. Radioaktivitat und Elelt.tronik and turned his 
attention full force to the challenge of devising a complete, relativistic 
description of gravity. 



Box 2.3 

Doppler Shift 

Whenever an emitter and a receiver of waves are moving toward each 
other, the receiver sees the waves shifted to higher frequency-that is, 
shorter period and shorter wavelength. If the emitter and receiver are 
moving apart, then the receiver sees the waves shifted to lower fre
quency-that is, longer period and longer wavelength. This is called the 
Doppler shift, and it is a property of all types of waves: sound waves, waves 
on water, electromagnetic waves, and so forth. 

For sound waves, the Doppler shift is a familiar everyday phenomenon. 
One hears it in the sudden lowering of the sound's pitch when a speeding 
ambulance passes with siren screeching (drawing b), or when a landing 
airplane passes overhead. One can understand the Doppler shift by think
ing about the diagrams below. 

( h ) 

What is true of waves is also true of pulses. If the emitter transmits 
regularly spaced pulses of light (or of anything else), then the receiver, as 
the eJJlitter moves toward it, will encounter the pulses at a higher fre
quency (a shorter time between pulses) than the frequency with which 
they were emitted. 



Box 2.4-

Gravitational Time Dilation 

Take two identical docks. Place one on the floor of a room beside a hole 
into which it later will fall, and attach the other to the room's ceiling by a 
string. The ticking of the floor clock. is regulated by the flow of time near 
the floor, and the ticking of the ceiling clock is regulated by the flow I)f 
rime near the ceiling. 

Let the ceiling clock emit a very short pulse of light whenever it ticks, 
and direct the pulses downward, toward the Roor clock. Immediately 
before the ceiling clock emits its first pulse, cut the string that holds it, so 
it is falling freely. If the time between ticks is very short, then at the 
moment it next ticks and emits its second pulse, the clock will have fallen 
only imperceptibly and wiU still be very nearly at rest with respect to the 
ceiling (diagram a). This in turn means that tbe clock is stilt feeling the 
same flow of time as does the ceiling itself; that is, the interval between its 
pulse emissions is governed by the ceiling's time flow. 

( .. ) ( b ) 

Immediately before the fint pulse of light reaches the floor, drop the 
floor dock into the hole (diagr-am b). The sec.'Ond pulse auiyes SO soon 
afterward that the freely falling floor clock has moved irnpel'ceptibly 
between pulses, and is still very nearly at rest with respect to the floor, and 
therE-lore is still feeling the same flow of time as does the floo"r itself. 

In this wa.y, Einstein convened the problem of comparing the flow of 
time as felt by the ceiling and the floor into the problem of comparing the 
ticking rates of two freely falling clocks: the falling ceiling clock which 

(continued nat page) 



(Bor 2.4 continued) 

feels ceiling time, and the falling floor clock which feels floor time. Ein
stein's equivalence prinCiple then permitted him to compare the ticks of 
the freely falling clocks with the aid of his special relativistic laws. 

BeC'.ause the ceiling clock was dropped before the floor clock, its down
ward speed is always greater than that of the floor clock (diagram b)j that 
is, it moves toward the floor clock. This implies that the floor clock will see 
the ceiling clock's light pulses Doppler-shifted (Box 2.3); that is, it will see 
them arrive more closely spaced in time than the time between its own 
ticks. Since the time betweell pulses was regulated by the ceiling's time 
flow, and the time between floor-clock ticks is regulated by the floor's 
time flow, this means that time must flow more slowly near the floor than 
near the ceiling; in other words, gravity must dilate the flow of time. 

On December 24, he wrote to a friend saying, "At this time I am 
busy with considerations on relativity theory in connection with the 
law of gravitation ... I hope to clear up the so-far unexplained secular 
changes of the perihelion shift of Mercury ... but thus far it does not 
seem to work." By early t 908, frustrated by no real progress, Einstein 
gave up, and turned his attention to the realm of atoms, molecules. and 
radiation (the "realm of the small"), where the unsolved problems for 
the moment seemed more tractable and interesting.s 

Through 1908 (while Minkowski unified space and time, and Ein
stein pooh-poohed the unification), and through 1909, 1910, and 191 t, 
Einstein stayed with the realm of the small. These years also saw him 
move from the patent office in Bern to an associate professorship at the 
University of Zurich! and a full professorship in Prague--a center of 
the Austro-Hungarian empire's cultural life. 

Einstein's life as a professor was not easy. He found it irritating to 
have to give regular lectures on topics not close to his research. He 
could summon neither the energy to pTepare such lectures well nor the 
enthusiasm to make them scintillate, even though when lecturing on 
topics dear to his heart, he was brilliant. Einstein was now a full
fledged member of Europe's acadE'.mic circle, but he was paying a price. 
Despite this price, his research in the realm of the small moved for
ward impressively, producing insights that later would win him the 
Nobel Prize (see Box 4.1). 

Then, ill mid-191 tt Einstein's fascination with the small waned and 
his attention returned. to gravity, with which he would struggle almost 

:5. Chapter 4 and especially Box 4.1. 
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full time until his trillmphant formulation of gemmsl relativity in 
November 1915. 

The initial focus of Einstein's gravit.ational struggle was ti.,dQl gravi
tatioMl forces. 

Tidal Gravity 
and Spacetime Curvature 

Imagine yourself an astronaut out ill space, faT above the Earth's 
equator, and falling freely toward it. Although, as you fall, you will not 
feel your own weight, you will, in fact, feel some tiny, :residual effe(lts 
of gravity. Those residuals are called "tidal gravity," and they can be 
understood by thinking about. the gravitational fort."eS you feel, first 
from the viewpoint of IIOnlE'Oue watching you from the Earth below, 
and then from ),our own viewpoint. 

~.~ As you fall toward F..arth, tidal gnttitatioDal forces stretch you front head to 
foot and squeeze you from the sides. 

1:0U1." vl"w7oi'l~·· 
( b ) 
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As seen from Earth (Figure 2.3a), the gravitational pull is slightly 
different on various parts of your body. Because your feet are closer to 
the Earth than your head, gravity pulls more strongly on them than on 
your head, so it stretches you from foot to head. And because gravity 
pulls always toward the Earth's {'.enter, a direction that is slightly left· 
ward on your right side and slightly rightward on YOllr left side, the 
pull is slightly leftward on your right and slightly rightward on your 
left; that is, it squeezes your sides inward. 

From your viewpoint (Figure 2.3b), the large. downward force of 
gravity is gone, vanished. You feel weightless. However. the vanished 
piece of gravity is only the piece that pulled you downward. The 
head-to-foot stretch and side-to-side squeeze remain. They are caused 
by the di:fferences between gravity on the outer parts of your body and 
gravity at your body's center, differences that you cannot get rid of by 
falling freely. 

The vertical stretch and lateral squeeze that you feel, as you fall, are 
called tidal gravity or tidal gravitational forces, because, when the 
Moon is their source rather than the Earth and when the Earth is 
feeling them rather than you, they produce the ocean tides. See Box 
~.5. 

In deducing his principle of equivalence, Einstein ignored tidal 
gravitational forces; he pretended they do not exist. (Recall the essence 
of his argument: As you fall freely, you "will not feel your own weight" 
and "it will seem to you, in all respects, as though gravity has disap
peared from your vicinity.") Einstein justified ignoring tidal forces by 
imagining that you (and your reference frame) are very small. For 
example, if you are the size of an ant or smaller, then your body parts 
will all be very close to each other, the direction and strength of grav
ity's pull will therefore be very nearly the same on the outer parts of 
your body as at its center, and the difference in gravity bet,,"een your 
outer parts and your center, which causes the tidal stretch and squeeze, 
will be extremely small. On the other hand, if you are a 5000-kilorne
ter-tall giant, then the direction and strength of the Earth's gravita
tional pull will differ greatly between the outer parts of your body and 
its center; and correspondingly, as you fall, you will experience a huge 
tidal stretch and squeeze. 

This reasoning convinced Einstein that, in a sufficiently small, 
freely falling reference frame (a frame very small compared to the 
distance over which gravity's pull changes), one should not be able to 
detect any influences of tidal gravity whatsoever; that is, small, freely 
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Box !2.5 

Ocean Tides Produced by Tidal Forces 

On the side of the F..artb nearest the 
Moon, the lunar gravity is stronger 
than at the Earth's center, so it pulls 
the oce'clns toward 'the Moon morE" 
strongly than it pu.lll: ule solid .F~arth, 

'I1.d~l and the oceans in response stretch out~ 
t cr9;,Vity ward a bit toward the Moon. On the 

side fartbest from the Moon, the luna.r 
gravity is weaker, so it puBs tbe oceans 
toward the Moon less strongly than it 
pulls the solid Earth, and the oceans in 
response stretch out a'\\oay from the 
Moon. On the left ride of the l~arth, 
the Moon's gravitational pull, which 
points tQward the Moon's center, has a 
slight rightward <:omp~.nent, and on 
the right side it has a slight leftward 
component; and these components 
sqUee'1.e the oceans inward. This pat
tern of (lcealli<: strp.tch and squeezE!' 
produces two high tides and two low 
tides E'.arh day, as the Hanh rotate!!. 

MOON If the tides at your favorite ocean 
beach do not behave in precisely this way, it i.~ 110t the falJlt of the Moon's 
gr:avitYi rather, it is because of two effects: (1) There is a lag in the ,vater' II 
response tQ the tidal gravity. It takell time for the water to move in aud out 
of bays, harbors, river channels, fjords, and other indentations in the 
coastline. (2) The Sun's ~rravjtational stretch and squeeze are almost as 
strong on the Earth as the ~oon's, but are oriented differently bet:ause the 
Sun's position in the sky is (usually) different from. the Moon's. The 
Earth's tides are a result-of tlJ:e combinoo tidal gravity ot'the Sun and the 
Moon. 

falling reference frames in our gravity-endowM Universe are eq\~i'ia
lent to inertial fnunet; in a universe without gravity. But not so for 
large frames. And the tidal forces felt ill large frames seemed to Ein
steiIl. in 1911, to be a key to the ultimate nature of gravity. 
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It was clear how Newton's gravitational law explains tidal forces: 
They are produced by a difference in the strength and direction of 
gravity's pull, from one place to another. But Newton's law, with its 
gravitational force that depends on distance, had to be wrong; it vio
lated the principle of relativity ("in whose frame was the distance to be 
measured?"). Einstein's challenge was to fonnll]ate a completely new 
gravitational law that is simultaneously compatible with the principle 
of relativity and explains tidal gravity in some new, simple, compelling 
way. 

From mid-1911 to mid-1912, Einstein tried to explain tida] gravity 
by assuming that tim.e is warped, but space is flat. This radical-sound
ing idea was a natural outgrowth of gravitational time dilation: The 
different rates of flow of time near the ceiling and the floor of a room 
on Earth could be thought of as a warpage of time. Perhaps, Einstein 
speculated, a more complicated pattern of time warpage might produce 
all known gravitational effects, from tidal gravity to the elliptical orbits 
of the planets to even the aJlomalous perihelion shift of Mercury. 

After a twelve-month pursuit of this intriguing idea, Einstein aban
doned it, and for a good reason_ Time is relative. Your time is a mixture 
of my time and my space (if we move with respect to each other), and 
therefore, if your time is warped but your space is flat, then my time 
and my space must both be warped, as must be everybody else's. You 
and only you will have a flat space, so the laws of physics must be 
picking out your reference frame as fundamentally different from all 
others-in violation of the principle of relativity. 

Nevertheless, time warpage "smelled right" to Einstein, so per
baps-be reasoned- everybody's time is warped and, inevitably 
alongside that, everybody's space is warped. Perhaps th(>.se combined 
warpages could explain tidal gravity. 

The idea of a warpage of both. time and space was rather daunting. 
Since the Universe admits an infinite llumber of different reference 
frames, each moving with a different velocity, there would have to pe 
an infinity of warped times and an infinity of warped spaces! }I'ortn
nately,·Einstein realized, Hermann Minkowski had provided a power
ful tool for simplifying such complexity: "Henceforth, space by itself, 
and time by itself, are doomed to fade away into mere shadows, and 
only a kind of union of the two will preserve an independent reality." 
There is just one, unique, absolute, four-dimensional spacetime in our 
Univene; and a warpage of everyone's tillle and everyone's space must 
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show up as a warpage ofL\t1ink.ow.~ki~<; single, unique, absolute spacetime. 
This was the conclusiol1 to which Einstein was driven ill the summer 

of 1912 (though he preferred to use the word "curvature" ratller than 
"'warpage"). After four years of ridieuJing Minkowski's idea of absolute 
spac.etime, Einstein had finally been driven to t'mhrace it: and 'Warp it. 

What does it mean for spacetime to be curved (or warped)? For 
darity, ask first what it means for a two-dimensional surface to he 
curved (or warped). F'igure 2.4 shows a flat surface and a curved sur
face. On the flat surface (an ordinary sheet of pa.per) are drawn two 
absoluteJy straight lines. The lines start out side by side and parallel. 
'fhe ancient Greek mathematician Euclid, who created the subject now 
called "Euclidean geometry,': used as one of his geometric postulates 
tile demand that two such initially parallel lines lle1'er crOS$. This 
non-crossing is all unequivocal tt".8t fOT the flatness of the surface on 
which the lines are drawl1. If space is flat, then initially parallel 
straight lines can never cross. If we ever find a pair of initially paralleJ 
straight lines that do cross. then we will know tbat space is not flat. 

The curved surface ill Figure 2.4 is a globe of the Earth. Locate on 
that globe the city of Quito, Equadorj it sits on the equator. Send out a 
pre('ise1r straight line from Quho, directed northv.'8l'd. The line will 
travel nortnw<lrd, at constant longitude, through the North Pole. 

III what sense is this a straight line? 11.1 two senses. One is thE' sense so 
crucial to airlines: It is a great circle, and the great circles on the Earth's 

2.4 Two straifrhl lines. initially paralleJ, nt.'Ver cross on a flat surface sucb as the 
sheet of paper shown on the left. Two straight lines, 1nitially paral1el. will typi
cally cross on a cW'ved surtace such as the globe of the worJd shown on the right . 

. . . . 
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globe are the shortest routes between two points and thus are the kinds 
of routes along which airlines like to fly. Construct any other line 
connecting Quito to the North Pole; it will necessarily be longer than 
the great circle. 

The second sense of straightness is the one that we shall use below, 
when discussing spacetime: In sufficiently sman regions on the globe 
along the great circle's route, the globe's curvature can hardly be no
ticed. In such a region, the great circle looks straight in the usual 
flat-sheet-of-paper sense of straightness--the sense of straightness used 
by professional surveyors, who layout boundaries of property using 
transits or laser beams. The great circle is straight, in this surveyors' 
sense, in each and every small region along its route. 

Mathematicians use the name geodesic for any line, on a curved or 
warped surface, that is straight ill these two senses: the airlines' "short
est route" sense, and the surveyors' sense. 

N ow move eastward on the globe from Quito by a few centimeters, 
and construct a new straight line (great circle; geodesic) that is pre
cisely parallel, at the equator, to the one through Quito. This straight 
line, like the first one, will pass through the globe's l"orth Pole. It is the 
curvature of the globe~ surface thatforces the two straight lines, initially 
paralle~ to cross at the North Pole. 

With this understanding of the effects of curvature in two-dimen
sional surfaces, we can return to four-dimensional spacetime and ask 
about curvature there. 

In an idealized universe without gravity, there is no warpage of 
space, no warpage of time; spacetime has no curvature. In such a uni
verse, according to Einstein's special relativity laws, freely moving 
particles must travel along absolutely straight lines. They must main
tain constant direction and constant velocity, as measured in any and 
every inertial reference frame. This is a fundamental tenet of special 
relativity. 

Now, Einstein's eq~alence principle guarantees that gravity can
not change this fl.lllaamental tenet of free motion: Whenever a freely 
moving particle, in our real, gravity-endowed Universe, enters and 
passes through a small, inertia, (freely falling) reference frame, the 
particle must move along a straight line through that frame. Straight
line motion through a small inertial frame, however, is the obvious 
analogue of straight-line behavior as measured by surveyors in a small 
region of the Earth's surface; and just as such straight-line behavior in 
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small regions on Earth implies that a lme is actually a geiXiesic of the 
Earth's lIurface, so also the particle's straight-line motion in small re
gions of spacetime implies that the particle moves along a geodesic of 
spacetime. And "rhat is true of this particle must be true of all particles: 
Eve?, .freely mOfling particle (eve".. particle on which flO forces, ercefH 
~raf,'ity, act,) travels alon~ a geodesic of sp4Celime. 

As soon as ,Ejn!ltein realized this, it became obvious to him that tidal 
gra,;ity is a manifestation <!f spacetime CUJ'ValW'e. 

To understand why, imagine the following thought experiment 
(mine, not Einstein's). Stand on the ice sheet at the North Pole, holding 
two sinal] baIls, one in each hand (Figure 2.5). Throw the balls into the 
air side by side, so they rise upward along precisely parallel trajectories, 

~.5 ~ balls thrown jnto 'he ail- on precisely IJQ1'alleJ trajectories, it able to 
pasa UhU.1pOOed rhl'OU&b !.be F.arth, wilJ colUde near the Earth's center. 
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and then watch them fall back to Earth. Now, in a thought experiment 
such as this, you can do anything you wish so long as it does not violate 
the laws of physics. You wish to watch the trajectories of the balls as 
they fall under the action of gravity, not only above the Earth's surface, 
but also below. For this purpose, you can pretend that the balls are 
made of a material that falls through the Earth's soil and rock without 
being slowed at all (tiny black holes would have this property), and you 
can pretend that you and a friend on the opposite side of the Earth, 
who also watches, can follow the balls' motion inside the Earth via 
"X-ray vision." 

As the balls fall into the Earth, the Earth's tidal gravity squeezes 
them together in the same way as it squeezes your sides if you are a 
falling astronaut (Figure 2.5). The strength of the tidal gravity is just 
right to make both balls fall almost precisely toward the Earth's center, 
and hit each other there. 

Now comes the payoff of this thought experiment: Each ball moved 
along a precisely straight line (a geodesic) through spacetime. Initially 
the two straight lines were parallel. Later they crossed (the balls col
lided). This crossing of initially parallel, straight lines signals a curva
ture of spacetime. From Einstein's viewpoint, spacetime curvature 
causes the crossing, that is, causes the balls' collision, just as the curva
ture of the globe caused straight lines to cross in Figure 2.4. From 
Newton's viewpoint, tidal gravity causes the crossing. 

Thus, Einstein and Newton, with their very different viewpoints on 
the nature of space and time, give very different names to the agent 
that causes the crossing. Einstein calls it spacetime curvature; Newton 
calls it tidal gravity. But there is just one agent acting. Therefore, 
spacetime curvature and tidal gravity must be precisely the same thing, 
expressed in different languages. 

Our human minds have great difficulty visualizing curved surfaces 
with more than two dimensions; therefore, it is nearly impossible to 
visualize the curvature of four-dimensional spacetime. Some insight 
can be gained, however, by looking at various two-dimensional pieces 
~f spacetime. Figure 2.6 uses two such pieces to explain how spacetime 
~1Vature creates the tidal stretch and squeeze that produce the ocean , 
tides. 

Figure 2.6a depicts one piece of spacetime in the vicinity of Earth, a 
piece that includes time, plus space along the direction toward the 
Moon. The Moon curves this piece of spacetime, and the curvature 
stretches apart two geodesics, in the manner shown. Correspondingly, 
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we humans see two freely moving particles, which travel along the 
geodesics, get stretched apart as they travel, and we inter.pTet that 
stretching as a ti.dal gravitational force. This stretching tidal force 
(spacetime curvature) affects not only freely moving partides., but also 
the Earth's oceans; it stretches the oreans in the manner shown in Box 
~.5, producing oceanic bulges on the sides of the Earth neaTe$t and 
fanhest. from the Moon. The two bulges are trying to travel along 
geodesics of the curved spacetime (I"igure g.6a), and therefore ate try
ing to fly apart; but the Earth's gravity (the spacetime curvature pro
duced by the Earth; not shown iu the diagram) is counteracting that 
flight, so the ocean merely bulges. 

Figure 2.6b is a diffeIen,t piece of spacetime near Earth, <l, piece that 
includes time, plus space along a direction transverse to the Moon's 
direction. The Moon curves this piece of spacetime, and the curvature 
squeezes geodesics together in the manner shown. Correspondingly, we 
humans see freely moving particles that travel along ~esics trans
verse to the Moon's direction get squeezed together by the curvature 
(by the Moon's tidal gra.vity), and similarly we see the Earth's <>reans 
get squeezed along directions transverse to the direction of the Moon. 
This tidal squeeze prodcices the transverse oceanic compressions shown 
in Box ~.5. 

2.6 T\'t'o two-dimensional ~ of curved spacetime, in the vicinity of the 
Earth. The curvature is produced by the Moon. The curvature creates a tidal 
stretch aJong the dil'eCtion towaro the Moon (a), and a tidal sqUee7.e alung the 
dil'ection transl'eJ'lIe to the Moon (b), and this stretch and squeeze produr.e the 
ocean's tides in !hp manner discussed in IkIx 2.5, above. 

( a ) ( h ) 
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Einstein was a professor in Prague in the summer of 1912, when he 
realized that tidal gravity and spacetime curvature are One and the 
same thing. It was a wonderful revelation-though he was not yet 
certain of it and did not yet understand it as fully as I have described it, 
and it did not provide a complete explanation of gravity. It told Ein
stein that spacetime curvature dictates the motion of free particles and 
raises the tides on the ocean, but it did not tell him how the curvature is 
produced. Einstein believed that the matter inside the Sun and Earth 
and other planets is somehow responsible for the curvature. But how? 
How does matter warp spacetime, and what are the details of the warp
age? A quest for tpe law of warpage became Einstein's central concern. 

A few weeks .... ·flfter "discovering" spacetime curvature, Einstein 
moved from Prape back to Zurich, to take up a professorship at his , 
alma mater, the lITH. Upon arriving in Zurich in August 1912, Ein-
stein sought advice from an old classmate, Marcel Grossmann, who was 
now a professor of mathematics there. Einstein explained his idea that 
tidal gravity is spacetime curvature, and then asked whether any math
ematician had ever developed a set of mathematical equations that 
could help him figure out the law of warpage, that is, the law that 
describes how matter forces spacetime to curve. Grossmann, whose 
specialty was other aspects of geometry, wasn't sure, but after browsing 
in the library he came back with an answer: Yes, the necessary equa
tiolls did exist. They had been invented largely by the German mathe
matician Bernhard R.iemann in the t 860s, the Italian Gregorio Ricci in 
the 1880s, and Ricci's student Tullio Levi-Civita in the 1890s and 
1900s; they were called the "absolute differential calculus" (or, in 
physicists' language of 1915-1960, "tensor analysis," or in the language 
of 1960 to the present, ~'differential geometry"). But, Grossmann told 
Einstein, this differential geometry is a terrible mess which physicists 
should not be involved with. Were there any other geometries that 
could be used to figure out the law of warpage? No. 

And so, with much help from Grossmann, Einstein set out to mast!!"r 
the intricacies of differential geometry. As Grossmann taught mathe
matics to Einstein, Einstein taught something of physics to Grossmann. 
Einstein later quoted Grossmann as saying, "I concede that I did after 
all gain something rather important from the study of physics. Before, 
when I sat on a chair and felt a trace of heat left by my 'pre-sitter: I 
used to shudder a little. That is completely gone, for on this point 
physics has taught me that heat is something completely impersonal." 

11J 
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Learning differential geometry was not an easy task for Einstein. 
The spirit of the subject was alien to the intuitive physical arguments 
that he found so natural. In late October 1912 he wrote to Arnold 
Sommerfeld. a leading German physicist: "I am now occupying myself 
exclusively with the problem of gravitation and believe that, with the 
aid of a local mathematician [Grossmann] who is a friend of mine I'll 
IlOW" be able to master all the diffjculti~.s. But one thing is Cf'rtClin, that 
in all my life I have never struggled so hard, and that I have been 
infused with great respect for mathematics the subtler parts of wllich, 
in my simple·-mindedness, I had considered pure luxury up to now! 
Compared to this problem the original relativity theory [special rela
tivity] is child's play. n 

Together Einstein and Grossmann struggled through the autumn 
and into the winter with the puzzle of how matter for<'-e5 spac-p.time to 
Curve. But despite tileir all-out effort, the mathematics could not be 
brought into accord with Einstein's vision. The law of warpage eluded. 
them. 

Einstein was convinced that the l~w of warpage should obey a gener
alized (enlarged) version if his principle of relativity: It should look the 
lioa.me in every reference frame -not just inertial (freely falling) 
ftames, but non-inertial frames as well. The law of warpage should. not 
rely for its formulation on any special reference frame or any special 
clru;s of reference frames whatsoever .. ' Sadly, Ule equations of differen
tial geometry did not seem to admit such a law_ Finally, in late wintt-r, 
Einstein and Grossmann gave up the search and published the best law 
of warpage they could find--a law that relied for it5 definitjon on a 
special class of rp.ference frames_ 

EinsteirJ, eternally the optimist, managed to convince hiIllSelf, 
briefly, that this was no catastrophe_ To his physicist friend Paul Eh
renfest he wrote in early 1913, "What can be Inore beautiful than that 
this necessary specialization follows from [the mathematical equations 
for the conservation of energy and momentumj?" But after further 
thought he regarded it a disaster. He wrote to Lorentz in A.ugust 1913: 
"My faith in the reliability of the theory [-the "law of warpage"] still 
fluctuates ... _ (Because of tlle failure to obey the generali~ed principle 
of relativity,) the theory contradicts i.ts own starting point and aU is up 
in the air." 

4. Einstein used the IIew phrase c·gener.ll IlOvarilUlce" for this propertJ, aldlollgh it was jU$t 
a lIatural extl~n.,ion of hi, prillcipl .. of relativity. 
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As Einstein and Grossmann struggled with spacetime curvature, 
other physicists scattered over the European continent took up the 
challenge of uniting the laws of gravity with special relativity. But 
none of them-Gunnar Nordstrom in Helsinki, Ii'inland; Gustav Mie 
in Greifswald, Germany; Max Abraham in Milano, Italy-adopted 
Einstein's spacetime c:urvature viewpoint. Instead they treated gruity, 
like electromagnetism, as due to a force field which lives in Minkow
ski's flat, special relativistic spacetime. And no wonder they took this 
approach: The mathematics used by Einstein and Grossmann was hor
rendously complex, and it had produced a law of warpage that,violated 
its authors' own precepts. 

Controversy swirled among the proponents of the varions view
points. Wrote Abraham, "Someone who, like this author, has had to 
warn repeatedly against the siren song of [the principle of relativity] 
will greet with satisfaction the fact that its originator has now con
vinced himself of its untenability." Wrote Einstein in reply, "In my 
opinion the situation does not indicate the failure of the relativity 
principle .... There is not the slightest ground to doubt its validity." 
And privately he described Abraham's theory of gravity as "a stately 
horse which lacks three legs." Writing to friends in 1913 and 1914 
Einstein said of the controversy, "1 enjoy it that this affair is at least 
taken up with the requisite animation. I enjoy the controversies, Figaro 
mood: I'll play him a tune." "1 enjoy it that colleagues occupy them
selves at all with the theory [developed by Grossmruln and me], al
though for the time being with the purpose of killing it .. , . On the face 
ofit, Nordstrom's theory ... is much more plausihle. But it, too, is built 
on [flat, Minkowskian spacetime], the belief in which amounts, I feel, 
to something like a superstition." 

In April 1914 Einstein left the ETH for a professorship in Berlin 
which carried no teaching duties. At last he ('.QuId work on research as 
much as he wished, and even do so in the stimulating vicinity of 
Berlin's great physicists, Max Planck and Walther Nernst. In Berlin, 
despite the June 1914 outbreak of the First W orId V\,T ar, Einstein con
tinued his quest for an acceptable description of how matter curves 
spacetime, a description that did not rely on ally special class of refer
ence frames-an improved law of warpage. 

A three-hour train ride from Berlin, in the university village of 
Gottingen where Minkowski had worked, there lived one of the great
est mathematicians of all time: David Hilbert. During 1914 and 1915 
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lIilbert pursued a passionate interest in physics. Einstein's published 
ideas fascinated him, so in late June of 1915 he invited Einstein down 
for a visit. Einstein stayed for about a week and gave six two-hour 
lectures to Hilbert and his colleagues. Several days after the visit Ein
stein wrote to a friend, "I had the grE-at joy of seeing in Gottingen that 
everything [about roy work] is understood to the last detail. With 
Hilbert I am just enraptured." 

Several months after returning to Berlin, Einstein became more 
deeply distressed than ever with the Einstein-Grossmann law of warp
age. Not only did it violate his vision that the laws of gravity should be 
the same in all reference frames, hut also, he discovered after arduous 
calculation, it gave a wrong value for the anomalous perihelion shift of 
Mercury's orbit. He had hoped bis theory would explain the perihelion 
shift, thereby triumphantly resolving the shift.'s discrepallCY with New
ton's laws. Such an achievement would give at least some experimental 
confirmation that his laws of gravity were right and Newton's WT.ong. 
However, his calculation, based on the Einstein-Grossmann law of 
warpage, gave a perihelion shift half as large as was observed. 

Pouring OVer his old calculiltions with Grossmann, Einstein discov
ered a few crucial mistakes. Feverishly he worked through the month 
of October, and on 4 November he presented, at the weekly plenary 
session of the Prussian Academy of Sciences in Berlin, an account of his 
mistakes and a revised law of warpage--atill slightly dependent on a 
special class of reference frames, bu't less so than before. 

Remaining dissatisfied, Einstein struggled all the next week with 
his 4- November law, found Dlistab.a, and presented yet another pro
posal for the law of warpage at the Academy meeting of 11 November. 
But still the law relied on special frames; still it violated his principle of 
J-elath'i ty. 

Resigning himself to this violation, Einstein struggled during the 
next week to compu.te consequences of his new law that could be 
observed with telescopes. It predicted, he found, that starlight passiltg 
the limb of the Sun sho\dd be deflected gravitationally by an angle of 
1.7 seconds of arc (a prediction that would be verified four years later 
by careful measurements during a solar eclipse). More important to 
Einstein, the new law yielded the correct perihelion shift for Mercury! 
He was beside himself with joy; for three days he was so excited that he 
couldn't work. This triumph he presented at the next meeting of the 
Academy on 18 November. 

But his law's violation of the relativity principle still troubled him. 
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So during the next week Einstein poured back over his calculations and 
found another mistake--the crucial one. At last everything fell into 
place. The entire mathematical formalism was now free of any depen
dence on special reference frames: It had the same form when ex
pressed in each and every reference frame (see Box 2.6 below) and thus 
obeyed the principle of relativity. Einstein's vision of 1914 was fully 
vindicated! And the new formalism still gave the same predictions for 
t~e shift of Mercury's perihelion and for the gravitational deflection of 
light, and it incorporated his 1907 prediction of gravitational time 
dilation. These conclusions, and the final definitive form of his general 
relativity law of warpage, Einstein presented to the Prussian Academy 
on 25 November. 

Three days later Einstein wrote to his friend Arnold Sommerfeld: 
"During the past month 1 had one of the most exciting and strenuous 
times of my life, but also one of the most successful." Then, in a 
January letter to Paul Ehrenfest: "Imagine my joy [that my new law of 
warpage obeys the principle of relativity] and at the result that the 
[law predicts] the correct perihelion motion of Mercwy. 1 was beside 
myself V\oith ecstasy for days.n And, later, speaking of the same period: 
"The years of searching in the dark for a truth that one feels but cannot 
express, the intense desire and the alternations of confidence and mis
giving until one breaks through to clarity and understanding, are 
known only to him who has himself experienced them." 

Remarkably, Einstein was not the first to discover die correct form of 
the law of warpage, the form that obeys his relativity principle. Recog
nition for the first discovery must go to Hilbert. In autumn 1915, even 
as Einstein was struggling toward the right law, making mathematical 
mistake after mistake, Hilbert was mulling over the things he had 
learned from Einstein's summer visit to Gottingen. While he was on an 
autumn vacation on the island of Rugen in the Baltic the key idea 
came to him, and within a few weeks he had the right law--derived 
not by the arduous trial-and-error path of Einstein, but hy an elegant, 
succinct mathematical route. Hi!bert presented his derivation and the 
resulting law at a meeting of the Royal Academy of Sciences in Gottin
gen on 20 November 1915, just five days before Einstein's presentation 
of the same law at the Prussian Academy meeting in Berlin. 

Quite naturally, and in accord with Hilbert's own view of things, the 
resulting law of warpage was quickly given the name the Rinsteinfield 
equation (Box 2.6) rather than being named after Hilbert. Hilbert had 
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Box 2.6 

The Einstein Fi.eld Equation: 
Einstein's Law of Spacetime Warpage 

Einstein's law of spacctimv warpage, the Einstein field equation, states that 
"mass and pressure warp spacetime." More specifi~ally: 

At any lo('.ation in spacetime, choose an arbitrary reference frame. In 
that referenre frame, explore the curvature of spacetime by stlldying how 
the curvature (that Us, tidal g:t'avity) pushes freely moving particles to
gether or pulls them apart along each of the three directions of the chosen 
frame's space: the east-west direction, thE' north-south direction, and the 
up-down direction. The particles move alollg geodesics of spacetime (Fig
ure ~.6), and the rate at which they are pushed together or pulled apart is 
proportional to the strength of the curvature along the direction between 
them. If they are pushed together as in diagrams (a) and (b), the curvature 
is said to be positive; if they are pulled apart as in (c), the curvature is 
negative. 

( .. ) ( b) ( c ) 

Add together the strengths of the curvatures along all three directions, 
east--west [diagram (a)], nonh-south [diagram (b)], and up-down [dia
gram (e)]. Ejnstein's field equation states that. the sum of the strengths of 
lhese three cU/"tJll.tU.res is proportional to the Jensity of mass in the partitle's 
vicinity (mu.ltiplied bJ' the speed of light squared to convert it into a density 
C!f energy', see Box 5.2), plus } times the pres.vun 0/ matter in the particles' 
vicinity. 

Even though yon and I may be at. the same locati()n in spacetime (say, 
flying over Paris, France, at noon on t 4- July 1996), if we move relative to 
each other, your space will be different from mint' and similarly the 
density of mass (for example, the mass of the air around us) that you 
measure will be different from the denaity that I measure, and the prefi
sure of matter (for example, the air pressure) that we measure will differ. 
Similarly, it turns out, the sum of the three curvatures of I!pacctime that 

(corninued next paf:e) 
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you measure will be different from the sum that J measure. However, you 
and J must each lind that the sum of the curvatures we measure is propor
tional to the density of mass we measure plus 3 times the pressure we 
measure. In this sense, the Einstein field equation is the same in every 
reference frame; it obeys Einstein's principle of relativity. 

Under most circumstances (for example, throughout the solar syst.em), 
the pressure of matter is tiny compared to its mass density times the speed 
of light squared, and dlerefore the pressure is an unimportant contributor 
to spacetime curvature; the spacetime warpage is due almost solely to mass. 
Only deep inside neutron stars (Chapter 5), and in a few other exotic 
places, is pressure a significant contributor to the warpage. 

By mathematically manipulating the Einstein field equation, Einstein 
and other physicists have not only explained the deflection of starlight by 
the Sun and the motions of the planets in their orbits, including the 
mysterious perihelion shift of Mercury. they have also predicted the exis· 
tence of black holes (Chapter 3), gravitational waves (Chapter 10), sin
gularities of spacetime (Chapter 13), and perhaps the existence of worm
holes and time machines (Chapter 14). The remainder of this book is 
devoted to this legacy of Einstein's genius. 

carried out the last few mathematical steps to its discovery indepen. 
dently and almost simultaneously with Einstein, but Einstein was reo 
sponsible for essentially everything that preceded those steps: the rec
ognition tllat tidal gravity must be the same thing as a warpage of 
spacetime, the vision that the law of warpage must obey the relativity 
principle, and the first 90 pereent of that law, the E.instein field equa
tion. In fact, without Einstein the general relativistic laws of gravity 
might not have been discovered until several decades later. 

As I browse through Einstein's published scientific papers (a brows
ing which, unfortunately, I must do in the 1965 Russian edition of his 
collected works because I read no German and most of his papers have 
not as of 1995 been translated into English!), I am struck by the pro
found change of character of Einstein's work in 1912. Before 1912 his 
papers are fantastic fOT their elegance, their deep intuition, and their 
modest use of mathematics. Many of the arguments are the same as 
those which I and my friends use in the 1990s when we teach courses 
on relativity. Nobody h~ learned to improve on those arguments. By 
contrast, after 1912, complex mathematics abounds in Einstein's pa· 
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pers-though usually in combination with insights about physical 
laws. Thi.s combination of mathematics and physical insight, which 
only Einstein among all physicists working on gravity had in the pe
riod 1912-1915, ultimately led Einstein to the full form of his gravita
tionallaws. 

But Einstein wielded hjs mathematical tools with SOIlle clumsiness. 
As Hilbert was later to say, "Every boy in the streets of Gottingen 
understands more about four-dimensional geometry than Einstein. 
Yet, in spite of that, Einstein did the work [fonnulated the general 
relativistic laws of gravity 1 and not the mathematicians." He did the 
work because mathematics was not enough; Einstein's unique physical 
insight was also needed.. 

Actually, Hilbert exaggerated. Einstein was a rather good mathema
tician, though in mathematical technique he was not the towering 
figure that he was in physical insight. As a result, few of' Einstein's 
post-1912 arguments are presented today in the way Einstein pre
sented them. People have learned improvements. And, with the quest 
to understand the laws of physics becoming more and more mathemat
ical as the years after 1915 passed, Einstein became less and less the 
dominant figure he had been. The torch was passed to others. 
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.1 he essential result of this investigation," Albert Einstein wrote in 
a technical paper in 1939, "is a clear understanding as to why the· 
'Schwarzschild singularities' do not exist in pllysical reality." With 
these words, Einstein made clear and unequivocal his rejection of his 
own intellectual legacy: the black holes that his general relativistic 
laws of gravity seemed to be predicting. 

Only a few features of black holes had as yet been deduced from 
Einstein's laws, and the name "black holes" had not yet been coined; 
they were being called "Schwarzschild singularities." However, it was 
clear that anything that falls into a black hole can never get back out 
and cannot send light Or anything else out, and this was enough to 
convince Einstein and most other physicists of his day that black holes 
are outrageously bizarre objects which surely should not exist in the 
real Universe. Somehow, the laws of physics must protect the Universe 
from such beasts. 

What was known about black holes, when Einstein so strongly re
jected them? How firm was general relativity's prediction that they do 
emt? How could Einstein reject that prediction and still maintain 
confidence in his general relativistic laws? The answers to these ques
tions have their roots in the eighteenth century. 
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1"'hroughout the 17005, scientists (then called natur.al philosophers) 
believed that gravity was governed by Newton's laws, and that light 
was made of corpuscles (particles) that are emitted by their sources at a 
very high, universal speed. That speed was known to he about 300,000 
kilometers per second, thanks to telescopic mt'asurernents of light 
emitted by Jupiter's moons as they orbit around their parent planet. 

In 1783 John Michell, a British natural philosopher, dared to com· 
bine the corpuscular description of ligllt with Newton's gravitation 
laws and thereby predict what very compact stars should look like. He 
did this by a thought experiment which I repeat here in modified form: 

Launch a particle from the surface of a staT with some initial speed, 
and let it movt' freely upward. If the initial speed is too low, the star's 
gravity will slow the particle to a halt and then pull it back to the star's 
surface. If the initial speed is high enough, gravity will slow the parti. 
cle bu.t not stop it; the particle will manage to escape. The dividing line, 
the minimum initial speed for escape, is called the "escape velocity." 
For a particle ejected from the Earth's surface, the escape velocity is 11 
kilometers per second; for a particle ejected from the Sun's surface, it is 
617 kilometers per second, or 0.2 percent of the speed of light. 

Michell could compute the f'.scape velocity using Newton's laws of 
gravity, and could show that it is proportional to the square root ofthe 
star's mass divided by its circumference. Thus, for a st.ar of fixed mass, 
the smaller the circumference, the larger the escape velocity. The rea
son is simple: The smaller the circumt'erence, the closer the star's SUr
face is to its center, and thus the stronger is gravity at its surface, and 
the harder the particle has to wOlk·to escape the star's gravitational 
pull. 

There is a critical circumference, Michell reasoned, for which the 
escape velocity is the speed of light. If corpuscles of light are affected by 
gravity in the same manner as other kinds of particles, then light can 
barely escape from a star that. has this criti<-.al cirL'Umference. For a star 
a bit smaller, light cannot escape at all. When a corpuscle of light is 
launched from such a star with the standard light velocity of 299,792 
kilometers pel' second, it will fly upward at first, then slow to a baIt and 
fall back to the star's surface; see Figure 0.1. 

Michell could easily compute the critical circumference; it was 18.5 
kilometers, if the star had the same mass as the Sun, and proportion
ately larger if the mass were larger. 

Nothing ill the eighteenth-century laws of physics prevented so 
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3.1 The behavior of light emitted from a star that is smaller than tbe critical 
circumference. as computed in t785 by John ~ichell using Newton's laws of 
gravity and corpuscular description of light. 

compact a star from existing. Thus, Michell was led to speculate that 
the Universe might contain a huge number of such dark stars, each 
living llappily inside its own critical circumference, and each invisible 
from Earth because the corpuscles of light emitted from its surface are 
inexorably pulled back down. Such dark stars were the eighteenth
century versions of black holes. 

Michell, who was Rector of Thornhill in Yorkshire, England, re
ported his prediction that dark stars might exist to the Royal Society of 
London on 27 November 1785. His report made a bit of a splash among 
British natural philosoph~. Thirteen years later, the French natural 
philosopher Pierre Simon Laplace popularized the same prediction in 
the first edition of his famous work Le Systeme du Monde, without 
reference to Michell's earlier work. Laplace kept his dark-star predic
tion in the second (1799) edition, but by the time of the third (1808) 
edition, Thomas Young's discovery of the interference of light with 
itself' was forcing natural philosophers to abandon the corpuscular 
description oflight in favor of a wave description devised by Christiaan 
Huygens-and ic was not at all clear how this wave description should 
be meshed with Newton's laws of gravity so as to compute the effect of 
a star's gravity on the light it emits. For this reason, presumably, 
Laplace deleted the concept of a dark star from the third and subse
quent editions of his book. 

1. Chapter 10. 

t2} 
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Only in November 1915, after Einstein had formulated his general 
relativistic laws of gravity, did physicists once again believe they un
derstood gravitation and light well enough to compute the effect of a 
star's gravity on the light it emits. Only then could they return with 
confidence to the dark stars (black holes) of Michell and Laplace. 

The first step was madE' by Karl Schwanschild, one of the most 
distinguished astrophysicists of the early twentieth century. Schwan
schild, then serving in the German army on the Russian front of World 
War I, read Einstein's formulation of general relativity in the 25 No
vember 1915 issue of the Proceedings of the Prussian Academy of 
&iences. Almost immediately he set out to discover what predictions 
Einstein's new gravitation laws might make about stars. 

Since it would be very complicated, mathematically, to analyze a 
star that spins or is nonspherical, Schwarzschild confined himself to 
stars that do not spin at all and that. are precisely spherical, and to ease 
his calculations, he sought first a mathematical description of the star's 
exterior and delayed its interior until later. Within a few days he had 
the answer. He had calculated, in exact detail, from Einstein's new 
field equation, the curvature of spacetime outside any spherical, non· 
spinning star. His calculation was elegant and beautiful, and the 
curved spacetime geometry that it predicted, the &hwarz.schild geome
try as it soon came to be known, was destined to have enonnous impact 
on our understanding of gravity and the Universe. 

Schwarzschild mailed to Einstein a papeT describing his calculations, 
and Einstein presented it in his behalf at a meeting of the Prussian 
Academy of Sciences in Berlin on 13 January 1916. Several weeks later, 
Einstein presented the Academy a second paper by Schwarzschild: an 
exact computation of the spacetime curvature inside the star. Only four 
months later, Schwanschild's remarkable productivity was halted: On 
19 June, Einstein had the sad task of reporting to the Academy that 
Karl Schwarzschild had died of an illness contracted on the Russian 
front. 

The Schwarzschild geometry is the first concrete example of space
time curvature that we have met in this book. For this reason, and 
because it is so central to the properties of black holes, we shall exam
ine it in detail. 

If we had been thinking all our lives about space and time as an 
absolute, unified, four-dimensional spacetime "fabric," then it would 



Karl Schwarzschild in his academic robe in GOtlin@en, Germany. [Courtesy AlP 
Emilio Segre Vi~ual Archives.] 
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be appropriate to describe the Schwal7.schild geom.etry immediately in 
the language of curved (warped), fOllr-dimensional spacetime. How
ever, ou.r everyday experience is with three-dimensional space and 
one-dimensional time, un-unified; therefore, 1 shall give a description 
in which warped spacetime is split up into warped space plus warped 
time. 

Since space and time are "relative" (my space differs from your 
space and my time from yours, if we are moving relative to each 
other2), such a split requires first choosing a reference frame-that is, 
choosing a state of motion. For a star, there is a natural choice, one in 
which the star is at rest; that is, the star's own reference frame_ In other 
words, it is natural to examine the &tar's own space and the star's own 
time ra.ther than the spare and time of someone moving at high speed 
through the star. . 

A'S an aid in visualizing the curvature (warpage) of the star's space, I 
shall use a drawing called an embedding diagram. Because embedding 
diagrams will playa major role in future chapters, I shall introduce the 
concept carefully, ,vith the help of an analogy. 

Imagine a family of human-like creatures who live in a universe 
with only two sp'cltial dimensions. Their ulliverse is the curved, bowl
like surface depicted in Figure 5.2. They, like their universe, are two
dimensional; they are infinitesimally thin perpendicular to the surface. 
Moreover, they cannot see Ollt of the surface; they see by means of light 
rays that move in the surl"ace and never leave it. Thus, these "~D 
beings," as J shall call them, have no method whatsoever to get any 
information about anything outside their two-dimensional universe, 

These !lD beings can explore thf> geometry of their two-dimensional 
universe by making measuremt!nts on str8.ight lilles, triangles, and 
circles. Their straight lines are the "geodesics" discussed in Ch.apter 2 
(Figure 2.'" and associated ~..xt): the straightest lines that exist ill their 
two-dimensional universe. ]n the bottom of their universe's "bowl," 
which we see in Figure 3.2 as a segment of a sphere, their straight lines 
al'e segments of great circles like the equato-r of the Earth or its lines of 
COllstant longitude_ Outside the lip of the bowl their universe is flat, so 
their straight lines are what we would recognize as ordinary straight 
lines. 

If the 2D beings examine any pair of parallel straight lines in the 
outer, flat part of their univt'rse (for exarnple, L1 and L2 of Pigure 3.2), 

g. Figure 1.3, alia the leslOIlS o( the talf! of ~f1..aina and Serollil in Chapt.r.r ~. 
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then no matter how far the beings follow those lines, they will never 
see them cross. In this way, the beings discover die flatness of the outer 
region. On the other hand, if they construct the parallel straight lines 
1.3 and L4 outside the bowl's lip, and then follow those lines into the 
bowl region, keeping them always as straight as possible (keeping 
them geodesics), they will see the lines cross at the bottom of the bowl. 
In this way, they discover that the inner, bowl region of their universe 
is curved. 

The 2D beings can also discover the flatness of the outer region and 
the curvature of the inner region by measuring circles and triangles 
(Figure 3.2). In the outer region, the cin;umferences of all circles are 
equal to 1t (3.14159265 ... ) times their diameters. In the inner region, 
circumferences of circles are less than 1t times their diameters; for 
example, the large circle drawn near the bowl's bottom in Figure 3.2 
has a circumference equal to 2.5 times its diameter. When the 2D 
beings construct a triangle whose sides are straight lines (geodesics) 
and then add up the triangle's interior angles, they obtain 180 degrees 
in the outer, flat region, and more than 180 degrees in the inner, 
curved region. 

Having discovered, by such measurements, that their universe is 
curved, the 2D beings might begin to speculate about the existence of a 
three-dimensional space in which their universe resides·· in which it is 
embedded They might give that three-dimensional space the name 

3.~ A two-dimensional universe peopled by 2D beings . 
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hype1-space, and speculate about its properties; for example, they might 
presume it to be "flat" ill the Euclidean sense that straight, parallel 
lines in it never cross. You and [ have no difficulty visualizing such a 
hyperspace; it is the three-dimensional space of Figure 3.2, the space of 
our everyday experience. However, the 2D beings, with their limited 
two-dimensional experience, would have great difficulty visualizing it 
Moreover: there is no way that they could ever learn whether such a 
hyperspace reaHy exists. They call never get out of their two-dimen
sional universe and into hyperspace's third dimension, and because 
they see only by means of light rays tha.t stay always in their \(Diverse, 
they ('.an never see into hyperspace. For theIn, hyperspace would be 
entirely hypothetical. 

The third dimension of hyperspace has nothing to do with th~ 2D 
beings' "time" dimensio'o, which they might also think of as a third 
dimension. 'When thinking about hyperspace, the beings would actu
ally have to think in terms of four dimensiuns: two for the space of 
their universe, one for its time, and one- for the third dimension of 
hyperspace. 

W. are three-dimensional beings, and we live in a curved three
dimensional spa<.'e. If we were to make measllrements of the geometry 
of our space inside and near a star- -the &hwanschild geometry--we 
would discover it to be cu.rved in a manner clo~ly analogous to that of 
the 2D beings' universe. 

We can speculate about a higher-dil11emiona1, tlat hyperspace in 
which OUT curved, three-dimensional space is embedded. It turns out 
that such a hyperspace must have six dimensions in order to accommo
da.te curved three-dimensional spaces like ours inside itself. (And when 
we remember that our Universe also has II time dimellSi()fi, we must 
think in terms of seven dimensi()Jls in all.) 

Now, it is eVen hardeT for me to visualize our three-dimensional 
space embedded in a six-dimensional hyperspace than it would be for 
2D beings to visualize tlleir two-dimensional space embedded in a 
three-dimensional hyperspace. However, there is a. trick diat helps 
enormously, a trick depicted in Figure 5.5. 

Figure ?>.?> shows a thought experiment: A thin sheet of material is 
irlserted through a star in its eqllatorial plane (upper left), so the sheet 
bisects the star leaving precisely identical halves above and below it. 
Even though this equatorial sheet looks flat in the picture~ it is not 
really flllt. The star's mab'S warps three-dimf'-llsional space inside and 
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around the star in a manner that the upper left picture cannot convey, 
and that warpage curves the equatorial sheet in a manner the picture 
does not show. We can discover the sheet's curvature by making geo
metric measurements on it in our real, physical space, in precisely the 
same way as the 2D beings make measurements in the two-dimen
sional space of their universe. Such measurements will reveal that 
straight lines which are initially parallel cross near the star's center, the 
circumference of any circle inside or near the star is less than 1t times 
its diameter, and the sums of the internal angles of triangles are greater 
than 180 degrees. The details of these curved-space distortions are 
predicted by Schwanschild's solution of Einstein's equation. 

To aid in visualizing this Schwarzschild curvature, we, like the 2D 
beings, can imagine extracting the equatorial sheet from the curved, 
three-dimensional space of OUT real Universe, and embedding it in a 
fiL'titious, flat, three-dimensional hyperspace (lower right in Figure 
3.0). In the uncurved hyperspace, the sheet can maintain its curved 
geometry only by bending downward like a bowl. Such diagrams of 
two-dimensional sheets from our curved Universe, embedded in a hy
pothetical, flat, three-dimensional hyperspace, are called embedding 
diagrams. 

5.5 The curvature of the three-dimensional space inside and around a star 
(upper left), as depicted by means of an nnbeddiR8 diagram (lower ri8ht). This 
is the curvature predicted by Schwarzschild's solution to Einstein's field equa
tion. 

PHYSICAL SPACE 

HYPER.SPACE 
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It 1S t.empting to think of hyperspace's third dimellsloll as being the 
same as the third sl>atial dimension of our own Universe. We must 
avoid this temptation. Hyperspace's third dimension has Dothi.ng what
Soever to do with an)" of the dimensions of our own Universe. It is a 
dimension in to which we can never go and never see, and from which 
we carl never get any infDrmatioll; it is purelr hypothetical. Nonethe
less, it is useful. It helps us visualiz~ the Schwarzschild geometry, and 
later in this book it will help llS visualize other curved·.space geome
tries: t.hose of black holes, gravitational waves, singu lari ties, and worm
holes (ChapteTll 6, 7, to, 1~, and 14). 

As the embedding diagram jn Figure 5.5 shows. the SchwaTZschild 
geometry of the star's equatorial sheet is qualitatively the same as the 
geometry of the 2D beings' universe: Inside the star, the geometry is 
bowl-like ~Uld curved; far from the star it becomes flat. A.s with the 
large circle in the 2D beings' bowl (Figure 3.2), so also here (Figure 
:;.3), the star's circumference divided by its diameter is less than It. For 
our SUlI, the ratio of circumference to diamet.er is predicted to be less 
than 1t by several parts in a milliO"n; ill other words, inside the Sun, 
space is flat to within several parts in a million. However, if the Sun 
kept its same mass and were made smaner and smaller in circumfer
ence, then the cllrvature inside it would be<:ome stronger and stronger. 
the downward dip of the bowl in the embedding diagrarn of F'igllre 3.3 
would become more and more pronounced, and the ratio of circumfer
ence to diameu>..I would beconle substantially less than n. 

Because space is different in different reference fraDles ("your space 
is a mixture of my spare and my time, if we move relative to each 
other"), the details of the star's spatial curvature wiH be different as 
measured iIi. a reference frame that moves at high speed relative to the 
star than as measured in iii. frame where the star is at rest. In the space 
of the high-speed reference frame, the star is somewhat squashed per
pendicular to its direction of motion, so t.he embedding diagram looks 
much like that of Figure 5.5, but with the howl compressed trans
versely into an oblong shape. This squashing is the curved-space vari
ant of the cOlltraction of space that Fitzgerald discovereod til a universe 
without gravity (ChapteT 1). 

Schwarzschild's solution to the Einstein field equation describes not 
only this cun-alure (or warpage) of spacet but also a warpage of time 
near the star--a warpage produced hy the star's strong gravity. III a 
reference frame that is at rest with respect to the star. and not flying 
past it at high speed, this time warpage is precisely the gravitational 
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time dilation discussed in Chapter 2 (Box 2.4 and associated discussion): 
Near the star's surface, time flows more slowly than far away, and at 
the star's center, it flows slower still. 

In the case of the Sun, the time warpage is small: At the Sun's 
surface, time should flow more slowly by just 2 parts in a milhon (64-
seconds in one year) than far from the Sun, and at the Sun's center it 
should flow more slowly than far away by about 1 part in 100,000 (5 
minutes in one year). However, if the Sun kept its same mass and were 
made smaller in circumference so its surface was closer to its center, 
then its gravity would be stronger, and correspondingly its gravita·. 
tional time dilation-its warpage of time--wou1d become larger. 

One consequence of this time warpage is the gravitational redshift of 
light emitted from a star's surface. Since the light's frequency of oscil
lationis governed by the flow of time at the place where the light is 
emitted, light emerging (rom atoms on the star's surface will have a 
lower frequency when it reaches Earth than light emitted by the same 
kinds of atoms in illterstellar space. The frequency will be lowered by 
precisely the same amount as the flow of time is slowed. A lower 
frequency mean.s a longer wavelength, so light from the star must be 
shifted toward the red end of the spectrum by the same amount as time 
is dilated on the star's surface. 

At the Sun's surface the time dilation is 2 parts in a million, so the 
gravitational redshift of light arriving at the Earth from the Sun 
should also be 2 parts in a million. This was too small a redshift to be 
measured definitively i.n Einstein's day, but in the early 1960s, technol
ogy began to C'..a.tch up wi.th Einstein's laws of gravity: Jim Brault of 
Princeton University, in a very delicate experiment, measured the red
shift of the Sun's light, and obtained a result in nice agreement with 
Einstein's prediction. 

Within a few years after Schwarzschild's untinlely death, his space·. 
time geometry became a standard working tool for physicists and astro
physicists. Many people, including Einstein, studied it and computed 
its implications. All agreed and took seriously the conclusion that, if the 
star were rather large in circumference, like the- Sun, then spacetime 
inside and around it shQuld be very slightly curved, and light emitted 
from it.'1 surface and received at Earth shouJd be shifted in color, ever so 
slightly, toward the red. All also agreed that the mQre compact the star, 
the greater must be the warpage of its spacetime and the larger the 
gravitational redshift of light from its surface. However, few were 

1)1 
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willing to take seriously the extreme predictions that the Schwarz
schild geometry gave for highly compact stars (Figure 3.4): 

The Schwarzschild geometry predicted that for each star there ;s a 
critical circumference, which depends on the star's mass---the r;ame 
critical circumference as had beeD discovered by John Michell and 
Pierre Simon Laplace more than a century earlier: 18.5 kilometers 
times the mass of the star il!/u-nits of the Inass of the Sun_ If the star's 
actual circumference is ,larger than this critical one by a factor of 4 
(upper part of F'igure ~.4), then tht' star's space will bl?' moderately 
curved al; ShOWll, time 'at its surface will flow 15 percent more slowly 
than far away, ancllight emitted from its surface will be shifted toward 
the red end ()f the spectrum by 15 percent. If the star's circwnference is 
smaller, ju~t twice the critical one (middle part of Figure 3,4), its space 
will be more strongly curved, time at its surface will flow 41 percent 

3.4 ('~nerar r.elativity·s predictions for the curvature of space and the red&hift 
of light from Ihree highly compact stan with the same mass but different cir
cmnferences. The first is four timP.5 Ia~ than the critical circumference, the 
second is twice as JaJ'8e as critical. and the third has its circumference precisely 
cl'itica1.ln modern language. the surface 01 the third star is a black -hole horizon. 
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more slof'ly than far away, and light from its surface will be redshifted 
by 41 p~cent. These predictions seemed acceptable and reasonable. 
What did.~ot seem at all reasonable to physicists and astrophysicists of 
the 1920s, or even as late as the 1960s, was the prediction for a star 
whose actual circumference was the same as its critical one (bottom 
part of Figure 3.4). For such a star, with its moce strongly curved space, 
the flow of time at the star's surface is infinitely dilated; time does not 
flow at aU-it is frozen. And (:orrespondingly, no matter what may be 
the color of light when it begins its journey upward from the star's 
surface, it must get shifted beyond the red, beyond the infrared, beyond 
radio wavelengths, all the way to infinite wavelengths; that is, all the 
way out of existence. In modem language, the star's surface, with its 
critical circumference, is precisely at the horizon of a black hole; the 
star, by its strong gravity, is creating a black-hole horizon around itself. 

The bottom line of this Schwarzschild-geometry- discussion is the 
same as that found by Michell and Laplace: A star as small as the 
critical circumference must appear completely dark, when viewed 
from far away; it must be what we now call a black hole. The bottom 
line is the same, but the mechanism is completely different: 

Michell and Lap]ace, with their Newtonian view of space and time 
as absolute and the speed of light as relative, believed that for a star just 
a bit smaller than the critical circumference, corpuscles of light would 
very nearly escape. They would fly up to great heights above the star, 
higher than any orbiting planet; but as they climbed, they would be 
slowed by the star's gravity, then halted somewhere short of interstel
lar space, then turned around and pulled back down to the star. 
Though creatures OIl an orbiting planet could see the star by its slow
moving light (to them it would not be dark), we, living far away on 
Earth, could not see it at all. The star's light could not reach us. For us 
the star would be totally black. 

By contrast, Schwarzschild's spacetime eurvature required that light 
always propagate with the same universal speed; it can never be 
slowed. (The speed of light is absolute, but space and time are relative.) 
However, if emitted from the critical circumference, the light must get 
shifted. in wavelength an infinite amount, while traveling upward an 
infinitesimal distance. (The wavelength shift must be infinite because 
the flow of time is infinitely dilated at the horizon, and the wavelength 
always shifts by the same amount as time is dilated.) This infinite shift 
of wavelength, in effect, removes all the light's energy; and the light, 
thereupon, ceases to exist! Thus, no matter how close a planet might be 
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to the critical circumference, creatures on it cannot see any light at all 
emeTging from the star. 

In Chapter 7, we shall study how the light behaves as seen from 
inside a black hole's t-Titical circumference, and shall discover that it 
does not cease to exist after all. Rather, it simply is unable to escape the 
criti('.al cirClunference (the hole's horizon) even though it is moving 
outward at the standard, universal speed of 299,792 kilometers per 
secol1d. But this early in the book, we are not yet ready to comprehend 
such seemingly contradictory behavior. WP. must first build up our 
understanding of other things, as did physicists during the decades 
between 1916 and 1960. 

During the 1920& and into the 1950s, the world's most renowned 
experts 011 general relativity wel'e Albert. Einstein and the British astr()
physicist Arthur Eddington. Others understood relativity, but Einstein 
and Eddingtoll set the intellectual tone of the subject. And, while a few 
others were willing to take blaCK holes serioU8ly, Einstf'in and Edding
ton were llot. Black holes just didn't. "smell right"; they were outra
geously bizarre; they violated Einstein's and Eddington's intuitions 
about how our Universe ought to behave. 

In the 1920s Einstein seems to have dealt with the issue by ignoring 
it. Nobody was pushing black holes as a serious prediction, so there was 
n"ot mllch need on that score to straighten things out. And since other 
mysteries of nature were more interesting and puzzling to Einstein, he 
put his en~rgies elsewhere-. 

Eddington in the 1920s took a more whimsical approach. He wall a 
bit of a ham, he enjoyed popularizing scienC'..e, and so long as nobody 
was taking black holes too seriously, they were a playful thing to 
dangle in front of others. Thus, we fmd him writing in 1926 in his book 
The Internal ConstitUtiOil of the $tIlN; that no observable star can possi
b1y he more compact than the critical circumference: "Firstly," he 
Wl'ote, "the force of gravitation would be so great that light would be 
unable to escape from it, the rays falling ba.ck to the star like a stone to 
the Earth. Secondly, the redshift of the spectral lines would be so great 
that the spectrum would be shifted out of existence. Thirdly, the mass 
would produce so much curvature of the space-time metric that space 
would close up round the star, leaving uS outside {i.e. nowhere)." The 
first conclusion was the Newtonian version of light not escaping; the 
second was a semi-accurate, relativistic de8C'.ription; and the third was 
typical Eddingtonian hyperbole- As one sees clearly from the embed-
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ding diagrams of Figure 3.4, when a star is as sma}] as the critical 
circumference, the curvature of space is strong but not infinite, and 
space is definitely not wrapped up around th.e star. Eddington may 
have known this, but his description made a good story, and it captured 
in a whimsical way the spirit of Schwarzschild's spacetime curvature. 

In the t 930s, as we shall see in Chapter 4, the pressure to take black 
holes seriously began to mount. As the pressure mounted, F..ddingtol1, 
Einstein, and others among the "opinion setters" began to express 
unequivocal opposition to these outrageous objects. 

In 1959, E.instein published a general relativistic calculation that he 
interpreted as an example of why black holes cannot exist. His calcula
tion analyzed. the behavior of an idealized kind of object which one 
might have thought could be used to make a black hole. The object was 
a cluster of particles that pull on each other gravitationally and thereby 

3.5 Einslein's evidence that no object can ever be as small as its critical circum· 
ference. f.4l'lf Einstein's spherical cluster 01 particles is smaller than 1.5 criti('.(ll 
circumferences, then the particles' speed." must exceed the speed of light, which 
is impossible. Right: If a star with constant density is smaller than 9/8 = 1.125 
critical circumferences, then the pressure at the star's center must be infinite, 
which is impossible. 

1Jj 
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hold the cluster together, in much the sam.e way as the Sun holds the 
solar system together by pulling gravitation.ally on its plallets. The 
particles in Einstein's clmter all moved in circular orbits around a 
com.mon center; tlu~ir orbits formed a sphere. with particles on one side 
of the sphere pulling gravitationally on those on the othel' side (left 
half of Figure 3.5). 

Ein~tein imagined making this clus~r smaller and smaller I trying to 
drive its actual circumference down toWelrd the critical circumference. 
As one might expect, his calculation showed that tbe alore compact the 
cluster. the stronge'c the gravity at its spheri4:'.a1 surface and the faster 
tht' particles must move on its surface to prevent themselves from 
being pulled in. If the cluster were smaller than 1.5 times the critical 
circumference, Einstein's calculations showp.d, then its gravity would 
be so strong that the particles would have to move faster than the speed 
of light to avoid being pulled in. Since nothing can move faster tha!l 
light, there was no way the cluster (:ould ev~r be slnaner than 1.5 times 
(',ritical. "The eltsential result of this investiga.tion," Einstein wrote, "is 
a clear understanding as to why the 'Schwanschild singularities' do not 
exist in phy8ical reality." 

AiJ backing for his view, Einstein could also appeal to the internal 
structure of an id.ealized star. made of matter whose density is constant 
throughout the stellar interior (right half of Figure 3.5). Such a star 
was prevented from imploding by the pressure of the gas inside it. Karl 
Schwaruchild had used general relativity to derive a. complete mathe
matical description of such a star, and his fonnulas showed that, if one 
makes the star more and more ('ompact, then in order to couuteract the 
increased strellgth of its internal gravity, the star's internal pressure 
must rise higher. and higher. As the star's shrinking circumference 
nears % = 1.125 times its critical cir(.'umference, Schwar/.schild's for
mula~ show the central pressure becoming infinitely large. Since no 
real gas can ever produce a truly infinite pressure (nor ('an any other 
killd of matter), such a star could never get as small as 1.125 times 
critical, Ein~tein belieyed. 

Einstein's calculations were correct, but his reading of their message 
was not. The message he extracted, that no object can ever become as 
sma1l8.li the critical circumference, was determined mOre by Einstein's 
intuitive opposition to Schwarzschild singularities (black holes) than 
by the calculations themselves. The correct message, we now know itt 
retrospect, was this: 

Einstein's cluster of particles and the oonstant-density star could 
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never ~ so compact as to form a black hole because Einstein demanded 
that some kind of force inside them counterbalance the squeeze of 
gravity: the force of gas pressure in the case of the star; the centrifugal 
force due to the particles' motions in the case of the cluster. In fact, it is 
true that no force whatsoever can resist the squeeze of gravity when an 
object is very near the critical circwnference. But this does not mean 
the object can never get so small. Rather, it means that, if the object 
does get that small, then gravity necessarily overwhelms all other forces 
inside the object, and squeezes the object into a catastrophic implosion, 
which/orms a black hole. Since Einstein's calculations did not include 
the possibility of implosion (he left it out of all his equations), he 
missed this message. 

We are so accustomed to the idea of black. holes today that it is hard 
not to ask, "How could Einstein have been so dumb? How could he 
leave out the very thing, implosion, that makes black holes?" Such a 
reaction displays our ignorance of the mindset of nearly everybody in 
the 19208 and i 950s. 

General relativity's predictions were poorly understood. Nobody 
realized that a sufficiently compact object must implode, and that the 
implosion will produce a black hole. Rather, Schwarzschild singulari
ties (black holes) were imagined, incorrectly, to be objects that are 
hovering at or just inside their critical circwnference, supported 
against gravity by some sort of internal force; Einstein therefore 
thought he could debunk black holes by showing that nothing sup
ported by internal forces can be as small as the critical circumference. 

If Einstein had suspected that "Schwarzschild singularities" can re
ally exist, he might well have realized that implosion is the key to 
forming them and internal forces are irrelevant. But he was so firmly 
convinced they cannot exist (they "smelled wrong"; terribly wrong) 
that he had an impenetrable mental block against the truth-as did 
nearly all his colleagues. 

In T. H. White's epic novel The Once and Future King there is a 
society of ants which has the motto, "Everything not forbidden is 
compulsory:' That is not how the laws of physics and the real Universe 
work. Many of the things permitted by the laws of physics are so 
highly improbable that in practice they never happen. A simple and 
time-worn example is the spontaneous reassembly of a whole egg from 
fragments splattered on the floor: Take a motion picture of an egg as it 
falls to the floor and splatters into fragments and goo. Then rull the 
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motioll picture backward, and watch the egg spontaneously regenerate 
itself and fly up into the air. The laws of physics permit JUSt such a 
regeneration with time going forward, but it never happens in practice 
because it is highly improbabJe. 

Physicists' studies of black holes during the 1920s and 19305, and 
even on into the 1940s and 1950s, dealt only with the issue ohvhether 
tht- laws of physiC',s permit such objects to exist-·"and the answer was 
equivocal: At first sight, black holes seemed to be permitted; then 
Einstein, Eddington, and others gave (incorrect) arguments that they 
are forbidden. In the 195Vs, when those arguments were ultimately 
disproved, many physicists turned to arguing that black holes might be 
permitted by the laws of physics, but are so highly improbable that 
(like the reassembling egg) they never OCCUT in practice. 

III reality, black holes, unlike the reassembling egg, are comptllsory 
in certain common situations; but only in the late 1960s, when the 
evidence that they are compulsory became overwhelming, did most 
physicists begin to take black holes seriously. In the next three Chapters 
I shall describe how that evidence mounted from the i 930s through 
the 1960s, and the widespread resistance it met. 

This widespread and almost universal twentieth-century resistance t~ 
black holes is in ma.rked contrast to the enthusiasm with which black 
holes were met in the eighteenth-century era of John Michell alld 
Pierre Simon Laplace. Werner Israel, a modern-day physidst at the 
r.;niv~TSity of Alberta who has studied the history in depth, has specu
lated on the reasons for this difference. 

"I am sure [that the eighteenth-century acceptance of black. holes] 
was not just a symptom of the revolutionary fervour of the 1790s," 
Israel writes. "The explanation must be that Laplacian dark stars 
(black holes] posed no threat to our dlerished faith in the permanence 
and stabHity of matteT. By contrast, twentieth-cenbuy black holes are a 
great threat to that faith." 

Michell and Laplace both imagined their dark stars as made frorn 
mlitter with about the same density as water or earth or rock. or the 
Sun, about 1 gram per cubic inch. With this density, a star, to be dark 
(to be contained within its critical circumferel1ce), must have a Inass 
about 400 million times greater than the Sun's and a circumference 
about 3 tilDes larger than the ~arth's orbit. Such stars, goVeTtled by 
i'iewton's laws of pllysics, might be exotic, but th(~y surely were no 
threat to any cherished beliefs about nature. If one lVanted to see the 
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star, one need only land· on a planet near it and look at its light 
corpuscles as they rose in their orbits, before plummeting back to the 
star's surface. If one wanted a sample of the material from which the 
star was made, one need only fly down to the star's surface, scoop some 
up, and bring it back to Earth for laboratory study. I do not know 
whether Michell, Laplace, or others of their day speculated about such 
things, but it is clear that if they did, there was no reason for concern 
about the laws of nature, about the permanence and stability of matter. 

The critical circumference (horizon) of a twentieth-century black 
hole presents quite a different challenge. At no height above the hori
zon can one see any emerging light. Anything that falls through the 
horizon can never thereafter escape; it is lost from our liniverse, a loss 
that poses a severe challenge to physicists' notions about the conserva
tion of mass and energy. 

"There is a curious paranel between the histories of black holes and 
continental drift [the relative drifting motion of the Earth's conti
nents)," Israel writes. "Evidence for both was already non-ignorable by 
1916, but both ideas were stopped in their tracks for half a century by a 
resistance bordering on the irrational. I believe the underlying psycho
logical reason was the same in both cases. Another coincidence: resist
ance to both began to crumble around 1960. Of course, both fields 
[astrophysics and geophysics] benefitted from postwar technological 
developments. But it is nonetheless interesting that this was the mo
ment when the Soviet H-bomb and Sputnik swept away the notion of 
Western science as engraved in stone and beyond challenge, and, per
haps, instilled the suspicion that there might be more in heaven and 
earth than Western science was prepared to dream of." 

139 



4 

The Mystery of 
the White Dwarfs 

in which Eddington and Chandrase.khar do battle 
over the deaths Q/lIUlSSive stars; 

must they shrink when they die, 
creating black holes? 

or will quantum mechanics save them? 

11e year was 1928; the place, southeast India, tbe city of Madras 011 

the Bay of Bengal. ThE-Ie, at the University of Madras, a sp.venteen
year-old Indian boy named Subrabmanyan Chandrasekhar Wall im
mersed in the study of physics, chemistry, and mathemati('-s. Chand
rasekhar was taU and handsome, with regal hearing and pride in his 
academic achievements. He had recently read Arnold Sommerfeld's 
classic textbook ,,1 tomic Structure and Spectral Lines and was 110W over
joyed that Sommerfeld, one of the world's great theoretical physicists, 
had come from his home in Munich to visit Madras. 

Eager fo}' personal contact, Chandrasekhar went to Sommerfeld's 
hotel T.OOm and asked for an interview. Sommerfeld granted an ap· 
pointment for several days hence. 

On the day of his appointment Chandrasekhar. filled with pride and 
confidence in his mattery of mode-rn physics, walked up 'to Sommer· 
feld's hotel room and "knockPd on th.e door. Sommerfeld greeted him 
politely, inquired about his studies, then deflated him. ·'The physics 
you have been studying is a thing of the past. Physic,s has an changed 
in the five years since- my textbook was written," he explained. He 
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went on to describe a revolution in physicists' understanding of the 
laws that govern the realm of the small: the realm of atoms, molecules, 
electrons, and protons. In this realm, the Newtonian laws had been 
found to fail in ways that relativity had not anticipated. Their replace
ment was a radically new set of physical laws-laws that were called 
quantum mechanics1 because they deal with the behavior (the "me
chanics") of particles of matter ("quanta"). Though only two years old, 
the new quantum mechanical laws were already having great success 
in explaining how atoms and molecules behave. 

Chandrasekhar had read in Sommerfeld's book about the first, tenta
tive version of the neW laws. But the tentative quantum laws had been 
unsatisfactory, Sommerfeld explained to him. Although they agreed 
well with experiments on simple atoms and molecules such as hydro
gen, the tentative laws could not account for the behaviors of more 
complicated atoms and molecules, and they did not mesh in a logically 
consistent way with each other or with the other laws of physics. They 
were little more than a mishmash of unaesthetic, ad-hoc rules of com
putation. 

The new version of the laws, though radical in form, looked faT 
more promising. It explained complicated atoms and complicated mol
ecules, and it seemed to be meshing quite nicely with the rest of 
physics. 

Chandrasekhar listened to the details, entranced. 

Quantum Mechanics 
and the Guts of White Dwarfs 

When they parted, Sommerfeld gave Chandrasekhar the galley 
proofs of a technical article that he had just written. It contained a 
derivation of the quantum mechanical laws that govern large collec
tions of electrons squeezed. together into small volumes, in a metal for 
instance. 

Chandrasekhar read Sommerfeld's galley proofs with fascination, 
understood. them, and then spent many days in the t;niversity library 
studying all the research articles he could find relating to them. Espe
cially interesting was an article entitled "On Dense Matter" by the 
English physicist R. H. Fowler, published in the 10 December 1926 

1. For a dear discussioll of the laws of quantum mechanics. ser The Co.fmic Code by Heinz 
Pagels (Simon and Sc.h\l5ter, 1982). 
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i~sue of Monthly Notices (!/ the Royal Astronomical Society. Fowler's 
article pointed Chandrasekhar to a most fascinating book, The Internal 
Constitution if the Stars, by the eminent British astrophysicist Arthur S. 
Eddington, in which Chandrasp..khar found a description of the mystery 
0/ white-dwarf stars. 

White dwarfs were a type of star that astronomers had discovered 
through their telescopes. The mysterious thing about white dwarfs was 
the extremely higll density of the matter inside them, a density far 
greater than humans had ever before encountered. Chandrasekhar had 
no way of knowing it when he opened Eddington's book, but the 
struggle to unravel the- mystery of this high density would ~lltimately 
force him and Eddington to confront the possibility that massive stars, 
when they die, might shrink to form black holes. 

"White dwarfs are probably very abundant," Chandrasekhar read in 
Eddington's book. "Only three are definitely known, but they are all 
witllin a small distance of the Sun .... The most famous of these stars is 
the Companion of [the ordinary starl Sirius," which has the llame 
Sirius B. Sirius and Sirius B are the sixth and seventh nearest stars to 
the Earth, 8.6 light-years away, and Sirius is the brightest star in our 
sky. Sirius B orbits Sirius just as the Earth orbits the Sun, but Sirius B 
requires 50 years to complete an orbit, the Earth only one. 

Eddington dt.'SCl'ibed how anronomers had estimated, from tele
scopic observations, the mass and circumference of Sirius B. The mass 
was t.hat of 0.85 Sun; the circumference, 118,000 kilometers. This 
meant that the mean density of Sirius B was 61,000 grcUlls per cubic 
centimeter·-61,000 times greater denSity than water and just about a 
ton to the cubic inch. "This argument has heen known fO'r some years," 
Eddington WI'ote. "1 think it has generally been considered proper to 
add the conclusion 'which is absurd.' " Most astronomers could not take 
seriously a density so much greater than ever encountered on Earth-· 
and Ilad they known the real truth, as revealed by more modern astro
nomical observations (a mass of 1.05 Suns, a circumference of 31,000 
kilometers, and a density of 4 million grams per cubic centimeter or 60 
tons per cubic inch), they would have considered it even more absurd; 
see Figure 4.1. 

Eddington went on to describe a key new observation that reinforced 
the "absurd" conclusion. If Sirius B were, indeed, 61,000 times denser 
than water, then according to Einstein's laws of gravity, light climbing 
out of its intense gravitational field would be shifted to the red by 6 
parts in 100,OOO--a shift 30timt.'S greater than for light emerging from 
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4.1 Comparison of the sizes and mean densities of the Sun. the F..arth. and the 
whlte-dwarf star Sirius B, using modem values. 

the Sun, and therefore easier to measure. This red.shift prediction, it 
seemed, had been tested and verified just before Eddington's book went 
to press in 1925, by the astronomer W. S. Adams at Mount 'Wilson 
Observatory on a mountaintop above Pasadena, California.' "Professor 
Adams has killed two birds with one stone," Eddington wrote; "he has 
carried out a new test of Einstein's general theory of relativity and he 
has confirmed our suspicion that matter 2000 times denser than plati
num is not only possible, but is actua]Jy present in the Cniverse." 

Further on in Eddington's book, Chandrasekhar found a description 
of how the internal structure of a star, such as the SUIl or Sirius B, is 
governed by the balan<""e of internal pressure against gravitational 
squeeze. This squeeze/pressure balance can be understoad (though this 
was not Eddington's way) by analogy with squeezing a balloon in your 
hands (left half of Figure 4-iJ): The inward force of your squeezing 
hands is precisely counterbalanced by the outward force of the bal
loon's air pressure-air pressure that is created by air mole(.."Ules inside 
the balloon bombarding the 'balloon's rubber wall. 

'2. It is dangerously easy, in a delicate mei1surement, to get the result that one thiJlk.~ aile is 
supposed to get, Adams's gravitational redshift measurement is an example. His re.sull agrel"d 
with the predictions, but the predictions were severely wrong (five timp_~ too small) due 1.0 

errors in astroflomers' l"stimutcs of the mas.~ and circumferellce of Sirius B. 
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4.2 1$ 'l'1le balance beIWeE"J1 the squeeze of your hands and the pressure 
inside a balloon. Right: The anal9g(Jus balance between the gravitational 
squeeze (wei8ht) of an outer shell of stellar matter and the prt>.8Sure of an inner 
ball of stellar matter. 

F'or a star (right half of Figure 4.2) the analogue of your sqneezing 
hands is the weight of an outer shell of stellar matter, and the analogue 
of the air in the balloon is L'te spherical ball of matter inside tbat shell. 
The boundary between the outer shell and inner ball can bp. (~hosen. 
an}" ... bere one wishes--a meteT deep into the staT, a kilometer deep, a 
thousand kilometf'.tS deep. Wherever one chooses the boundary, it must 
fulfill the requirement that the weight of the outer shell squeezing on 
the inner ball (the outer shell's "gravitational squeeze") is precisely 
cClUnterbalallced by t.he pressure of the imler ball's molecules bombard
ing the outer shell. This balance, enforced at each and E'very location 
inside the star, determines the star's .~t1Ucture; that is, it determines the 
details of how the star's pressure, gravit.y, and density vary from the 
star's surface down to its center . 

.Eddingt.on's book also described a troubling paradox ill what was 
then known about the structures of white-d"'''cirf stars. Eddi.ngton be
lieved-indeed all astronoDlers believed in 1925--that the pressure of 
white-dwarf Inatter_ like that in your balloon, must be callsed by its 
heat. Heat makes the matter's atoms fly about inside the' star at high 
speed, bombarding each other and bombarding the interface between 
the star's outer shell and its inner ball. If we take a "macroscopic" 
viewpoint, too coarse to detect the individual atoms, then all we can 
measure is the total bombaJdment force of all the atoms that hit., say, 
one square ~entimeter of th.e interface. That total force is the star's 
pressure. 
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As the star cools by emitting radiation into space, its atoms will fly 
about more slowly, their prt"-ssure will go down, and the weight of the 
star's outer shell will then squeeze its inner ball into a smaller volume. 
This compression of the ball, however, heats it up again, raising its 
pressure so a new squeeze/pressure balanL"e can be achieved . -one with 
the star slightly smaller than before. Thus, as Sirius B continues gradu
ally to cool by radiating heat into interstellar space, it must gradually 
shrink in size. 

How does this gradual shrinkage end? What will be the ultimate 
fate of Sirius B? The most obvious (but wrong) answer, that the star 
will shrink until it is so small that it becomes a black hole, was anath
ema to Eddington; he refused even to consider it. The only reasonable 
answer, he asserted, was that the star must ultimately turn cold and 
then support itself not by thermal pressure (that is, heat-induced pres
sure), but rather by the only other type of pressure known in 1925: the 
pressure that one finds in solid objects like rocks, a pressure due to 
repUlsion between adjacent atoms. But such "rock pressure" was only 
possible, Eddington believed (incorrectly), if the star's matter has a 
density something like that of a rock, a few grams per cubic centime
ter ······10.000 times less than the present density of Sirius B. 

This line of argument led to Eddington's paradox. In order to reex
pand to the density ofrock and thereby be able to support itself when it 
turns cold, Sirius B would have to do enormous work against its own 
gravity. and physicists did not know of any energy supply inside the 
star adequate for such work. "Imagine a body continually losing heat 
but with insufficient energy to grow cold!" Eddington wrote. "It is a 
curious problem and one may make many fanciful suggestions as to 
what actually wi11 happen. ,Ve here leave aside the difficulty as not 
necessarily fatal." 

Chandrasekhar had found the resolution of this 1925 paradox in R. 
H. Fowler's 1926 article "On Dense Matter." The resolution lay in the 
failure of the laws of physics that Eddington used. Those laws had to be 
replaced by the new quantum mechanics, which descri bed the pressure 
inside Sirius B and other white dwarfs as due not to heat. but instead to 
a new, quantum mechanical phenomenon: the degenerate motiolU if 
electrons, also called electron degeneracy. 5 

~. This usage of the word "degenerate" does not have its origins in the concept of "moral 
degeneracr" (the lowest possible level c!f morality). but rather in the ('.oncept of the electrons 
having reached their lowest possible leZJf:ls f!!·etteTI{)". 
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Electron degenera<.."y is somewhat like human claustrophobia. When 
matter is squeezed to a density 10,000 times higlu~'r than that of rock, 
the c10ud of dectrons around each of its atomic nucie-i gets squashed 
10,OOO-[old, Each electr()fl thereby geL"! confined to a "cell" with 10,000· 
times smaller volume than the one it previously was allowed to move 
around in. With so little space available to it, the electron, like a 
claustrophobic human, starts to shake uncontrollably. It flies about its 
tiny cell at high speed, kicking with great force against adjacent eJec
trons in their cells. Thi~ de{Jf!nerate motion, as physkists call it. cannot 
be stopped by cooling the matter. Nothing can stop it; it is forced on the 
electron by the laws of quantum mechanics, even when the matter is at 
absolute zero temperature. 

This degf.'Derate motion is a COrl8eqnence of a feature of matter that 
Newtonian physicists never dreamed of, a feature called wave/particle 
duality: Every kind of particle. according to quantum mechanics, soIne
times behaves like a wave, and every kind of wa"'e sometimes behaves 
like a particle. Thus, waves and particles are really the same thing, a 
"thing" that sometimes behaves like a wave and sometimes like a 
particle; see Box 4.1. 

Elet.-1:ron degeneracy is easily understood in term~ of wave/particle 
duaHty. When matter is compressed to high densities, and each elec
tron inside the matter gets confined to an extremely small cell 
sqlleE"zeci up against neighboring electrons' cells, the electron begins to 
behave ill part like a wave. The wavelength of the electron wave (the 
distance betwep..n its crests) cannot be larger than the electron'!! ceU; if 
it were, the wave would extend beyond t.he eell ~ow, particles with 
very short wavelengths are necessarily highly energetic. (A common 
example is the particle associated with an electromagnetic wave, the 
photon. An X-ray photon has a wavelength far shoner than that of a 
photon of light, and as a result X.ray photolls are far more energetic 
than photons of light. Their higher energies eD.able the X-ray photom 
to penetrate human flesh and oonF:.) 

In the case oi a.n electron inside very dense matter, the electron's 
short wavelength and aCCQmpanying high energy imply rapid motioll, 
and this nlE'anS that tbe e!ef.-tron must fly around inside its cell, behav· 
ing likt' an erratic, high.speed mutant: half partide, half wave. Physi. 
cists say that dIe electron is "degenerate," and they call the pressure 
that its erratic high speed motion produces "electron degeneracy pres· 
SUTe," There is DO way to get rid of this degeneracy pressure; it is an 



Box 4.1 

A Brief History of Wave/Particle Duality 

Already in Isaac Newton's time (the late 16008), physicists were struggling 
over the issue of whether light is made of particles or waves. ~ewton, 
though equivocal about the issue, leaned toward particles and ('.aIled them 
corpuscles, while Christiaan Huygens argued for waves. Newton's particle 
view prevailed until the early 1800s, when the discovery that light can 
interfere with itself (Chapter 10) converted physicists to Huygensl wave 
viewpoint. In the mid-1800s, James Clerk Maxwell put the wave descrip
tion on a firm footing with his unified laws of electricity and magnetism, 
and physicists then thought the issue had finally been settled. However, 
that was before quantum mechanics. 

In the 1890s Max Planck noticed hints, in the shape of the spectrum of 
the light emitted by very hot objects, that something might be missing in 
physicists' understanding of light. Einstein, in 1905, showed what was 
missing: Light sometimes behaves like a wave and sometimes like a parti. 
cle (now called. a photon). It behaves like a wave, Einstein explained, when 
it interferes with itself; but it behaves like a particle in the photoelectric 
effect: When a dim beam of light shines on a piece of metal, the beam 
ejects electrons froIJl the metal one at a time, precisely as though individ
ual particles of light (individual photons) were hitting the electrons and 
knocking them out of the metal's surface one by one. From the electrons' 
energies, l1~instein inferred that the photon energy is always inversely 
proportional to the light's wavelength. Thus, the photon and wave proper
ties of light are intertwined; the wavelength is inexorably tied to the 
photon energy. Einstein's discovery of the wave/particle duality of light, 
and the tentative quantum mechanical laws of physics that he began to 
build around this discovery, won him the 1921 Nobel Prize in 192'2. 

Although Einstein a.lmost single-handedly formulated general relativ
ity, he was only one among many who contributed to the laws of quantum 
mechanics-the laws of the "realm of the small." 

When Einstein discovered the wave}particle duality of light, he did not 
realize that an electron or proton might also behave SOJTletimes like a 
particle and sometimes like a wave. Nobody recogni1:ed it until the mid-
19205 when Louis de Broglie raised it as a conjecture and then Erwin 
SchrOdinger used it as a foundation for a fun set of quantum mechanical 
laws, laws in which an electron is a wave of probability. Pt-obability for 
what? For the location of a particle. These "new" quantum mechanical 
laws (which have been enormously successful in explaining how electrons, 
protons, atoms, and molecules behave) will not concern us much in this 
book. However, from time to time a few of their features will be iinpor
tanto In this chapter, the important feature is electron degeneracy. 
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inevitable consequence of confining the electron to such a smalJ cell. 
Moreover, the higher the matter's density, the smaller the cell, the 
shorter the electron wavelength, the higher tlle electron energy, the 
faster the electron's motion, and thus the larger its degeneracy pl'es
sure. In ordinary matter with ordinary demities, the degeneracy pres
sure is so tiny that one never notices it, but at the huge densities of 
white dwarfs it is enormous. 

When .Eddi~ut.on wrote his book, electron degeneracy had not yet 
been predicted, and it was not possible to compute corre<.-1:ly how rock 
or other materials will respond if compressed to the ultra-high densi
ties of Sirius B. With the laws of electron degeneracy in hand such 
computations were now possible, and they had been concpjved and 
carried out by R. H. Fowler in his 1926 article. 

According to Fowler's computations, beC'AUse the electrons in Sirius 
B and other white-dwarf stars have been compressed int.o such tiny 
cells, their degenera(.,. pressure is far larger than their thermal (heat
induced) pressure. Accordingly, when Sirius B cools off, its minus(;llle 
thennal pressure will disappear, but its enormous degeneracy pressure 
will remaill and will continue to support it aga.inst gravity. 

Thus, the resol'Qtion of Eddington's white-dwarf paradox was two
fold: (1) Sirius B is not supported against its own gravity plimarHy by 
thenn.al prt',ss'Qre as everyone had thought before the advent of the new 
quantum mechanics; rather, it is supported primarily by degenera(.j' 
pressure. (2) 'When Sirius S cools off, it nt.-ed not reexpand to the 
density of rock in order to support itself; rather, it will continue to be 
supported quite satisfactorily by degenerac..'Y pressure at. its present den
sity of 4 milli1m grams per cubic centimeter. 

ChandTasekhar~ reading these things and studying their mathemati· 
cal fonnuJations in the library in Madras, was en('.hallted. This was his 
first contact with modern astronomy, and he was finding her.e, side by 
side, deep consequences of the two twentieth-century revolutions in 
physics: Einstein's general relativity, with its new viewpoints on space 
and time, was showing up in the gravitational redshift of light from 
Sirius Bj and the new qualltum mechanics, with its wave/particle dual· 
ity, was responsible for Sirius B's internal pressure. This astronomy was 
a fertile field in which a young man could make his mark. 

As he continued his university studies in Madras, ChandrasekhaT 
explored f·l.lrthel'the consequences of quantum mechanics for the astro
nomical Univel'St'. He even wrote if small article on his ideas, mailed it 
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to England to 1\. H. Fowler, whom he had never met, and Fowler 
arranged for it to be published. 

Finally, in 1950 at age nineteen, Chandrasekhar completed the In
dian equivalent of an American bachelor's degree, and in the last week 
of July he boarded a steamer bound for far-off England. He had been 
accepted for graduate study at Cambridge University, the home of his 
heroes, R. H. Fowler and Arthur Eddington. 

The Maximum Mass 

Those eighteen days at sea, steaming from Madras to Southampton, 
were Chandrasekhar's first opportunity in many months to think qui
etly about physics without the distraction of formal studies and exami
nations. The solitude of the sea was conducive to thought, and Chand
rasekhar's thoughts were fertile. So fertile, in fact, that they would help 
to win him the Nobel Pri7.e, but on.ly fifty-four years later, and only 
after a great struggle to get them accepted by the world's astronomical 
community. 

Aboard the steamer, Chandrasekhar let his mind reminisce over 
white dwarfs, Eddington's paradox, and Fowler's resolution. Fowler's 
resolution almost certainly had to be correct; there was none other in 
sight. However, Fowler had not worked out the full details of tht' 
balance between degeneracy pressure and gravity in a white-dwarf 
star, nOT had he computed the star's resulting internal structure·---the 
manner in which its density, pressure, and gravity change as one goes 
from its surface down to its center. Here was an interesting challenge 
to help ward off boredom during the long voyage. 

& a tool in working out the star's structure, Chandrasekhar needed 
to know the anSWer to the following question: Suppose that white
dwarf matter has already been compressed to some density (for exam
ple, a density of a million grams per cubic centimeter). Compress the 
matter (that is, :reduce its volume and increase its dt'nsity) by an addi
tional 1 percent. The matter wiH protest against this additional com
pression by raising its pressure. By what percentage will its pressure go 
up? Physicists use the name adiabatic index for the perC'.entage increase 
in pressure that results from a 1 percent additional compression. In this 
book I shall use the more graphic name resistance to compression or 
simply resistance. (This "resistance to compression" should not be con-

149 



150 BLA.CK. HOLES A~D TIME WA.RPS 

fused with "electrical resistance"; they are completely different COI)

cepts.) 
Chandra.sekhar worked out the resistance to compression byeXaIllin

ing step by step the consequences of a t percent increase in the density 
of white-dwarf matter: the resulting decrease in electron cell size, the 
decrease in electron wavelength, the increase in electron energy and 
speed, and finally the increase in pressure. The result was clear: A 1 
percent increase ill density produced sh of a percent (1.667 percent) 
increase in pressure. The resistance of white-dwarf matter, therefore, 
was sA. 

Many decades before Chandrasekhar's voyage, astrophysicists had 
computed the details of the balance of gravity and pressure inside any 
sta.r whose matter has a resistance to compression that IS independent 
of depth in the star-- ·-that is, a star whose pressure and density increase 
1n step with each other, as one moves deeper and deeper into the star, 
with a t percent increase in density always accompanied by the same 
fixed percentage increase in pressure. The details of the resulting stel
lar structures were contafued in Eddington's book The Internal Consti
tution of the &ars, which Chandrasekhar had brought on boord the ship 
because he treasured it so much. Thus, when Chandrasekhar discov
ered that white-dwarf matter has a resistance- to compression of 5h, 
independent of its density, he was pleased. He could now go directly 
to Eddington's book to discover Lite star's internal structure: the man
ner in which its density and pressure changed from surface to center. 

Among the things that Chandrasekhar discovered, by combining the 
formulas in Eddington's book with his own formulas, were the density 
at tile center of Sirius B, 360,000 grams per cubic centimeter (6 tons per 
cubic irlch), and th~ speed of the electrons' degeneracy motion there, 57 
percent of the speed of light. 

This electron speed was disturbingly large. Chandrasekhar, like R. 
H. Fowler before him, had computed the resistance of white-dwarf 
matter using the la~s of quantum mechanics, but ignoring the effects 
of relativity. However, when any object moves at almost the speed of 
light, even a particle obeying the laws of quantum mechanics, the 
effects ofspecjal relativity must become important. At 57 percent ofthe 
speed of light, relativity's effects might not be- too terribly big, but a 
more massive white dwarf with its stronger gra\'ity would require a 
larger central pressure to support itself, and the random speeds of its 
electrons would be correspondingly higher. In such a white dwarf the 
effects of relativity surely c.ould not he ignored. So ChandrasekhaT 
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returned to the starting point of his analysis, the calculation of the 
resistance to compression for white-dwarf matter, vowing to include 
the effects of relativity this time around. 

To include- relativity in the computation would require- meshing the 
laws of special relativity with the laws of quantum mechanics ··-a mesh 
that the great minds of theoretical physics were only then working out. 
Alone on the steamer and barely graduated from university, Cha.nd· 
rasekhar could not producE: that full mesh. However, he was able to 
produce enough to indicate the principal effects of high electron speeds. 

Quantum mechanics insists that when already dense matter is com
pressed a bit, making each electron's cell sma.ller than it was, the 
electron's wavelength must dC?Crease and correspondingly the energy of 
its degeneracy motion mllst increase. However, Chandrasekhar real
ized, the nature of the additional electron energy is different, depend
ing on whedler the electIon is moving slowly compared to light or at 
close to light speed. If the ele<..1.ron's motion is slow, then, as in every
day life, an increase of energy means more rapid motion, that is, higher 
speed. If the electron is already moving at close to light speed, however, 
there iff no way its speed can go up much (if it did, it would exceed the 
speed limit!), so the energy increase takes a different form, one unfa
miliar ill everyday life: The additional energy goes into inertia; that is, 
it increases the electron's resistance to being speeded up-· it makes the 
ejectIon behave as though it had become a bit heavier. These two 
different fates of the added energy (added speed versus added inertia) 
produce different increases in the electron's pressure, and thus different 
resistances to compression, Chandrasekhar deduced: at low electron 
speeds, a resistance of sA, the sarne as he had computed before; at high 
speeds, a resistance of ~. 

By combining his ~ resistance for relativistically degene,.ate matter 
(that is, matter so dense that the degenerate electrons move at nearly 
the speed of light) with the formulas given in Eddington's book, 
Chandrasekhar then deduced the properties of high-density, high-mass 
white d.warfs. The answer was astonishing: The high-density matter 
would have difficulty supporting itself against gravity--sufficient dif· 
iiculty that Ollly if the star's mass were less than that of 1 . ..f. Suns could the 
squeeze if gravity be counterbalanced This meant that no white dwarf 
could ever have a mass exceeding 1.4 solar masses! 

With his limited knowledge of astrophysics, Chandrasekhar was 
deeply puzzled about the meaning of this stra.nge result. Time and 
again Chandrasekhar checked his calculations, but he could find no 
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error. So, in the last few days of his voyage, he wrote two technical 
manuscripts for publication. In one he described his conclusions about 
the structure of low-mass, low-density white dwarfs such as Sirius B. In 
the other he explained, very briefly, his conclusion that no white dwarf 
can ever be heavier than 1.4 Suns. 

When Chandra~khar arrived in Cambridge, Fowler was out of the 
country. In September, when "Fowler returned, Chandrasekhar eagerly 
went to his office and gave him the two manuscripts. Fowler approved 
the first one and sent it to PI,ilo.mphicai Mag4zine for p1lblication, but 
the second one, the white-dwarf maximum mass, puzzled him. He 
could not understand Chandrasekhar's proof that no white dwarf can 
be heavier than 1.4 Suns; but then, he was a physicist rather than an 
astronomer, so he asked his colleague, the famous astronomer E. A. 
Milne, to look at it. When Milne couldn't understand the proof either, 
Fowler declined to send it for publication. 

Chandrasekhar 'was annoyed. Three months had passed since his 
arrival in England, and Fowler had heel! sitting on his paper for two 
months. This was too long to wait for approval to publish. So, piqued, 
Chandrasekhar abandoned his a.ttempts to publish in Britain and 
mailed the manuscript tQ the Astrophysical Journal ill America. 

After some weeks there came a response from the editor at the 
University of Chicago: The manuscript. had been sent to the American 
physicist Cal'l Eckart for refereeing. In the manuscript Chandrasekhar 
stated, without explanation, the result of his relativistic and quantum 
mechanical calculation, that the resistance to compression is 'loA at 
ultra-high densities. This .. ~ resistance was essential to the Jimit 011 

how heavy a white dwarf can be. If the resistance were larger than 
'loA, then white dwarfs could be as heavy as they wished--and Eckart 
thought it should be larger. Chandrasekhar fired off a r.eply containing 
a mathematical derivation of the 4,4 resistance; Eckart, reading the 
details, conceded that Chandrasekhar was right and approved his paper 
for publication. Finally, a full year after Chandrasekhar had VI,titten it, 
his paper got published:' 

The response of the astronomical community wa~ deafening silence. 
Nobody seeme<J interested. So Chandrasekhar, wanting to complete his 
Ph.D. degree, turned to other, more ac.ceptable research. 

10. In the meantime, Edmufld G. Stoller had independently derived and pub1ished the 
e:xistenr.e of the while-dwarf mallimuDl malIS, t.u~ his deriV"dtion was rather less <»nviJicing 
t..'lan Chandrasekhar's because it pretended the 'Itat had a ooostant dC!lSity througb<>ut :1:3 
interior. 
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Three years later, with his Ph.D. finished, Challdrasekhar visited 
Russia to exchange research ideas with Soviet scientists. In Leningrad a 
young Armenian astrophysicist, Viktor Amazapovich Anlbartsumian, 
toM Chandrasekhar that the world's astronomers would not believe his 
strange limit on the masses of white dwarfs unless he computed, from 
the laws of physics, the masses of a representative sample of white 
dwarfs and demonstrated explicitly that they were all below his 
c1aimed limit. It was not enough, Ambartsumian asserted, tha"t Chand
rasekhar had analyzed white dwarfs with :rather low densities and 
resistances of 5~, and white dwarfs with extremely high densities and 
resistances of +~; he needed also to analyze a goodly sample of white 
dwarfs with densities in between and show that they, too, always have 
masses below 1.4 Suns. Upon returning to Cambridge, Chandrasekhar 
took up Ambartsumian's challenge. 

One foundation that Chandrasekhar would need was the equation of 
state of white-dwarf matter over the entire range of densities, running 
from low to extremely high. (By the "state" of the matter, physicists 
mean the matter's dt?nsity and pressure-or equivalently its density 
and its resistance to compression, since from the resistance and the 
density one can compute the pressure. By "equation of state" is meant 
the relationship between the resistance and the density, that 1S, the 
resistance as a Junction of density.) 

In late 1934, when Chandrasekhar took up Ambartsumian's chal
lenge, thp. equation of state for white-dwarf matter was kllown, thanks 
to calculations by Edmund Stoner of Leeds University in England and 
Wilhelm Anderson of Tartu University in Estonia. The Stoner-Ander
son equation of state showed that, as the density of the white-dwarf 
matter is squeezed higher and higher, moving from the nonrelativistic 
regime of low densities and low electron speeds illto the relativistic 
domain of extr~mely high densities and electron speeds near the speed 
of light, the matter's resistance to compression decreases smoothly 
from 5h to 4~ (left half of Figure 4.3). The resistance could not have 
behaved more simply. 

To meet Ambartsumian's challE'.nge~ Chandrasekhar had to combine 
this equation of state (this dependence of resistance on density) with 
the star's law of balance between gravity and pressure, and thereby 
obtain a differential equation' descrihing the star's internal structure--

5. A differential equatioIl is one tha.t rombines in a single formula variOUlO fw:ctions and 
the;r rates of change, that ii, the f:mctioDs and ilieir "derivatives." ]n Chandrasekhar's differ
ential equatioIl, thf! funmons were the star's density and pressure and the strength of its 

1)) 



154 BLACK HOLES AND TIME WARPS 

~ .... 
II"l 
tJ1 2- 2-
~ 

.. 
~ 

.. 
l'r 

~ sill S ~ ~ • 

~ 
~ 

~ .I.: 
~ " - ·O~ 

• 'Va 
tfl ~ u 

0 i\ \0 "b~ 
c:r 

~ 

1- ~ ~){ f\ til 
1 tJ.l 

~ U 
~.,. ~ 

~ 
~ , 

\ ~ 
~ III 

~ ~ 
0 I, 1 , 0 

I . ~ 
10" 10" 10' 1 10~ 1.0 W 10' lO)/,) 

DENSITY, it\. ~5 pet' CENTIMETE1\:t CIltClJMF~CE. -itt 
l\ILOME.TElVl 

4.5 Lrjt: The Stoner--Anderson eqrUJ.lion o/Sklte for white·dwarf matler, that is, 
the relationship between the mauer's density and it'l resistance to compl'essfon. 
Plotted horizontally is the density to which the mattel' has been squce-.tt'd. Plotted 
verticaLly is its resistance (the perrentage increase of preuure that accompanies 
a 1 percent incl't'a8e of density). Along the curve is marked the squeeze pressure 
(equal to internal pre'lSure), in multiples of the pressure of the Earth's atmo
sphere. Right: The circumferences (plotted horizontally) and maases (plotted 
vertically) of white-dwarf stars as conaputed by Chandrasekhar using ]'A1dlns
ton's 8l'"clUnschweigeJ' mechanical calculator. Along the curve is marked the 
density of the maUer at the center of the star, in grams per r.ubie centimeter. 

that is, describing the variation of its density with distance from the 
star's center. He then had to solve that differential equation for a dozen 

or So stan that have central densities spanning the range from low to 

extremely high. Only by solving the dift'erential equation for each star 
could he learn the star's mass, and see whether it is lE'SS than 1.4 Suns. 

For stars with low or extremely high central density, which Chand

rasekhar had studied on t..1te steamer, he had found the solution to the 
differential equation and the resulting stellar structures in Eddington's 

gravity, and they wp.re functio.ns of distlmce flOIIl thp. star's center. The differential equation 
was a relation between these functions arid the rate dial rbey cha~ as one moves outward 
throllgh the star. By "solve the differential equation" is me-.mt "compute the functions them
selvl'a from this differential equation." 
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book; but for stars with intermediate densities Eddington's book was of 
no help and, despite great effort, Chandrasekhar was 110t able to deduce 
the solution using mathematical formulas. The mathematics was too 
complicated. There was no recourse but to solve his differential equa
tion numerically, on a computer. 

Now, the COlnputets of 1954 were very different from those of the 
19905. They were more like the simplest of pocket calculators: They 
could only multiply two numbers at a time, and the user had to enter 
those numbers by haud, then tum a crank. The crank set into motion a 
complicated mm.-ass of gears and wheels which performed the multi
plication and gave the answer. 

Such computers were precious machines; it was very hard. to gain 
aCCess to Olle. But Arthur Eddington oW'oed one, a "Braunschweiger" 
about the size of an early 19905 desk-top personal computer; so Chand
rasekhar, who by DoW had become welJ acquainted widl the great man, 
went to Eddington and asked to borrow it. Eddington at the time was 
embroiled in a controversy with Milne over wllite dwarfs and was 
eager to see the full details of white-dwarf structure worked out, so he 
let Qlaudrasekhar cart the Braunschwe.iger off to the rooms in Trinity 
College where Chandrasekhar was living. 

The calculations were long and ~dious. Each evening after dinner 
Eddington, who was a fellow of Trinity College, would ascend the 
stairs to Chandrasekhar's TOoms to see how tlley were coming and to 
givp. him encouragement. 

At last, after many days, Chandrasekhar finish~d. He had Inet Am
bartsumian's challenge. F'or each of ten representative white-dwarf 
stars, he had computed the internal structure, and then from it the 
star's total mass and its circumference. All the masses Wf!re less than 1.4 
Suns, as he had firmly expected. Moreover, when he plotted the stars' 
masses and circumferences on a diagram and "connected the dots," he 
obtained a single, smooth curve (right half of Figure 4.5; see also Box 
4.2), and thp. measured masses and circumferences of Sirius B and other 
knowIl white dwarfs agreed with that curve moderately well. (With 
improved, modern astronomical ob..'1ervations, the fit has become much 
better; note the new, 1990 values of the mass and circumf(!cence of 
Sirius B in Figure 4,.3.) Proud of his results and anticipating that the 
world's astronomers would finally accept his claim that white dwarfs 
cannot be heavipI than 1.4 Suns, Chandrasekhar was very happy. 

Especially gratifying would be the opportunity to prt~seDt these re
sults to the R.{)yal Astronomical Society in London. Chandrasekhar was 
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scheduled for a presentation on Friday, 11 January 1935. Protocol dic
tated that the details of the meeting's program be k.ept secret until the 
meeting started, but Miss Kay Williams, the assistallt secretary of the 
Society and a friend of Chandrasek.har's, was in the habit of sending 
him programs secretly in advance. On Thursday evening when the 
program arrived in the mail, he was SUrpri3ed to discover that imrnedi
ately following his own talk there would be a talk by Eddington on the 
subject of "Relativistic Degeneracy." Chandrasekhar was a little an
Iloyed. For the past few months Eddington had been coming to see him 
at least once a week about his work and had been reading drafts of tht-

Box 4.2 

An Explanation of the Masses and Circumferences 
of White-Dwarf Stars 

To understand qualitatively why white dwarfs have the masses and cir· 
cumferences shown in Figure 4.3, examine the drawing below. Jt shows 
the average pressure and gravity inside a white dwarf (plotted upward) as 
functions of the star's circumference (plotted rightward) or density (plot
ted leftward). If one compresses the star, SO its density increases and its 
circmnference decreases {leftward motion jn the drawing), then the star's 
pressure goes up in the manner of the solid curve, with a sharper rise at 
low densitil's where the resistance to compression is 5/3, and a slower rise 
at high densities where it is 4/3. This same compression of the sta.r causes 
the star's surface to move in toward its center, thereby increasing the 
strength of the star's internal gravity in the manner of the dashed lines. 
The rate of gravity's increase is analogous to a 4/3 resistance: There is a 
4/3 percent increase in gravity's strength for each 1 percent compression. 
The drawing show~ several dashed gravity lines, one for each value of the 
star's mass, because the greater the star's mass, the stronger its gravity. 

Inside each star, for example a 1.2-so1ar-rnass star, gravity and pressure 
must balance each other. The star, therefore, must reside at the intersec
tion of the dashed gravity line marked "1.2 solar masses" and the solid 
pressure curve; this L."ltersection determines the star's circumference 
(marked on bottom of graph). If the circumference were larger, then the 
star's dashed gravity line would be above its solid pressure curve, gravity 
would. overwhelm pressure, and the star would implode. If the circumfer
ence were smaller, pressure would overwhelm gravity, and the star would 
explode. 

(concinued next page) 



(Box +.2 continued) 

The intersections of the sevE>Ial dashed lines with the solid curve corre
spond to the masses and circumferences of equilibrium white dwarfs, as 
shown in t..l,.e right half of Figure 4.3. For a star of smal1 mass (lowest 
dashed line), the t.'ircumference at the intersection is large. For a star of 
higher mass (higher dashed lines), the circumference is smalier. For a sta'r 
with mass abm·-e 1.4 Suna., there is no intersection whatsoever; the dashed 
gravity line is always above the solid pressure curve, so gravity always 
overwhelms pressure, no matter what the star's circumference may be, 
forcing the star to implode. 

o '00-0 -Cll\CUMF.E'R,.ENCE-

articles he was wntmg, but never once had Eddington mentioned 
doing any research of his own on the same subject! 

Suppressing his annoyance, Chandrasekhar went down to dinner. 
Eddington was there, dining at high table, but. protocol dictated that, 
just because you knew so eminent a man, and just because he had been 
expressing an interest in your work, you did not thereby have a right to 
go bother him about such a matter as this. So ChaJldrasekhar sat down 
elsewhere and held his tongue. 

After dinner Eddington himself sought Challdrasekhar out and said, 
"I've asked Smart to give you half an hour tomorrow instead of the 
customary fifteen minutes." Chandrasekhar thanked him and waited 
for him to say something about his own talk, but Eddington just ex
cused himself and left. Chandrase~har's annoyance acquired an anx
ious twinge. 
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The Battle 

The next morning Chandrasekhar took the train down to London and 
a taxi to Burlington House, the home of the Royal Astronomical Soci
ety. While he and a friend, Bill McCrae, were waiting for the meeting 
to start, Eddington came walking by, and McCrae, having just read the 
program, asked, "Well, Professor Eddington, what are we to u.nder
stand by 'Relativistic Degeneracy,?" Eddington, in reply, turned to 
Chandrasekhar and said, "That's a surprise fOT you," and walked off 
leaving Chandrasekha:r even more anxious. 

I Lit: Arthur Stanley Eddington in 1952.liighl: Subrahmanyan Chandrasekhar in 
1934. !Left: (,"('uTlesy UJ>l/Bctullann; right; courtesy S. Chandrasekhar.i 
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At last the meeting It'farted. Time dragged by as the Society presi
dellt made various announcements, and various astronomers gan~ mis
cellaneous talks. At last it was Chandrasek.har'~ turI}. Suppressing his 
anxie-ty, he gave an impeccable presentation, emphasizing particularly 
his maximum mass fOT white dwarfs. 

After polite applause from the fellows of the Society, the president 
invited Eddington to speak. 

Eddington began gently, by reviewing the history of white-dwarf 
resean:h. Then, gathering steam, he described the disturbing implica
tions of Chculdrasekhar's maximllm-mass result~ 

In Chandrasekhar's diagram of the mass of a star plotted vertically 
and its circumference plotted horizontally (Figure 4.4), there is only 
one set of masses and circumferences for which gravity can be counter
balanced by nonthE'rmal pressure (pressure that remains after the star 
turns cold): that of white dwarfs. In the region to the left of Chand. 
rasekhar's white-dwarf curve (shaded region; stars with smaller cir
cumferences), the star's nonthermal degeneracy pressure completely 
overwhelms gravity. The degeneracy pressure will drive any star in the 
shaded region to explode. In the region to the right of the white·dwarf 
curve (white region; stars with larger circumferences), gravity com
pletely overwhelms the star's degeneracy pressure. Ally cold star which 
finds itself in this region will immediately implode under gravity's 
squeeze. 

The Sun can live in the white region only because it is now very hot; 
its thermal (heat· induced) pressure manages to counterbalance its 
gravity. However, when the Sun ultimately (,'OOls down, its th~rmal 
pressure wiU disappear and it no longer will be able to support itself. 
Gravity will force it to shrink smaller and smaller, squeezing the Sun's 
electrons into smaller and smaller cells, until at last they protest with 
enough degenerac)' pressure (nonthermal pressure) to halt the shrink· 
age. During this shrinkage "death," the Sun's mass will remain nearly 
constant, but its circumference will decrease, so it will move leftward 
on a horizontal line in Figure 4.4, finally stopping oIl the white·dwarf 
curve-its grave. There, as a white dwarf, the Sun will colltinue to 
l'eside forever, gradually rooling and becoming a black dwarf-a rold, 
dark, solid object about the size of the Earth but a million times heavier 
and denser. 

This ultimate fate Qf the Sun seemed quite satisfactory to Edding
ton. Not so. the- ultimate fate of a star more massive than Chandrasek
har's white-dwarf limit of 1.4 solar masses-- for example, Sirius, the 
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2.o-so1ar-mass cornpanion of Sirius B. If Chandrasek.har were right, 
such a star could never die the gentle death that awaits the Sun. When 
the radiation it emits into space has carried away enough beat for the 
star to begin to cool, its thermal pressure "--ill dedine, and gravity's 
squeeze will m.ake it shrink smaller and smaller. For so massive a star 
as Sirius, the shrinkage cannot be halt.ed by nonthermal degeneracy 
pressure. This is dear from Figure 4.4, where the shaded region does 
not extend high enough to intercept Slrius's shrinking track. Edding
ton fouIld this prediction disturbing. 

"The star has to go 011 radiating and radiating al1d (:ontl'acting and 
contracting," Eddington told his autiien('R., "until, J suppose, It gets 
down to a few kilomete1'8 radius, when gravit) becomes strong enough 
to hold in the radiation, and the star can at last find peace." (In the 
words of the 1990s, it must fann a black hole.) "Dr. Chandrasekhar had 
got this result before, but he has rubbed it in in his last paper; and, 
when discussing it with him, I felt dri\'en to the conclusion that this 
was almost a reductio ad absurdwn of the relativistic degeneracy fOI

D1ula. Various accidents may intervene to eave the star, but J want 
more protection than that. I tbink there should be a law of Nature to 
prevent a star from behaving in this absurd way?" 

Then Eddington argued that Chandrasekhar's mathematical proof 
of his result could not be trusted hea.use it was based on an inade
quat~ly sophisticated meshing of special relativity with quantum me
chanics. "I do not regard the offspring of such a union as born in lawful 
wedlock," E.ddington said. "1 feel satisfied myself that [if the meshing 
is made correctly). the relativ)ty corrections are compensated, so that 
we come back to the 'ordinary' formula" (that is, to a 5A resistance, 
which would permit white dwarfs to be arhitrarily massjve and thereby 
would enable pressure to halt the contractioll of Sirius at the hypotheti
cal dotted Cl1rve in Figllre 4.4). Eddington then sketched how he 
thought special relativity a.nd quantum mt.'Chani('JI should be meshed, a 
rather differem kind of mesh than. Chandrasekbar, Stoner, and .I\xlder
lion had used, and a mesh, Eddington claimed, that would save aU ~tat6 
frorn the black-hole fate. 

Chandrasekhar was shocked. He had never expected such an attack 
on hill work. Why had EddingtOl\ not di.s(;ussed it with him in advance? 
And as for Eddington's argument, to Challdrasekhar it looked spe
ciou~-almost certainly wrong. 

N ow, Arthur FAdington was the great man of British astronomy. His 
discoveries were I1lmost legendary. He was largely responsible for as-
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4.4 When a nOl'Dlal 101ar such as lhe Sun or Sirius (not Sirius R) starts to cool 
off, it must shrink, movq lefhnU'd in this diagram of mass versus circumfer·· 
enct'. The shrinkage of the Sun will stop when it reaches the edge of the shaded 
region (the white-dwarf curve). There degeneracy pressure balances gravity's 
squee7..e. The shrinkage of Sirius, by contrast, cannot be so stopped because it 
never reaches the edge of the shaded region. See Box 4.2 for a different depiction 
ofthese conclusions. If. as Eddington claimed, white-dwarf matter's resistance to 
compression were alwayS 51S, that is, if relativity did not reduce it to 4/3 at high 
densities. then the graph of mass versus circumf~nce would have the form of 
the faint dotted curve, and the shrinkage of Sirius would stop there. 

tronomers' understanding of normal stars like the Sun and Sirius, their 
interiors, their atmospheres, and the light that they emit; so, naturally, 
the fellows of the Society, and astronomers throughout the world, lis
tened with gTeat respect. Clearly, if Eddington thought Chanch-asek
har's analysis incorrect., then it must be incorrect. 

After the meeting, one fellow after another caIne up to Chandrasek
har to offer condolences. "I feel it in my bones that Eddington is right," 
Milne told him. 

The next day, Chandrasekhar began appealing to his physicist friends 
for help. To Leon Rosenfeld in Copenhagen, he wrote, "If Eddington is 
right, my last four months' work all goes in the fIre. Could Eddington 
be right? I should very much like to know Bohr's opinion." (Niels Bohr 
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was one of the fathers of quantum mecban.ics and the most respected 
physicist of the 19305.) Rosenfeld replied two days later, with assur

ances that he and Bohr both \'\'l'.fe- convinced that Eddington was VI'Tong 

and Chandrasekhar right. "1 may say that YOllr letter was some !;urprise 
for me," he wrote; "for nobody had ever dreamt of questioning the 
equations [that you used to derive the "A resistance J and Eddington's 
remark as reported in your letter is utterly obscurE'. So I think you had 
better cheer up and not let you scare [sic] so much by high priests." In 
a follow-up letter Oll the same day, Rosenfeld wrote, '·Bobr and I are 
absolutely unable to see any meaning i.n Eddington's statements." 

But for astrOl\omers, the matter was flot SO dear at first. Thev bad 110 
expertise ill tht>.5E.' issues of quantum mechanics and relativity, so Ed
dington's authority held sway amongst them for seveI"dl years. More· 
over, Eddington stuck to bis gunlS. He was so blinded by his opposition 
to black. boles that his judgment was totally clouded. He so deeply 
wanted there t.o "be a law of Nature to prevent a star from behaving in 
this ab!lurd way" that he continued to bE-lieve for the rest of his Ufe that 
there is such a lavv- -when, in fact, there is none. 

By the late 19508, astronomers, having talked to their physicist col
leagues, understood Eddington's elT6T, but their respect for his enor· 
mous earlier achievements prevented them frQm sayillg so in public. In 
a lecturtl at an astro110my (:onference it} Paris in 1939, Eddington once 
again atta.cked Chandrasekhar's coltclusions. As Eddington attacked, 
Chandrasek.har passed a note to Henry Norris Rossell (a famous astron
omer from Princeton University in Americ-a), who was presiding. 
Challdrasekhar's Ilote asked for permission to reply. Rllssell passed 
back a note of his own saying, "I preter you don't," even though earlier 
in the day I\ussell had told Chandrasekhar privately, "Out there we 
don't believe in Eddingt()n." 

W"ith the world's leading astrooomers having finaUy- -at least be· 
hind Eddingtonts ba.ck.--aC<!epted Chandrasekhar's maximum mass for 
white dwarfs, were they then ready to admit that black holes might 
most in the real Universe? Not at aU. If nature provided no law against 
them llf the sort that Eddington had sought, then naturt' would surely 
find another way Out: Presumably, every massive star wou1d ejf!t"t 
enough matter into interstellar spa('.e, as it ages or during its death 
throes, to reduce its mass below 1.4 Suns and thereby enter a safe, 
white-dwarf grave. This was the view to which .roost astronomers 
turned when Edd.ington lost his battle, :md they adhered to it through 
the 19408 and 1950s, and int.o the early 19605. 
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As for Chandrasekhar, he was badly burned by the controversy with 
Eddington. As he recalled some forty years later, "I felt that astrono
mers without exception thought that I was wrong. They considered me 
as a sort of Don Quixote trying to kill Eddington. As you can imagin~, 
it was a very discouraging experience for me-to find myself in a 
controversy with the leading figure of astronomy and to have my work 
completely and totally discredited by the astronomical community. I 
had to make up my mind as to what to do. Should T go on the rest of my 
life fighting? After all I was in my middle twenties at that time. I 
foresaw for myself some thirty to forty years of scientific work, and T 
simply did not think it was productive to constantly harp on something 
which was done. It was much better for me to change my field of 
interest and go into something else." 

So in 1939 Chandrasekhar turned his back on white dwarfs and 
stellar death, and did not return to them for a quarter century (Chapter 
7). 

And what of Eddington? Why did he treat Chandrasekhar so badly? 
To Eddington, the treatment may not have seemed bad at all. Rough
and-tumble, freewheeling intellectual conflict was a way of life for 
him. Treating young Chandrasekhar in this manner may have been, in 
some sense, a measure of respect, a sign that he was accepting Chand
rasekhar as a member of the astronomical establishment. In fact, from 
their first confrontation in 1935 until Eddington's death in 1944, Ed
dington displayed warm personal affecti~n for Chandrasekhar, and 
Chandrasekhar, though hurned by the controversy, reciprocated. 
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Implosion 
Is Compulsory 

in which even lite nuclear force, 
supposedly the strongest oj aU/orees, 

cannot resist the crush of gravity 

Zwicky 

In the 19308 and 19405, many of Fritz Zwicky's colleagues regarded 
him as an irritating buffoon. Future generations of astronomers would 
look back on him as a creative genius. 

"By the time I knew Fritz in 1933, he was thoroughly convinced that 
he had the inside track to ultimate knowledge, and that everyone else 
was wrong," says William Fowler, then a student at Caltech (the Cali
fornia Institute of Technology) where Zwicky taught and did research. 
Jesse Greenstein, a Caltech colleague of Zwicky's from the late 1940s 
onward, recalls Zwicky as "a self-proclaimed genius .... There's no 
doubt that he had a mind which was quite extraordinary. But he was 
also, although he didn't admit it, untutored and not self-controlled . 
. . . He taught a course in physics for which admission was at his 
pleasure. If he thought that a person was sufficiently devoted to his 
ideas, that person could be admitted. . . . He was very much alone 
[among the Caltech physics faculty, and was] not popular with the 
establishment. ... His publications often included violent attacks 011 

other people." 
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Zwicky-a stocky, cocky man, always ready for a fight --did not 
hesitate to proclaim his inside track to ultimate knowledge, or to tout 
the revelations it brought. Itllecture after lecture during the 1930s, and 
article after published article, he trumpeted the concept of a neutron 

star--a concept that he, Zwicky, had invented to explain the origins of 
the most energetic phenomena seen by astronomers: supernovae, and 
cosmic rays. He even went on the air in a nationally broadcast radio 
show to popularize his neutron stars. But under dose scrutiny, bis 
articles and lectures were unconvincing. They contained little substan
tiation for his ideas. 

It was rumored that Robert Millikan (the man who had built Cal
tech into a powerhouse among science institutions), when asked in the 
midst of all this hoopla why he kept Z.wicky at Caltech, replied that it 
just migllt turn out that some of Zwicky's far-out ideas were right. 
Millikan, unlike some others in the science establishment, must have 
seen hints of Z.wicky's intuitive genius··a genius that became widely 

Fritz Z",icky among a gathering of scientists at Caltecb in 1931. Also in the 
photograph are Richard Tolman (who will be an important figure later in this 
chapter), Robert Millikan, and Albert Einstein. (Courtesy of 'he Archives, California 
Institute of Technology.j 
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recogllized only thirty-five years later, when observational astronomers 
discovered real neutron stars in the sky and verified some of Zwicky's 
extravagant claims about them. 

Among Zwicky's claims, the most relevant to this hook is the role of 
neutron stars as stellar corpses. Ars we shall see, a normal star that is too 
mass'lve to die a white··dwarf death may die a neutroll-star death in
stead. If all mas..'1ive stars were to die that way. then the universe 
would be saved from the JIlost outrageous of hypothesi7.ed stellar 
corpSel;: black holes. With light stars bt1L'Oming white dwarfs when they 
die, and heavy stars becomillg neutron stars, there would be no way for 
nature to make a black hole. Einstein and Eddington, and most physi
<:ists and astl'onorners of their era, wlmld heave a sigh of r.elief. 

Zwicky had been lured to Caltech 'In 1925 by Millikan. Millikan 
expe(:ted him to do theoretical research OIl the quantum medl.anica1 
structures of atoms and crystals, but more enId mort' during the late. 
r 920s and early 1930s, Zwicky was drawn to astrophysi(~. It was hard 
not to be entrancE'd by the astronomical Universe when one worked in 
Pasadena, the home not only of Caltech but also of the Mount 'Wilson 
Observatory, which had the world's largest telescope, a J'eflector 2.5 
meter.s (100 inches) in diameter. 

In 1931 Zwicky latched on to Walter Baade, a new arrival at Mount 
Wilson fz'om Hamburg and Gott.ingen and a superb observational as
trOll0mer. Baade and Zwick,y shared a conunon cultural ba.ckground: 
Baade was German, Zwicky was S'Aiss, and both spoke German as their 
native language. They also shared respect for each other's brillian(:e. 
But there the L'Ommonality ended. Baade's temperament was 'different 
fr.om Zwicky's. 'lie was resel'ved, proud, hard to get to k.now, univer
sally well informed-and tolerant of his colleagues' pecuHarities. 
Zwick.y would test 'Baade's tolerance during the coming years until 
finally, during World War II, he and Zwicky would split violently. 
"Zwic.ky called Baade a Nazi, which lle wasn't, and Baade said he was 
afraid that Zwicky would kill him. They became a dangerous pair to 
put in the same room," recalls JE".s8e Greenstein. 

During 1932 and 1933, Baade and Zwicky were often seen in 
Pasadena, i1Ilimated1y (''Onversing in German abollt stars called 
"novae," whi<:h suddenly flare up and shine 10,000 times mor~ brightly 
than before; and then, after about a month, slowly dim down to nor· 
malcy. Baade, with his encyclopedic knowledge of astronomy, 'was 
awaTe of tentative evidence that, in addition to these "ordinary" novae, 
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there might also be unusual, rare, superluminous novae. Astronomers 
at first had not suspected that those novae were superluminous, since 
they appeared through telescopes to be roughly the same brightness as 
ordinary novae. However, they resided in peculiar nebulas (shining 
"clouds"); and in the 19205, observations at Mount Wilson and else
where began to convince astronomers that those nebulas were t10t 

simply clouds of gas in our own Milky Way galaxy, as had been 
thought, but rather were galaxies in their own right-giant assem
blages of nearly 101j (a trillion) stars, far outside our own galaxy. The 
rare novae seen in these galaxies, being so much farther away than our 
own galaxy's ordinary novae, would have to be intrinsically far more 
luminous than ordinary novae in order to have a similar brightness as 
seen from Earth. 

Baade collected from the published literature al1 the observational 
data he could find about each of the six superluminous novae that 
astronomers had seen since the turn of the C'..entury. These data he 
combined with all the observational information he could get about 
the distances to the galaxies in which they lay, and from this combina
tion he computed how much light the superluminous novae put Out. 
His conclusion was startling: During flare-up these superluminous 
novae were typically 1011 (100 million) times more luminous than our 

The galaxy NGC 4725 in the c()nstellation Coma Berenices. Left: As photo-
8I'apbed on 10 May 1940, before a supernova outburst Right: On 2 January 1941 
during tbe supernova outbursL The white line poinL~ to the SUI)eMlova, in the 
ouler reaches of the galaxy. This galaxy is now known to he 50 million light
years from Earth and to contain 3 x 10" (a third of a trillion) stars. :.Counesy 
California Institute of Technology. J 
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Sun! (Today we know, thaIlks largely to work in 1952 by Baade him
self, that the distances were "underestimated in the 1930s by nearly a 
factor of 10, and that correspondingly1 the sllperluminous novae are 
nearly 1010-10 billion-" times more luminous than our Sun.) 

Zwicky, a lover of extremes, was fascinated by these superluminous 
novae. He and Baade discussed them endlessly and coined for them the 
name supernovae. F..aeh supernova, they presumed (correctly), was pro
duced by the explosion of a normal star. And the explosion was so hot, 
they suspected (this time incorrectly), that it radiated far more energy 
as ultraviolet light and X-rays than as ordinary light_ Since the ultravi
olet light and X-rays c.()uld not penetrate the Earth's atmosphere, it was 
impossible to meaSlu-e just how much energy they contained. However, 
one could try to estimate their energy from the spectrum of the ob
served light and the laws of physics that govern the hot gas in the 
exploding supernova_ 

By combining Baade's knowledge of the observations and of ordi
"nary novae with Zwicky's understanding of theoretical physics, Baade 
and Zwicky concluded (incorrectly) that the ultraviolet radiation and 
X-rays from iii supernova must carry at least 10,000 and perhaps 10 
million times more enf'Igy even than the visible light. Zwicky, with his 
love of extrem~, quickly assumed that the larger factor, 10 million, 
was correct and quoted it with enthusiasm. 

This (incorrect) factor of to millioll mp.ant that during the sever'dl 
days that the Sllpernova was at its brightest, it put out an enormOllS 
amount of energy: roughly a hundred times more energy tha.n our Sun 
wil1radiate in heat and light. during its entire 10-billion-year lifetime. 
This is about as much energy as one wOllld obtain if one CQuid convert 
a tenth of the mass of our Sun into pure, luminous energy! 

(Thanks to decades of subsequent observational studies of super
novae --many of them by Zwicky himself-we now know that the 
Baade-Zwicky estimate of a supernova's energy was not far off the 
mark. However, we also know that their calculation of this energy was 
badly flawed: Almost all the outpouring energy is ('.arried by partides 
called neutrinos and not by X-ray and ultraviolet radiations as they 
thought. Baade and Zwicky got the right answer purely by luck.) 

VVhat could be the origin of this enormous supernova enp.rgy? To 
explain it, Zwicky in.vented the neutron star. 

1. Thp. arnou.:lt of light CE'Ceived at Earth is inversely propo>rtional to the sqwzre of t11l~ 
distance to thE' SlIpl".rnova, 80 a factor 10 error in distance znea!'It a factar 100 error in Baade's 
estimate of the total Iight output. 
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Zwicky was interested in all branches of physics and astronomy, and 
he fancied himself a philosopher. He tried to link together all phenom
ena he encountered in what he later called a "morphological fashion." 
Tn t 932, the most popular of all topics in physics or astronomy was 
nuclear physics, the study of the nuclei of atoms. From there, Zwicky 
extracted the key ingredient for his neutron-star idea: the concept of a 
neutron. 

Since the neutroll will be so important in this chapter and the next, I 
shall digress briefly from Zwicky and his neutron stars to describe the 
discovery of the neutron and the relationship of neutrons to the struc· 
ture of atoms. 

After formulating the "new" laws of quantum mechanics in 1926 
(Chapter 4), physic'ists spent the next five years using those quantum 
mechanical laws to explore the re.alm of the small. They unraveled the 
mysteries of atoms (Box 5.1) and of materials such as molecules, met
als, crystals, and white-ewarf matter, which are made from atoms. 
Then, in 1931, physicists turned their attention inward to the cores of 
atoms and the atomic nuclei that reside there. 

The nature of the atomic nucleus was a great mystery. Most physi
cists thought it was made from a handful of electrons and twice as 
many protons, bound together in some as yet ill-understood way. How
ever, Ernest Rutherford in Cambridge, England, had a different hy
pothesis: protons and neutrons. Now, protons were already known to 

exist. They had been studied in physics experiments for decades, and 
were known to be about 2000 times heavier than electrons and to have 
positive electric charges. Neutrons were unknown. Rutherford had to 
postulate the neutron's existence in order to get the laws of quantum 
mechanics to explain the nucleus successfully. A successful explanation 
required three things: (1) F..ach neutron must have about the same mass 
as a proton but have no electric charge, (2) each nucleus must contain 
about the same number of neutrons as protons, and (3) all the neutrons 
and protons must be held together tightly in their tiny nucleus by a 
new type of force, neither electrical nor gravitational-a force called, 
naturally, the nuclearforce. (It is now also called the strontJforce.) The 
neutrons and protons would protest their confinement in the nucleus 
by claustrophobic, erratic, high-speed motions; these motions would 
produce degeneracy pressure; and that pressure would counterbalance 
the nuclear force, holding the nucleus steady at its size of about 10-iS 

centimeter. 
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Box 5.1 

The Internal Structures of Atoms 

An atom consists of a cloud of electrons surrounding a central, mas..~ive 
nucleus. The electron cloud IS roughly 10-8 centimeter in size (about a 
millionth the diameter of a human hair), and the nucleus at its core is 
100,000 times smaller, roughly 1 O·u centimeter; see the diagram below. If 
the electron cloud were enlarged to the size of the Earth, then the nucleus 
would become the size of a footballlield. Despite its tiny size, the nucleus 
is several thousand times heavier than the tenuous electron cloud. 

The negatively charged electrons are held in their cloud by the electri
cal pull of the positively charged nucleus, but they do not fall into the 
nucltms for the same reason as a white-dwarf star does not implode: A 
quantum mechanical law called the Pauli exclusion principle forbids 
more than two electrons to occupy the same region of space at the same 
time (two can dD so if they have opposite "spins," a subtlety ignored in 
Chapter 4). The cloud's electrons therefore get pairecl together in cells 
('aIled "orbitals." Each pair of electrons, in protest against being confined 
to its small cell, undergoes erratic, high.speed "claustwphobic" motions, 
like those of electrons in a white·dwarf star (Chapter 4). These motions 
give rise to "electron degeneracy pressure," which co\mteracts the ~leL'tri· 
cal pull of the nucleus. Thus, one can think of the atom as a tiny white
dwarf star, with an electric force rather than a gravitational force pulling 
the electrons inward, and with electron degeneraL'Y pressure pushing them 
outward. 

The right-hand diagram below sketches the structure of the atomic 
nucleus, as discussed in the te"t; it is a tiny cluster of protons and neutrons, 
held together by the nuclear force. 

ATOM NUCLEUS 

'A few"" to-1t> 
c e&:rU:tltt Eft <'!It' 
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In 1931 and early 1932, experimental physicists competed vigor
ously with each other to tp..st this description of the nucleus. The 
method was to try to knock some of R.utherford's postulated neutrons 
out of atomic nuclei by bombarding the nuclei with high-energy radia
tion. The competition was won in Ii'ebruary 1932 by a member of 
Rutherford's own experimental team, Jamp.s Chadwick. Chadwick's 
bombardment succeeded, neutrons emerged in profusion, and they had 
just the properties that Rutherford had postulated. The discovery was 
announced with fanfare by newspapers around the world, and natu
rally it caught Zwicky's attention. 

The neutron arrived on the scene in the same year as Baade and 
Zwicky were struggling to understand supernovae. This neutron was 
just what they needed, it seemed to Zwicky. Perhaps, he reasoned, the 
core of a normal star, with dE".Dsities of, say, 100 grams per cubic centi
meter, could be made to implode until it reached a density like that of 
an atomic nucleus, 1014 (100 trillion) grams per cubic centimeter; and 
perhaps the matter in that shrunken stellar core would then transform 
itself into a "gas" of neutrons---a "neutron star" Zwicky called it. If so, 
Zwicky computed (correctly in this case), the shnmken core's intense 
gravity would bind it together so tightly that not only would its cir
cumference have been reduced, but. so would its mass. The stellar core's 
mass would now be 10 percent lower than before the implosion. Where 
would that to percent of the core's mass have gone? Into explosive 
energy, Zwicky reasoned (correctly again; see Figure 5.1 and Box 5.2). 

If, as Zwicky believed (correctly), the mass of the shrunken stellar 
core is about the same as the mass of the SUD, then the 10 percent of it 
that is converted to explosive energy, when the core becomes a neutron 
star, would produce 1()46 joules, which is close to the energy that 
Zwicky thought was needed to power a supernova. The explosive en
ergy might beat the outer layers of the star to an enormous tempera
ture and blast them off into interstellar space (Figure 5.1), and as the 
star exploded, its high temperature might make it shine brightly in 
just the manner of the supernovae that he and Baade had identified. 

Zwicky did not know what might initiate the implosion of the star's 
core and convert it into a neutron star, nor did he know how the core 
might behave as it imploded, and therefor~ he could not estimate how 
long the implosion would take (is it a slow contraction or a high-speed 
implosion?). (When the full details were ultimately worked out in the 
19605 and later, the core turned out to implode violently; its own 
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5.1 Fritz Zwicky's hypothesis for trWi'il18 8upemova ~.xplosions: The super· 
nova's explosive enersy comes from the implosion of 8 star's normal· density core 
to form a neutron star. 

Box 5.2 

The Equivalence of Mass and Energy 

Mass, according to Einstein's special relativity laws, ;s just Ii very cODI.pact 
form of energy. It is possible, though how is iii nontrivial issue, to convert 
any mass, including that of a person, into explosive energy. ThE' amount of 
ene"tgY that comes from such conversion is enormous. It is given by Ein
stein's famous fonnula E :::: Me'!}., wheTe E is the explosive energy, .litl ill 
the mass t.ltat gets converted to energy, and e = 2.99792 X 10' meters per 
second is the speed of light. From the 75-kilogram mass of a typical person 
this fonnula predicts an explosive energy of 7 X 10'8 joules, which is 
thirty times larger than the energy of the most powerful hydrogen bomb 
that has ever been exploded. 

The conversion of mass int.o heat or into the kinetic energy of an 
explosion underlies Zwicky's explanation for superno"ae (Figure 5.1), the 
nuclear burning that keeps the Sun hot (later in this chapteT), and nuclear 
explosions (next chapter). 
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intense gravity drives it to implode from about the size of the Earth to 
100 kilometers circumference in less than to seconds.) Zwicky also did 
not understand in detail how the energy from the core's shrinkage 
might create a supernova explosion, or why the debris of the explosion 
would shine very brightly for a few days and remain quite bright for a 
few months, rather than a few seconds or hours or years. However, he 
knew-' or he thought he knew-that the energy released by forming a 
neutron star was the right amount, and that was enough for him. 

Zwicky was not content with just explaining supernovae; he wanted 
to explain everything in the Universe. Among all the unexplained 
things, the one getting the most attention at Caltech in 1932-1933 was 
cosmic rays--high-speed particles that bombard the Earth from space. 
Caltech's Robert Millikan was tbe world leader in the study of cosmic 
rays and had given them their name, and Caltech's Carl Anderson had 
discovered that some of the cosmic-ray particles were made of antimat· 
ter.~ Zwicky, with his love of extremes, managed to convince himself 
(correctly it turns out) that most of the cosmic rays were coming from 
outside our solar system, and (incorrectly) that most were from outside 
our Milky Way galaxy-indeed. from the most distant reaches of the 
Universe-and he then convinced hi.mself (roughly correctly) that the 
total energy carried by all the Universe's cosmic rays was about the 
same as the total energy released by supernovae throughout the Uni
verse. The conclusion was obvious to Zwicky (and perhaps correctS): 
Cosmic rays are made in supernova explosions. 

It was late 1933 by the time Zwicky had convinced himself of these 
connections between supernovae. neutrons, and cosmic rays. Since 
Baade's encyclopedic knowledge of observational astronomy had been 
a crucial foundation for these connections, and since many of Zwicky's 
calculations and much of his reasoning had been carried out in verbal 
give-and-take with Baade, Zwicky and Baade agreed to present their 
work together at a meeting of the American Physical Society at Stan
ford University, an easy day's drive up the coast from Pasadena. The 
abstract of their talk, published in the 15 January t934 issue of the 

2. .\ntimalter gets its name from the fact that when a particle of matter meet~ a particle of 
Ilntimatter, they annihilate caeb other. 

~. Tl tu:::ns out that COI>mit, rays ate made ill many different ways. It is not yet known which 
way prod uoet the most eosin ic rays, but Ii ~trong potRIibiiity is the acceleration of particles to 
high speeds b} shock wa'l<'eS ill gas.cloml remnants of supernova explosions, long after the 
el'plosions aTe finished. If thill is the case, then ill an indire<.1: sense Zwicky was correct. 
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Physical Review, is shown in Figure 5.2. It is one of the most prescient 
dOI..'UIIlelIts in the history of physics and astronomy. 

It asserts unequivocally the existence of supernovae as a distinct 
class of astronomical objects-·although adequate data to prove finnly 
that they are different from ordinary novae would be proouced by 
Raade and Zwicky only four years latP.r, in 1938. It introduces for the 
first time the name "supernovae" for these objec:ts. It estimates, cor
rectly, the total energy released in a supernova. It suggests that cosmic 
rays are produced by supel'llovae-a hypothesis still thought plausible 
in t 993, but not firmly established (see Footnote 3). It invents the 
concept of a star made out of neutrons-a concept that would not 
become widely accepted as theoretically viable until 1939 and would 
not be verified observationally until 1968. It ooins the name neutron 
star for this concept. And it suggests "with a.ll reserve" (a phrase pre
sumably inserted by the cautious Baade) that supernovae are produced 
by the transformation of ordinary stars into ne-utron stars· -a sugges
tion that would be shown theoretically viable oniy in the early 1960s 
and would be confirmed by observation only in the late 1960& with the 
discovery of pulsars (spinning, magnetized neutron stars) inside the 
exploding gas of ancient supernovae. 

5.1 Abstract of the talk. on supernovae, neutron stars, and cosmic ra}'s given by 
Walter Baade and Fritz Zwicky at Stanford Univenity in J)e(-.ember 1955. 
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Astronomers in the 1930s responded enthuslastica1ly to the Baade
Zwicky concept of a supernova, but treated Zwicky's neutron-star and 
cosmic-ray ideas with some disdain. "Too speculative" was the general 
consensus. "Based on unreliable calculations," one might add, quite 
correctly. Nothing in Zwicky's WTitings or talks provided more than 
meager hints of substantiation for the ideas. Tn fact, it is clear to me 
from a detailed study of Zwicky's WTitings of the era that he did not 
understand the laws of physics well enough to be able to substantiate 
his ideas. I shall return to this later in the chapter. 

Some concepts in science are so obvious in retrospect that it is amaz
ing nobody noticed them sooner. Such was the case with the connection 
between neutron stars and black holes. Zwicky could have begun to 
make that connection in 1933, but he didn't; it would get made in a 
tentative way six years later and definitively a quarter century later. 
The tortured route that finally rubbed physicists' noses in the connec
tion will occupy much of the rest of this chapter. 

1'0 appreciate the story of how physicists came to recognize the 
neutron-star/black-hole connection, it will help to know something 
about the connection in advance. Thus, the following digression: 

What are the fates of stars when they die? Chapter 4- revealed a 
partial answer, an answer embodied in the right-hand portion of Fig· 
ure 5.0 (which is the same as Figure 4.4). That answer depends on 
whether the star is less massive or more massive than 1.4 Suns (Chand
rasekhar's limiting mass). 

If the star is less massive than the Chandrasekhar limit, for example 
if the star is the Sun itself, then at the end of its life it follows the path 
labeled "death of Sun" in Figure 5.3. As it radiates light into space, it 
gradually cools, losing its thermal (heat-induced) pressure. With its 
pressure reduced, it no longer can withstand the inward pull of its own 
gravity; its gravity forces it to shrink. As it shrinks, it moves leftward in 
Figure 5.3 toward smaller circumferences, while staying always at the 
same height in the figure because its mass is unchanging. (~otice that 
the figure plots mass up and circumference to the right.) And as it 
shrinks, the star squeezes the electrons in its interior into smaller and 
smaller cells, until finally the electrons protest with such strong degen
eracy pressure that the star can shrink no more. The degeneracy pres
sure counteracts the inward pull of the star's gravity, forcing the star to 
settle down into a white-dwarf grave on the boundary curve (white· 
dwarf (.'urve) between the white region of Figure 5.0 and the shaded 
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region. If the star were to shrink even more (that is, move leftward 
from the white-dwarf curve into the shaded region), its electron degen
eracy pre~ure would grow stronger and make- the star expand back to 
tht- white-d warf curve. If the star were to expand into the white region, 
its electron degeneracy prp-ssure would weaken, permitting gravity to 

shrink it back to the white-dwarf' curve. Thus, the star has no choice 
but to remain forever on the white-dwarf curve, where gravity and 
pressure balance perfectly, gradually cooling and turning into a black 
dwarf -a cold, dark, solid body about the size of the Earth but with the 
mass of the SUllo 

If the star is more massive than Chandrasekhar's 1.4-so1ar-mass 
limit, for E'xample if it is the star Sirius, then at the end of its Jife it will 
follow the path labeled "death of Sirius." As it emits radiation and cools 
and shrinks, moving leftward on this path to a smaller and smaller 
circumference, its electrons get squeezed into smaller and smaller cells; 
they protest with a rising degeneracy pressure, but they protest in vain. 
Because of its large mass, the star's gravity is strong enough to squelch 
all elp.ctron protest. The electrons car. never produ.ce enough degener
acy pressure to counterbalance the star's gravity4; the star mu.st, in 
Arthur Eddington's words, "go on radiating and radiating and contract
ing and contracting, until, 1 suppose. it gets down to a few kilometers 
radius, when gravity becomes strong enough to hold in the radiation, 
and the star ('.an at last find peace." 

Or that would be its fate, iCnot for neutron stars. If Zwicky was right 
that neutron stars can exist, then they must be rather analogous to 
white-dwarf rtars, but with their internal pressure produced by neu
trons instead of electrons. This means that there must be a neutron-star 
L-urve in Figure 5.3, analogous to the white-dwarf curve, but at circum· 
ferences (marked on the horizontal axis) of roughly a hundred kilome· 
ters, instead of tens of thousands of kilometers. On this neutroll-star 
curve neutron pressUl"e would balance gravity perfectly, so neutron 
stars could reside there forever. 

Suppose that the neutron-star curve extends upward in Figure 5.3 to 
large masses; that is, suppose it has the shape labeled B in the figure. 
Then Sirius, when it dies, cannot create a black hole. Rather, Sirius will 
shrink until it hits the neutron-star curve, and then it can shrink no 
more. If it tries to shrink farther (that is, mO\·e to the left of the 
neutron·star curve into the shaded region), the neutrons insi.de it will 

4. The reason was explained in Box 4.2. 
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5.3 The ultimate fate of a star more massive than the Chandrasekhar limit of 
1.4 Suns depends on how massive neutron stars ('.an Iw_ II they can be arbitrarily 
massive (curve 8), then a star such as Sirius, when it dies, can only implode to 
form a neutron star; it cannot form a black hole. If there is an upper mass limit 
lor neutron stars (as on curve A), then a massive dyill8 star can become neither 
a white dwarf nor a neutron star; and unless there is some other graveyard 
available, it will die a black·hole death. 

protest against being squeezed; they will produce a large pressure 
(partly due to degeneracy, that is, "claustrophobia," and partly due to 
the nuclear force); and the pressure will be large enough to overwhelm 
gravity and drive the star back outward. If the star tries to reexpand 
into the white region, the neutrons' pressure will decline enough for 
gravity to take over and squeeze it back inward. Thus, Sirius will have 
no choice but to settle down onto the neutron-star curve and remain 
there forever, gradually cooling and becoming a solid, cold, black neu
tron star. 

Suppose, instead, that the neutron-star curve does not extend upward 
in Figure 5.5 to large masses, but bends over in the manner of the 
hypothetical curve marked A. This will mean that there is a maximum 
mass that any neutron star can have, analogous to the Chandrasekhar 
limit of 1.4 Suns for white dwarfs. As for white dwarfs, so also for 
neutron stars, the existence of a maximum mass would herald a mo
mentous fact: In a star more massive than the maximum, gravity will 
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completely overwhehn the neutron pressure. Therefore, when so mas
sive a star dies, it must either eject. enough mass to bring it below the 
maximum, or else it will shrink inexorably, under gravity's pull, right 
past the neutron-star CUTve, and then-if there are no other possible 
stellar graveyards, nothing but white dwarfs, neutron stars, and black 
h()les- -it will continue shrinking until it forms a black hole. 

Thus, the central question, the question that holds the k.ey to th~ 
ultimate fate of massive stars, is this: lIow massive can a neutron star 
be? If it can be very massive, more massive than any normal s~r, then 
black holes can never form ill the real Un.iverse. If there is a maximwn 
possible mass for neutron stars, a:ld that maximum is not to() large, 
then black holes will for.m---unless there i.. .. yet another stellar grave
yard, unsuspected in the 19308_ 

This line Qf reasoning is so obvious in retrospect that it se~ms amaz·
ing that Zwicky did not pursue it, Chandrasekhar did not pursue it, 
Eddington did not pursue it. lIad Zwicky tried to pursue it, however, 
he would not have gOt far; he understood t.oo Httle nuclear physics and 
too little relativity to be able to discover whether the laws of physics 
pIaL'e a mass limit on neutron stars or 11ot. At Caltech there were, 
however, two others who did understand the physics well enough to 

deduce neutr.on-star masses: Richard Chace Tolman, a chemist turned 
physicist who bad written a classic textbook caned Relativity, 1'hermo
dYll.amics, and Cosmology; and 1. Robert Oppenheimer, wbo would 
later lead t.,.e Americ-.an effort to develop the atomic bomb. 

Tolman and Oppellbeimer, however, paid no attention at all to 
Zwicky'S neutron stars. They paid no attention, that is. until 1938, 
when the idea of a neutron star was published (under die slightly 
different name of neutron co~) by l .. ·omt~body else, somebody whom, 
unlike Zwicky, they Tespe(:ted: Lev Davidovich Landau, in Moscow. 

Landau 

Landau's publication On neutrol! cores was actually a cry for help: 
Stalin's purges Were in full swing in the 1).5.S.1\ .. , and Landau was in 
datlger. Landau hoped that by making a hig splash in the newsp-clpers 
with his neutron-core idea, be might protect himself from arrest and 
death. But of this, Tolman and Oppenheimer knew nothing. 

l.andau was in danger because of his past contacts with Western 
sczentists: 
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Soon after the R.ussian revolution, science had been targeted for 
special attention by the new Communist leadership. Lenin himself had 
pushed a resolution through the Eighth. Congress of the Bolshevik 
party in 1919 exempting scientists from requirements for ideological 
purity: "The Problem of industrial and economic development de
mands Ule immediate and widespread use of experts in science and 
technology whom we have inherited from capitalism, despite the fact 
that they inevitably are contaminated with bourgeois ideas and cus
toms." Of special concern to the leaders of Soviet science was the sorry 
state of Soviet theoretical physics, so, with the blessing of the Commu
nist party and the government, the most brilliant and promising yOllng 
theorists in the L.S.S.R. were brought to Leningrad (Saint Petersburg) 
for a few years of graduate study, and then, after completing the equiv
alent of a Ph.D., were sent to Western Europe for one or two years of 
postdoctoral study. 

Why postdoctoral study? Because by the 19208 physics had become 
so complex that Ph.D.-level training was not sufficient for "its mastery. 
To promote additional training worldwide, a system of postdoctoral 
fellowships had been set up, funded largely by the Rockefeller Founda
tion (profits from capitalists' oil ventures). Anyone, even ardent Rus
sian Marxists, could compete for these fellowships. The winners were 
caned "postdoctoral fellows" or simply "postdocs." 

Why Western Europe for postdoctoral study? Because in the 1920s 
Western Europe was the mecca of theoretical physics; it was the home 
of almost every outstanding theoretic.al physicist in the world. Soviet 
leaders, in their desperation to transfuse theoretical physics fcom West
ern Europe to the U.S.S.R .. , had no choice but to send their young 
theorists there for trainit;tg, despite the dangers of ideological contaIni
nation. 

Of all the young Soviet theorists who traveled the route to Lenin
grad, then to Western Europe, and then back to the U.S.S.R., Lev 
Davidovich Landau would have by far the greatest influence 011 phys
ics. Born in 1908 into a well-to-do Jewish family (his father was a 
petroleum engineer in Baku on the Caspian Sea), he entered Leningrad 
1:nlversity at age sixteen and finished his undergraduate studies by age 
nineteen. After just two years of graduate study at the Leningrad 
Physicotechnical Institute, he completed the equivalent of a Ph.D. and 
went off to Western Europe, where he spent eighteen months of 
1929-50 making the rounds of the great theoretical physics centers in 
Switzerland, Germany, Denmark, England, Belgium, and Holland. 
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f4t: Lev Landau. as a student in Leningrad in the mid-1920s. Righ.t: l.andau, 
with fellow physics student., George Gamow and l-evgenia Kanegiessel', horsing 
around In the midst. of their studies in Leningad, ca. 1927. 111 reality, Landau 
never played any mush'al instrumenL [Left: ('.f)llrte8y AU' I!:milio Sf!gr~ Visual Archives, 
Margarethe Bohr Collection; right: oounc.sy Library of Congress.] 

A fellow postdoctoral student in Zurich, GeTman- born R.udolph 
Peierls, later wrote, "J vividly remember the great impressiQn Landau 
made on all of us when he appeared in Wolfgang Pauli's department in 
Zurich ill 1929_ , .. It did not take long to discover the depth of his 
understanding of modern physics, and his skill in solving basic prob
lems. He rarely read a paper on theoretical physics in detail, but looked 
at it long enough to see whether the probJem was interesting, and if so, 
what was the author's approach. He then set to work to do the cak>ula
tion himself, and if the answer agreed. with the author's he approved of 
the paper." Peierls and Landau became the best of friends. 

TaB, skinny, intensely critical of others as well as himself, Landau 
despaired that he had been born a few years too late. The golden age of 
physics, he thought, had been 1925-27 when de Broglie, Schrodinger, 
Heisenberg, Bohr, and others were creating the new quantum mechan
ics; if born earlier, he, Landau, could have been a participant. "All the 
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nice girls have been snapped up and married, and all the nice problems 
have been solved. I don't really like any of those that are leftt" he said 
in a moment of despair in Berlin in 1929. But, in fact, explorations of 
the consequences of the laws of quantum mechanics and relativity were 
only beginning, and those consequences would hold wonderful sur
prises: the structure of the atomic nucleus, nuclear energy, black holes 
and their evaporation, superfluidity, superconductivity, transistors, las
ers, and magnetic resonance imaging, to name only a few. And Landau, 
despite his pessimism, would become a c.entral figure in the quest to 
discover these consequences. 

Upon his return to Leningrad in 1931, Landau, who was an ardent 
Marxist and patriot, resolved to fOL'llS his ('.areer on transfusing modern 
theoretical physics into the Soviet Union. He succeeded enormously, as 
we shall see in later chapters. 

SOOI1 after Landau's return, Stalin's iron curtain descended, making 
further travel to the West almost impossible. As George Gamow, a 
Leningrad classmate of Landau's, later recalled: "R.ussian science noW 
had become one of the weapons for fighting the capitalistic \\Todd. Just 
as Hitler was dividing science and the arts into Jewish and Aryan 
camps, Stalin created the notion of capitalistic and proletarian science. 
It [was becoming] ... a crime for Russian scientists to 'fraternize' with 
scientists of the capitalistic countries." 

The political climate went from bad to horrid. In 1936 Stalin, hav
ing already killed 6 or 7 million peasants and k.ulaks (landowners) in 
his forced collectivization of agriculture, embarked on a severa1·year
long purge of the country's political and intellectual leadership, a purge 
now called the Great Terror. The purge included execution of almost 
all members of Lenin's original Politburo, and execution or forced 
disappearance, never to be seen again, of the top commanders of the 
Soviet army, fifty out of seventy-one members of the Central Commit
tee of the Communist party, most of the ambassadors to foreign coun
tries, and the prime ministers and chief officials of the non-Russian 
Soviet R.epublics. At lower levels roughly 7 million people were ar
rested and imprisoned and 2.5 million died-half of them intellectuals, 
including a large number of scientists and some entire research teams. 
Soviet biology, genetics, and agricultural sciences were destroyed. 

Tn late 1937 Landau, by now a leader oftheoretical physics research 
in Moscow, felt the heat of the purge nearing himself. In panic he 
searched for protection. One possible protection might be the focus of 
public attention on him as an eminent scientist, so he searched among 
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his scientific ideas for one that might mak.e a big splash in West and 
East alike. His choice was an idea that he had been mulling over since 
the early 19308: the idea that "normal" stars like the Sun might possess 
neutron stars at their centers--neutron cores Landau called them. 

T he reasoning behind Landau's idea was this: The Sun and other 
normal stars support themselves ag"ainst the crush of their own gravity 
by means of thermal (heat-induced) pressure. As the Sun radiates heat 
and light into space, it must cool, contract, and die in about 50 million 
years' time--unless it has some way to replenish the heat that it loses. 
Since there was compelling geological evidence, in the 1920s and 
19308, that the Earth had been k.ept at roughly constant temperature 
for 1 billion years or longer, the Sun must be replenishing its heat 
somehow. Arthur Eddington and others had suggested (correctly) in 
the 1920s that the new heat mi.ght come from nuclear rea<.-1:ions, in 
which one kind of atomic nucleus is transmuted into another--what is 
now caned nuclear burning or nuclear fuswn; see Box 5.3. However, the 
details of this nuclear burning had not been worked Ol1t sufficiently, by 
1937, for physicists to know whether it could do the job. Land.au's 
neutron core provided an attractive alternative. 

Just as Zwicky could imagine powering a supernova by the energy 
released when a norm.al star impJodes to fonn a neutron star, so Lan
dau could imagine powering the Sun and other normal stars by the 
energy released when its at-oms, one by one, get captured onto a neu
tron core (Figure 5.4). 

5.4 Lev Landau's speculation as to the origin oClhe energy that keeps a normal 
star hot. 

.5t.elh.r 1te~:thlfl C<m:l~!S 
}roft\ superde1'\.5e 1\GUbrof! 

COl"Cl. 

'1,':" .' '. .,....;; 

"""" .. . . . . 
. ',r?l~~ . 

I!' ,': " . 
.. .t:. : . 

He .. !; is f"el.eued whe~ 
llor1Q9.1 ~\".otr\S (tilick d90Stt~d 
9orrow,,) o..re capture4 by 
rteutrorl co!'e. 



Box 5.3 

Nuclear Burning (Fusion) Contrasted with 
Ordinary Burning 

Ordinary burning is a chemical rr!aclion. In c.hemical reaL1:ions, atoms get 
combined into molecules, where they share their electron clouds with 
each other; the electron clouds hold the molecules together. Nu.clear burn
ing is a nuclear reaclWn. In nuclear burning, atomic nuclei get fused 
together (nuclear fusion) to form more massive atomic nllclei; the nuclear 
force holds the more massive nuclei together. 

The following diagram shows an example of ordinary burning: the 
burning of hydrogen to produce water (an. explosively powerful form of 
burning that is used to power some rockets that lift payloads into space). 
Two hydrogen atoms combine with an oxygen atom to form a water 
molecule. In the water molecule, the hydrogen and oxygen atoms share 
their eleL'tron clouds with f>..3.ch other, but do not share their atomlc nuclei . 

.. f- ,,10-' e.nt.ll11et;.-
ill • 

-------+ 

W.,..tJe~ 
'Mo1ecule. 

The following diagram shows an example of nuclear burn;ng: the fusion 
of a deuterium ("heavy hydrogen") nucleus and an ordinary hydrogen 
nucleus to form a helium-3 nucleus. This is one of the fusion reactions 
that is now k.nown to power the Sun and other stars, and that powers 
hydl'oge."l bombs (Chapter 6). The deuterium nucleus contains olle neu
tron and one proton, bound together by the nuclear force; the hydrogen 
nucleus consists of a sing1e proton; the helimn-3 nucleus created by the 
fusion contains one neutron and two protons. 
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Capturing an atom onto a neutron core was much like dropping a 
roCk onto a cement slab from a great height: Gravity pulls the rock 
down, accelerating it to high speed, and when it hits the slab, its huge 
kinetic energy (energy of motion) can shatter it into a thousand pieces. 
Similarly, gravity above a neutron core should accelerate infalHng 
atoms to very high speeds, Landau reasoned. When such an atom 
plununets into the core, its shattering stop converts its huge kinetic 
energy (an amount equivalent to 10 percent of its mass) into heat. In 
this scenario, the ultimate source of the Sun's heat is the intense grav
ity of its neutron core; and, as for Zwicky's supernovae, the core's 
gravity is 1.0 percent efficient at converting the mass of infalling atoms 
into heat. 

The burning of nuclear fuel (Box 5.3), in cOntrast to capturing atonlS 
onto a neutron core (Figure 5.4), can convert only a few tenths of 1 
percent of the fuel's mass into heat. In other words, Eddington's heat 
source (nuclear energy) was roughly 50 times less powerful than Lan
dau's heat source (graYitational energy).5 

Landau had actually developed a more primitive version of his neu
tron-core idea in 1931. However, the neutron had Ilot yet been discov
ered then and atomic nuclei had been an enigma, so the capture of 
atoms onto the core in his 1931 model had released energy by a totally 
speculative process, one based on an (incorrect) suspicion that the laws 
of quantum mechanic-.s might fail in atomic nuclei. Now that the neu
trOD had been known for five years and the properties of atomic nuclei 
were beginning to be understood, Landau could make his idea much 
more precise and convincing. By presenting it to the world wit.h a big 
splash ofpublicity, he might detlect the heat of Stalin's purge. 

In late 1937, Landau wrote a manuscript describing his neutron-core 
idea; to make sure it got maximum public attention, he took a series of 
unusual steps: He submitted it for publlcation. in Russian, to Doklady 
Akademii Nauk (Reports of the Academy of Sciences of the U.S.SR.: 
published in Moscow). and in parallel he mailed an English version to 

5. This .nay seem surprising to people who think of the l1uclear force as far more powerful 
than the graVitational force. The rlllcl4!ar fol'ClC> ii, indeed, far lllore powerful wLen one has or.ly 
a ff!w atoms or atomic nuclei at one's disposal. However, when ol1e 11as 5e\'eJ"d' solar masses' 
worth of atoms (10.7 atom5) ur lllore, tl"'11 the gravitational t;;'rce of all the atoms put together 
can bemme overwh"hrlillgly more powerful than lheir nuclear fnrcc. This siD'lple rt'ct in the 
end guar..nWes, as we shall .see latec ill this chapter, that when a IIlll88i",p' star dies its huge 
gravity will overwhelm the repulsion of it~ atumic nudei and will crullch th~:n:a to f<)rm a black 
hole. 
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the saIne famous Western physicist as Chandrasekhar had appealed to, 
when Eddington attacked him (Chapter 4), Niels Bohr in Copenhagen. 
(Bohr, as an honorary member of the A.cademy of Sciences of the 
U.S.S.R., was mOTe or less acceptable to Soviet authorities even during 
the Great Terror.) With his manuscript, Landau sent Bohr the follow
ing letter: 

5 November 1937. Moscow 
Dear Mr. BohTl 

I enclose an article about stellar energy, which I have written. If 
it makes physical sense to you, I ask that you submit it to Natu-re. If 
it is not too .much trouble for you, I would be very glad to learn 
your opinion of this work. 

With deepest thanks. 
Yours, L. Landau 

(Nature is a British scientific magazine that publishes, quickly, an
nouncements of disco~'eries in aU fields of science and that has one of 
the highest worldwide circulations among serious scientific journals.) 

Landau had friends in high places- -high enough to arrange that, as 
soon as word was received back that Bohr had approved his article and 
had submitted it to Nature, a telegram would be sent to Bohr by the 
editorial staff of Izvestia. (Izvestia was one of the two most influential 
newspapers in the U.S.S.R., a newspaper run by and in behalf of the 
Soviet government.) The telegram went out on 16 November 1937 
saymg: 

Inform us, please, of your opinion of the work. of Professor Landau. 
Telegraph to us, please, your brief conclusion. 

Editorial Staff, Iz.vestia 

Bohr, evidently a bit puzzled and worried by the rE'quest, replied from 
Copenhagen that same day: 

The new idea of Professor Lalldau about neutron cores of massive 
stars is of the highest level of exceIJence and promise. I will be 
happy to send a short evaluation of it and of various other 
researches by Landau. Inform me please, more exactly, for what 
purpose my opinion is needed. 

Bohr 
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The Izvestia staff responded that they wanted to publish Bohr's evalua
tion iu their ne-wspaper. They did just that on 20 :November, in an 
article that described Landau's idea and praised it highly: 

This work. of Professor Landau's has aroused great interest amollg 
Soviet physicists, and his bold idea gives new life to one of the most 
im portant processes in astrophysics. There is every reason to think. 
that Landau'fj new hypothesis will turn out to be correct and will 
lead to solutions to a wh(>le series of unsolved problems in astrophY!l
it.'$ .... Niels Bohr has given an f'.xtremely complementary evaluation 
of the work of this Soviet scip.ntist [Landau}, saying that "The new 
idea of L. Landau is excellent and very promising." 

This campaign was not enough to save Landau. Early in the morn· 
ing of 28 April 1938, the knock came on the door of his apartment, and 
he was taken away in an official black limousine as his wife-to·be Cora 
watched ill shock from the apartment door. The fate that had befallen 
so many others was now also Landau's. 

The limousine took Landau to one of MOSL'OW'S most notorious polit
ical prisons, the Butyrskaya .. There he was told that his activities as a 
German spy had been disco"'ered, and he was to pay the price fQr them. 
That the chargt:'S were ludicrous (Landau, a Jew and an ardent Marxist 
spying for Nazi Germany?) was irrelevant. The chargeos almost always 
were ludkrous. In Stalin's R.ussia one rarely knew the real reason one 
had been imprisoned--though in Landau's case, there are indications 
in recently revealed KGB files: In conversations with colleagues, he 
had criticized the Communist part.y and the Soviet government for 
their manner of org-.mizing scientific researcb, and for the massive ar· 
rests of 1936-37 that ushered in the Great Terror. Such criticism was re
garded as an "anti-Soviet activity" and could easily land one in prison. 

Landau was lucky. His imprisonment lasted but one year, and he 
survived it-· just barely. He was released in April 1939 after Pyotr 
Kapitsa, the most famous Soviet experimental physicist of the 1930s, 
appealed directly to Molotov and Stalin to let him go on grounds that 
Landau and only Landau, of all Soviet theoretical physicists, had the 
ability to solve the mystery of how superfluldity comt'-s about." (Su
perfluidity had been discovered in Kapitsa's laboratory, and indepen· 

6. Supt".rfluidity 18 a romplete absence of vi8C()<;ity (internal friction) that ore .. ts ill rome 
fluids wh.m they are cooled to .. fuw degrees above absolute 7.P.ro temperature--that is. cooled 
to abollt millus 270 degrees Celsius. 
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dent1y by J. F. Allen and A. D. Misener in Cambridge, England, and if 
it could be explained by a Soviet scientist, this would rlemon~trat.e 
doubly to the world the power of Soviet science.) 

Landau ernergt'd from prison emaciated. and extremely ill. Tn due 
course, he recovered physically and mentally, solved the mystery of 
superfluidity llsing the laws of quantum mechanics, and received the 
Nobel Prize for his solution. But his spirit was broken. Never again 
could he withstand even mild psychological pressure from the political 
authorities. 

Oppenheimer 

In California, Robert Oppenheimer was in the habit of reading with 
care every scientific art.ide published by Landau. Thus, Landau's arti
cle on neutron COTeS in the 19 F'ebruary 1938 issue of Nature caught his 
immediate attention. Coming from Fritz Zwicky, the idea of a neutroIl 
star as 't.1.e energizer for supernovae was '-in Oppenheimer's view "-a 

far-out, flaky spe(:ulation. Coming from Lev Landau, a neutron core as 
the energizer for a normal star was worthy of serions thought. Might 
the SUIl actually possess such a core? Oppenheimer vowed to find out. 

Oppenheimer's style of research was completely different from any 
encountered thus far in this book. Whereas Baade and Zwicky worked 
together as co-equal colleagues whose talents and knowledge comple
lIlented each other, and Chandrasekhar and Einstein each worked. very 
much alone, Oppenheimer worked enthusiastically amidst a large en
tour~e of students. Whereas Einstein had suffered when requu'ed to 
teach, Oppenheimer thrived on teaching. 

Like Landau, Oppenheimer had gone to the mecca of theoretical 
physics, W t'stern Europe, to get educated; and like Landau, Oppen
heimer, upon returning home, had launched a transfusion of theoreti
cal physics froIn Europe to his native land. 

By the time of his return to America, Oppenheimer had acqllired so 
trem~ndous a reputation that he received offers of faculty jobs from ten 
American universities including Harvard and Caltech, and from two in 
Europe. Among the offers was one from the University of California at 
Berkeley, which had no theoretical physics at all. "I visitffi BeTkeley," 
Oppenheimer recalled later, "and I thought I'd like to go there beca.use 
it was a desert." At Berkeley he could create something entirely his 
own. However, fearing the consequences of intellectual isolation, Op-

187 



188 BLACK HOLES AND TIME WARPS 

penheimer accepted both the Berkeley offer and the Caltech offer. He 
would spend the autumn and winter in Berkeley, and the spring at 
Caltech. "I kept the connection with Caltech .... it was a place where T 
wou1d be checked if I got too far off base and where I would learn of 
things that might not be adequately reflected in the published litera
ture." 

At first Oppenheimer, as a teacher, was too fast, too impatient, too 
overbearing with his students. He didn't realize how little they k.new; 
he couJdn't bring himself down to their level. His first lecture at Cal
tech in the spring of t 930 was a tour de force--powerful, elegant, 
insightful. When the lecture was over and the room had emptied, 
Richard Tolman, the chp.Inist-turned-physicist who by now was a close 
friend, remained behind to bring him down to earth: "Well, Robert,'l 
he said; "that was beautiful but. I didn't understand a damned word." . 

However, Oppenheimer l~arned quickly. Within a year, graduate 
students and postdocs began tlocking to Berkeley from an over America 
to learn physics from him, and within several years he had made 
Berkeley a more attractive place even than Europe for American theo
retical physics postdocs. 

One of Oppenheimer's postdocs, Robert Serber, later described what 
it was like to work with him: "Oppie (as he was known to his Berkeley 
students) was quick, impatient, and had a sharp tongue, and in the 
earliest days of his teaching he was reputed to have terrorized the 
students. But after five years of experience he had mellowed (if his 
earlier students were to be believed). His course [on quantum mechan
ics] was an inspirational as weU as an educational achievement. He 
transmitted to his students a feeling of the beauty of the logica] struc
ture of physics and an excitement about the development of physics. 
Almost ev.eryone listened to the course more than once, and Oppie 
occasionally had difficulty in dissuading students from coming a third 
or fourth time .... 

"Oppie's way of working with his research students was also origi
nal. His group consisted of B or 10 graduate students and about a half 
dozen postdoctoral fellows. He met the group once a day in his office. A 
little before the appointed time, the members straggled in and disposed 
themselves on the tables and about the walls. Oppie came in and 
discussed with one after another the status of the student's research 
problem while the others listened and offered comments. All were 
exposed to a broad range of topics. Oppenheimer was interested in 
everything; one subject after another was introduced and coexisted 



5. lMPLOSIO~ IS COMPlILSORY 

with all the others. In an afternoon they might discuss electrodYllam
ics, connie rays, astrophysics and nuclear physics." 

Each spring Oppenheimer piled books and papers into his convert· 
ible and se,>eral students into the rumble seat, and drove down to 

Pasadena. "We thought nothing of giving up our houses or apartments 
in Berkeley," said Serber, "confident that we could find a garden cot
tage in Pasadena for twenty-five dollars a month." 

.For each problem that interested him, Oppenheimer would select a 
student or postdoc to work out the details. For Landau's problem, the 
question of whether a neutron core could keep the Sun hot, he selected 
Serber. 

Robert Serbt'r (left) and Robert Oppenheimer (right) discossingphysics, ('.a. 1942. 
[Collnesy U.S. Information Ag~.J1CY,) 
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Oppenheimer and Serber quickly realized. that, if the Sun has a 
neut-Ton core at its center, and if the core's mass is a large fraction of the 
Sun's mass, thell the core's intense gravity will hold the Sun's outer 
layers in a tight grip, making the Sun's circumference far smaller than 
it actually is. Thus, Landau's neutron-core idea could work only if 
neutron cores can be far less massive than the Sun. 

"How small can the mass of a neutron core be?" Oppenheimer arid 
Serber were thus driven to ask themselves. "What is the minimum 
pOSsible mass for a neutron core?" -:'Ilotice that this is the opposite ques
tion to the one that is crucial for the existenc.e of black hol~; to learn 
whether black holes can form, one needs to know the maximum possi
ble mass for a neutron star (Figure 5.0 above). Oppenheimer as yet had 
no inkling of the importance of the maximum-mass question, but he 
now knew that the minimum neutron-core ma$ was central to Lan
dau's idea. 

III his article Landau, also aware of the importance of the minimum 
neutron-core mass, had used the laws of physics to estimate it. With 
care Oppenheimer and Serber scrutini-zed Landau's estimate. Yes, they 
found, Landau had properly taken account of the attractive forces of 
gravity inside and near the core. _"-nd yes, he had properly taken ac
CQunt of the de-generacy pressure of the core's neutrons (the pressure 
produced by the neutTOns' c!au..~trophobic motions when they get 
squeezed into tiny cells). But no, he had not taken proper account of the 
nuclear force that neutrons exert on each other. That force was not yet 
fully understood. However, enough was understood for 0Fpenheimer 
and Serher to conclude that probably, not absolutely defiuitely, but 
probably, no neutron core can ever be lighter than lAo of a solar mass. 
If nature ever succeeded in creating a neutron core lighter than this, 
its gravity would be too weak to hold it together; its pressure would 
make it explode. 

At first sight this did not. rule out the Sun's possessing a neutron core; 
after all, a lAo-solar-mass core, which was allowed by Oppenheimer 
and Serber's estimates, might be small enough to hide inside the Sun 
without affecting its surface properties very much (without affecting 
the things we see). But further calculations, balancing the pull of the 
core's gravity against the pressure of surrounding gas, showed that the 
core's effects could not be hidden: Around the core there would be a 
shell of white-dwarf-type matter weighing nearly a full solar mass, 
and with only a tiny amonnt of norma} gas outside that shell, t.he Sun 
could not look at all like we see it. Thus, the Sun could not possess a 
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neutron core, and the energy to keep the Sun hot must come from 
somewhere else. 

Where else? At the same time as Oppenheimer and Serber in Berke
ley were doing these cal<:ulations, Hans Bethe at Cornell University in 
Ithaca, New York, and Charles Critchfield at George Washington Uni
versity in Washington, D.C., were using the newly developed laws of 
nuclear physics to demonstrate in detail that nuclear burning (the 
fusion of atomic nuclei; Box 5.3) can keep the Sun and other stars hot. 
Eddington had been right and l..andau had been wrong--at least for 
the Sun and most other stars. (As of the early 1990s, it appears that a 
few giant stars might, in fact, use Landau's mechanism.) 

Oppenheimer and Serber had no idea that Landau's paper was a 
desperate attempt to avoid prison and possible death, so on 1 Septem
ber 1958, as Landau languished in Butyrskaya Prison, they submitted 
their critique of him to the Physical Review. Since Landau was a great 
enough physicist to take the heat, they said quite frankly: "An estimate 
of Landau : . . led to the value 0.001 solar masses for the limiting 
[minimum] mass [of a neutron core]. This figure appears to be wrong . 
. . . [Nuclear forces) of the often assumed spin exchange type preclude 
the existence of a (neutron] core for stars with masses comparable to 
that of the Sun." 

Landau's neutron cores and Zwicky's neutron stars are really the 
same thing. A neutron core is nothing but a neutron star that happens, 
somehow, to find itself inside a normal star. To Oppenheimer this must 
have been clear, and now that he had begun to think about neutron 
stars, he was drawn inexorably to the issue that Zwicky should have 
tackled but could not: What, precisely, is the fate of massive stars when 
they exhaust the nuclear fuel that, according to Bethe and Critchfield, 
keeps them hot? Which corpses will they create: white dwarfs? neutron 
stars? black holes? others? 

Chandrasekhar's calculations had shown unequivocally that stars 
less massive than fA Suns must become white dwarfs. Zwicky was 
speculating loudly that at least some stars more massive than 1.4 Suns 
will implode to form neutron stars, and in the process generate super
novae. Might Zwicky be right? And will all massive stars die this way, 
thus saving the Universe from black holes? 

One of Oppenheimer's great strengths as a theorist was an unerring 
ability to look at a complicated problem and strip away the complica
tions until he found the central issue that controlled. it. Several years 
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later, this talent would contribute to Oppenheimer's brilliance as the 
leader uf the American atomic oolnb project. Now, in his struggle to 
understand stellar d.eath, it told him to ignore all th~ complications 
that Zwicky was trumpeting about--the details of the stellar implo
sion, the transformation of nonnal matt.eT into nI~utron matter, the 
releale of enormous energy and its possible powering of supernovae 
and COSDlic ray!!. All this wa.s irrelevant to th.e issue of the star'sfinal 
fate. The only l-elevant thing was the maximum mass that a neutron 
star call have. If neutron stars ('..all be arbitrarily massive (curve B ill 
Figure 5.~ above), then black holes can D.ever form. If there is a maxi
mUIn possible neutron-star mass (cllne A in Figure 5.3), then a star 
heavier that) that maximum, when it dies, might fOIm a black hole. 

Having posed this maximum-mass question with stark clarity, Op
penheimer went about solving it, methodically and unequivocally--· 
and, as was his standard practice, in collabordtioll with a student, in 
this ~e a young man named George Volkoft: The tale of Oppen
heimer and Volkoff's quest to leam tlle masses of neutron stars, and the 
central contributions of Oppenheimer's Caltech friend R.ichard Tol
man, is told in Box 5.4. It is a tale that illustrates Oppenheimer's mode 
of research and several of th.e strategi~ by which physicists operate, 
when they understand clearly some of the laws that govern the phe~ 
nomenon they are studying, but not all: Tn t.his case Oppenheimer 
understood the laws of qUaJlturn mechanic,s and general relativity, but 
neither be nor anyone else understood the nuclear force very well. 

Despite their poor knowledge of the nuclear force, Oppenheimer 
and Volkof! were able to show unequivocally (Box 5.4) that there is a 
maximum ma.vs for neutron stars, alld it lies between about h.alf 4 solar 
mass arui several solar masses. 

In the 19908, after fifty years of additional study, we know that 
Oppenheimer and Vo1ko{f Were correct; neutron stars do, indeed, have 
a maximum allowed mass, and it is now known to lie betwet>n 1.5 and 
3 solar masses, roughly the same ballpark as their estimate. Moreover, 
since 1967 hundreds of neutron stan haye heen observed by astrono
DIers, and the masses of several have been measured with high accu
racy. The measured lllasses are al! close to 1.4 Suns; why, W~ do not 
know. 



Box 5.4 

The Tale of Oppenheimer, Volkoff, and Tolman: 
A Quest for Neutron-Star Masses 

When embarking on a complicated analysis, it is helpful to get one's 
bearings by beginning with a rough, "order-of-magnitude" calculation, a 
calculation accurate only to within a fa<-1;or of, say, 10. Tn keeping with this 
rule of thumb, Oppenheimer began his assault on the isslle of whether 
neutron stars can have a maximum mass by a crude calculation, just a few 
pages long. The result was intriguing: He found a maximum mass of 6 
Suns for any neutron star. If a detailed calculation gave the same result, 
then Oppenheimer could conclude that black holes might form when stars 
heavier than 6 Suns die. 

A "detailed calculation" meant selecting a mass for a hypothetical neu
tron star, then asking whether, for that mass, neutron pressure inside the 
star can balance gravity. If the balance can be achieved, then neutron stars 
can have that mass. It would be necessary to choose one mass after an
other, and for each ask about the balance between pressure and gravity. 
This enterprise is harder than it might sound, because prE'.8S11re and grav
ity must balance each other everywhere inside the star. However, it was an 
enterprise that had been pursued once before, by Chandrasekhar, in his 
analysis of white dwarfs (the analysis performed using Arthur Eddington's 
Braunschweiger calculator, with Eddington looking over Chandrasekhar's 
shoulder; Chapter 4). 

Oppenheimer could pattern his neutron-star calculations after Chand. 
rasekhar's white-dwarf calculations, but only after making two crucial 
changes: First, in a white dwarf the pressure is produced by electrons, and 
in a neutron star by neutrons, so the equation of state (the relation between 
pressure and density) will be different. Second, in a white dwarf, gravity is 
weak enough that it can be described equally well by Newton's laws or by 
Einstein's general relativity; the two descriptions will give almost pre
cisely the same predictions, so Chandrasekhar chose the simpler descrip
tion, Newton's. By contrast, in a neutron star, with its much smaller 
circumference, gravity is so strong that using Newton's laws might cause 
serioU8 errors, so Oppenheimer would have to describe gravity by Ein
stein's general relativistic laws.* Aside from these two changes-a new 
equation of state (neutron pressure instead of electron) and a new descrip
tion of gravity (Einstein's instead of Newton's)-Oppenheimer's calcula
tion would be the same as Chandrasekhar's. 

HaVing gotten this far, Oppenheimer was ready to turn the details of 
the calculation over to a student. He chose George Volkoff, a young man 

*See \he discussion in the last section of Chap1er 1 ("The X ature of Physical Law'') of the 
relatiorl3hip between different descriptions ofthe laws of physics and their domains of validity. 

(continued next page) 
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from TOTonto, who had emigrated from Russia in 1924. 
Oppenheimer explained tJ1C problem to Volkoff and told him that the 

mathematical description of gravity that he would need was in a textbook 
that RichlU'd TohrlaI) had written, Relativity, 1'hLnnadynamic$, and Cos
mo[Qgy. The equation of state for the neutron pressure, however, \\T(lS a 
more difficult issue, since the pressure would be influ.enccd by the nuclear 
force (wiul wh.ich neutrons push and pull on each other). Although the 
:llucleaT (orce was becoming well understood at tb.e densitielf inside atomic 
Iluclei, it was very poorly understood at the higher densities that neutrons 
would face deep inside a massive neutron star. Physicists did n.ot evell 
know wbethp.l' the Illlcl(4ar force \vas attractive at thf'.se densities or .repul
sive (whether neut.roJis pu.lled on eacb other or pushed), and thus there 
was 110 way to know whether the nuclear force reduced the ntmtrollS' 
pressure or increased it. But Oppenheimer had a strategy to deal with 
these unknowns. 

PretEmd, at first, that tht: nuclear force doesn't exist, Oppcnileirnt'r 
suggt:>..sted to Volkofl'. Then ~U the pressure will be of a sort that is well 
understood.; it will be neutron degt:>.nel·acy pressure (prr.5Sure produood by 
tlu> neutrons' 41daustrophobic" motions). Dalance this neutrerl degeneracy 
pressure agaulst gravity, and from the balan~, r..a1cuiate the structure!; 
aud masses that neutron stars would have in a llniverse without any 
l1udear force. Then, aft.erwllrd, try to c!timate bo,v t.he stars' structures 
and lnasses will change if, in our real Univ(~rse, the nuclear force behaves 
iu this, that, or some other way. 

With such well-posed instructions it was hard to miss. it took only a few 
days f"C)T Vulkoff, guided hy daiiy discussions with Oppenheimer and \'y 
Tolman's hook, to derive the general relativistic description of gravity 
inside a neUtTOn star. And it took only a few days fOT him to translate the 
wcJl.·ku.own equation of state for degenerate electron pressure Ulto one fo·r 
degE>.llerate neutron pre!iSurt>. Dy balancing the pressure against the grav
ity, Volkoff obtained a complicated differential equation WhOSl' solution 
would tell him the star's intP.Tnai structure. Then he was stymied. Try as 
he might, V lllkoff could not solve his differential equation to get a formula 
for the star's structure; so, like Chandrasekhar with whitt! dwarfs, he wal!l 
forc.oed to solve iUs eqnation numeric-dUy. Just as Chandrasekhar had spent 
many days in {904 punc.. ... ing the buttons of Eddington's Braunsdlweiger 
calculator to compute tht> analogous white-dwarf structure, so Volkoff 
labored through much of November and Decem·ber 1938, punching the 
b\\ttons of a Mardlant cahllator. 

While Yolkoff punched buttons ;n Berkeley, Richard Tolrnan in 
Pasadena was taking a difftmmt tack: He strongly preferred to cxpress the 
stellar structure ill tCTIll.S of forfflula.<; instead of just numbers off a cakula-

(i;olltinued n.f!Xl P4@lj 



tOT. A single formula can embody all the information contained in many 
many tables of numbers. If llf~ could get the right forI.Ilula, it would 
contain simultaneously the structures of stars of 1 solar mass, 2 solar 
masses, 5 solar masses-any mass at aU. Rut even with his briUiant math
ematical skin~, Tolman was unable to solve Volkoffs equation in tenus of 
formulas. 

"On the other hand," Tolman presumably argued to himself, "we know 
that the correct E'quatioll of state is not really the one Volkoff is using. 
Volkoff has ignored the nuclear force; and since we don't know the details 
of that force at high densities, W~ dou't know the correct equation of state. 
So let me ask a different qUf'~~tion from Volkoff. Let me ask how the 
m8SSCS of neutron stars depend on the equation of stat.e. Let me pretend 
that the equation of state is very 'stiff,' that is, that it gives exceptionally 
high pressures. and let me ask what the neutron-star ma~.s would be in 
that case. And then let me pretend the equation of state is very 'soft; that 
is, that it gives exceptionally low pressures, and ask wbat then would be 
the neutron-star masses. In ea(;h case, I wiil adjnst the hypothetical eqlta
tion of state into a form for which I can solve Volkoff's differential equa
tion in formulas. Though the equation of state 1 Use wi]} almost certainly 
nut be the right one, my calculation will stil1 give me a general idea of 
what the neutron-star masses might be if nature happens to ehoose a !.'tiff 
equation of state, and what they might be if nature dlOOSt'.5 a soft one. tt 

On t 9 October, Tolman sent a long letter to Oppenheimer dcsLTibing 
smne of the stellar-structure formulas and neutron-star masses he had 
derived for several hypothetical equations of state. A wt:ek or so later, 
Oppenheimer drove down to Pasadena to spend a few days talking with 
Tolman about the project. On 9 November, Tolman "irote Oppenheimer 
another long letter. with more formulas. In the meantime, Volkoff was 
punching away OIl his Marchant buttons. 111 early December, Volloff 
finished. He had numerical models for neutron stars with masses 0.3, 0.6, 
and 0.7 solar mass; and he had found that, if there were no nuclear force in 
our liniverse, the1" neu.tron stars would alwaJ's be less massive than a 7 s'Qlar 
mass. 

'Yhat a surprise! Oppenheimer's crude estimate, before Volkoff started 
computing, had been a maximum ma6S of 6 solar masses. To protect 
massive stars against forming black holes, the careful calcnlation WQuid 
have had to push that maximum mass up to a hundred SUllS or more. 
Instead, it pushed the ma.~ down-way down, to 0.7 solar mass. 

Tolman came up to Berkeley to learn more of the details. Fifty years 
later Volkoff recalled the scene with pleasure: "I remember being greatly 
overawed by having to explain to Oppenheimer and Tolman what 1 had 
done. We were sitting out on the lawn of the old faculty club at Berkeley. 

(Wnlinued next page) 
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Altlidst the nice green grass and taU trees, here were thC3C two venerated 
gcntlemen and here was I. a graduate student. just completing my Ph.D .• 
explaining my calculations." 

Now that they kfil'!W the ma.<;St.'S of neutron stars in an idealized uni
verse with no nuclear force, Oppenheimer and V olkQff were ready to 
estimate the influence of the nudear f(m~e. Here tht' formulas that Tol
man bad work.ed ant so carefuny for various hypothetical equations of 
state we·re helpful. From Tolman's formulas onc <'."unld see roughly bow 
the star's structnre would !:bange if the nuclear fOTCe was repulsive and 
ther.eby made t.l).e equation of state more "stiff" than the olle Volkoff had 
used, ·and the change if;t was attractive aud thereby !Jlade the equation of 
state more "soft." Withi.... the range of believable nuclear forces, t.hose 
changes were not great. There must still be a maximum mass fOl· neutroli 
stars, Tolnlan, OppenbeimeT, and Volkoff concluded, and it must lie some· 
whet'! between about a half solar mass a.Tld several solar masseS'. 

Oppenhei.mer and Volkoft~s conclusion cannot have been pleasing to 
people like Eddington and Einstein, who found blad~. holes anathema. 
It' Cbandrasekhaz· was to be believed (as, in 1938, most astTonome-fS 
were comillg to understand he should), and if Oppenheimer and Volk
off were to be believed (and it was hard to refute them), then neither 
the white·dwarf graveyard nor the neutYOZHtar gra,·eyard could inter 
massive stars. Was there any conceh'ahle way at all, then, for massive 
stars to avoid a black-hole death? Yes; two ways. 

First, all massive stars might e-ject so much rna.tter as they age (for 
example, by blowing strong winds off their surfaces or by nuclear 
explosions) that they reduce themselves below t A solar masst'S and 
enter the white··dwarf graveyard, or (if one believed Zwick.y's mecha
nism for supernovae, whic.h few peoplE" did) they might eject so mllch 
matter in supemo'Va expJosioDS that they redut.>e themselves below 
about 1 solar mass dUTing the expl05ion and wind up in the neutron
star graveyard. Most astronomers, through the 19408 and 19505, and 
into the early t 960s--if they thought at all about the issue---espoused 
this view. 

Second. besides the white·.dwarf, neutron-star, and black-hole gra,·e
yards, t.here might be a fourth graveyard for massive stars, a graveyard 
unknown in the 1900,. For example. one could imagine a. graveyard in 
Figure 5.3 at circumferffiCi?S intermediate between neutron stars and 
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white dwarfs-a few hundred or a thousand kilometers, The shrinkage 
of a massive star might be halted in such a graveyard before the star 
ever gets small enough to form either a neutron star or a black hole. 

If World War II and then thE' cold war had not intervened, Oppen
heimer and his students, or others, would likely have explored such a 
possibility in the 1940s and would have showed firmly that there is no 
such fourth graveyard. 

However, World War II did intervene, and it absorbed the energies 
of almost all the world's theoretical physicists; then after the war, crash 
programs to develop hydrogen bombs delayed further the return of 
physicists to normalcy (see the next chapter), 

Finally, in the mid-1950s, two physicists emerged from their respec
tive hydrogen bomb efforts and took up where Oppenheimer and his 
students had left off. They were John Archibald Wheeler at Princeton 
University in the lJnited States and Yakov Borisovich Zel'dovich at the 
Institute of Applied Mathematics in :\1oscow-·two superb physicists, 
who will be major figures in the rest of this book. 

Wheeler 

In March 1956, Wheeler devoted several days to studying the articles 
by Chandrasekhar, Landau, and Oppenheimer and Volkoff. Here, he 
recognized, was a mystery worth probing, Could it really be true that 
stars more massive than about 1.4 Suns have no choice, when they die, 
but to form black holes? "Of all the implications of general relativity 
for the structure and evolution of the l..iniverse, this question of the fate 
of great masses of matter is one of the most challenging," Wheeler 
wrote soon thereafter; and he set out to complete the exploration of 
stellar graveyards that Chandrasekhar and Oppenheimer and Volkoff 
had begun. 

To make his task very precise, Wheeler fonnulated a careful charac
terization of the kind of matter from which cold, dead stars should be 
made: He called it matter at the endpoint of theT'mQnuclear evolution, 
since the word thermonuclear had become popular for the fusion Teac
tions that power nuclear burning in stars and also power the hydrogen 
bomb. Such matter would be absolutely cold, and it would have burned 
its nuclear fuel completely; there would be no way, by any kind of 
nuclear reaction, to extract any more energy from the matter's nuclei, 
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For this reason, the nickname cold. dead matter will be used ill this 
book instead of "matter at the endpoint of thermonuclear evolution." 

Wheeler set him.self the goal to understand all objects that can be 
made from cold, dead matter. These would hlclude small objects like 
ba.lls of iron, heavier objects such as cold, dead. plallets made of iron, 
and still heavier objects: white dwarfs, neutron stars, and whatever 
other kinds of cold, dead objects the laws of physics allow. Wheeler 
wanted a comprehensive catalog of cold, dead things. 

John Archibald Wheeler, ca. 1954. [Photo by .!!luclrstorJe·Shdbllrllt'. New Yark City; 
courtesy J. A. Wheeler.] 



5. n1PLOSION IS COMPT.;LSORY 

Wheeler worked in much the same mode as had Oppenheimer, with 
an entourage of students and postdocs. From among theIIl he selected 
13. Kent Harrison, a serious-minded Mormon from Utah, to work out 
the details of the equation of state for cold, dead matter. This equation 
of state would describe the details of how the pressure of such matter 
rises as one gradually compresses it to higher and higher density--or, 
equivalently, how its resistance to compression changes as its density 
mcreases. 

Whee1er was superbly prepared to give Harrison guidance in com
puting the equation of state for cold, dead matter, since he was among 
the world's greatest experts on the laws of physics that govern the 
structure of matter: the laws of quantum mechanics and nuclear phys
ics. During the preceding twenty years, he had developed powerful 
mathematical models to describe how atomic nuclei behave; with !'liels 
Bohr he had developed the laws of nuc1ear fission (the splitting apart of 
heavy atomic nuclei such as uranium and plutonium, the principle 
underlying the atomic bomb); and he had been the leader of a team 
that designed the American hydrogen bomb (Chapter 6). Drawing on 
this expertise, Whee1er guided Harrison through the intricacies of the 
analysis. 

The result of their analysis, the equation of state for cold, dead 
matter, is depicted and discussed in Box 5.5. At the densities of white 
dwarfs, it was the same equation of state as Chandrasekhar had used in 
his white-dwarf studies (Chapter 4); at neutron-star densities, it was 
the same as·Oppenheimer and Volkoff had used (Box 5.4); at densities 
below white dwarfs and between white dwarfs and neutron stars, it was 
completely new. 

With this equation of state for cold, dead matter in hand, John 
·Wheeler asked Masami Wakano, a postdoc from Japan, to do with it 
what Volkoff had done for neutron stars and Chandrasekhar for white 
dwarfs: Combine the equation of state with the general relativistic 
equation describing the balance of gravity and pressure inside a star, 
and from that combination deduce a differential equation describing 
the star's structure; then solve the differential equation numerically. 
The numerical calculations would produce the details of the internal 
structures of all cold, dead stars and, most important, the stars' masseS. 

The ca1culations for the structure of a single star (the distribution of 
density, pressure, and gravity inside the star) had required Chandrasek
har and Volkoff many days of effort as they punched the buttons of 
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Box 5.5 

The Harrison-Wbeeler Equation of State for 
Cold, Dead Matter 
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The drawing above depicts the HarriSQn-Wheeler equation of state. Plot
ted horizontally is the matter's density. Plotted vertically is its resistanl..'tl 
to compression (or adiabatic index, as p.~ysicists }ike to call it)-the per
centage increase in pressure that accompanies a 1 percent increase in 
density. The boxes attached t() the curve show what ill happening to the 
matter, microscopically, as it is compressed from low densities to high. 
The size of each box, in centimeters, is written along the box's top. 

At normal densities (left edge of the figure), cold, dead matter is com
posed of iron. If the matter's atomic nuclei were heavier than iron, energy 
could be released by splitting them apart to make iron (mldear fission, as 
in an atomic bomb). If its nuclei were lighter than iron, energy could be 
released by joining them together to make iron (nucIe-elr fusion, as in a 
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hydrogen bomb). Once in the form of iron, the matter can release no more 
nuclear energy by any means whatsoever. The nuclear force holds neu
trons and protons together more tightly when they form iron nuclei than 
when they form any other kind of atomic nucleus. 

As the iron is squeezed from its normal density of 7.6 grams per cubic 
(.'entimeter up toward 100, then 1000 grams per cubic centimeter, the iron 
resists by the same means as a rock resists compression: The electrons of 
eacl1 atom protest with "claustrophobic" (degeneracy·like) motions 
against being squeezed by the electrons of adjacent atoms. The resistance 
at first is huge not because the repulsive forces are especially strong, but 
rather because the starting pressure~ at low density, is very luw. (Recall 
that the resistance is the percentage increase in pressure that accompanies 
a 1 percent increase in density. When the pressure is low, a strong increase 
in pressure represents a huge percentage inLTease and thus a huge "resist
ance." Later, at higher densities where the pressure has grown large, a 
strong pressure int.Tease represents a much more modest percentage in
crease and thus a more modE>.st resistance.) 

At first, as the cold matter is compressed, the electrons congregate 
tightly around their iron nuclei, forming eleL'tron clouds made of electron 
orbitals. (There arc actually two electrons, not one, in each orbital-a 
subtlety overlooked in Chapter ... but discussed briefly in Box 5.1.) As the 
compression proceeds, eaC'h orbital and its two electrons are gradually 
confined into a smaller and smaIJer cell of space; the claustrophobic elec
trons protest this confinement by becoming more wave-like and develop
ing bigher-speed, erratic, claustrophobic motions ("degeneracy motions"; 
see Chapter 4). When the density has reached 105 (100,000) grams per 
cubic centimeter, the electrons' degeneracy motions and the degeneracy 
pressure they produce have become so large that they completely over
whelm the electric forces with which the nuclei pull on the electrons. The 
electrons no longer congregate around the iron nuclei; they completely 
ignore the nudei. The cold, dead matter, which began as a lump of iron, 
has now become the kind of stuff of which white dwarfs are made, and the 
equation of state has become the one that Chandrasekhar, Anderson, and 
Stoner computed in the early t 9308 (Figure 4.3): a resistance of 5/3, and 
then a smooth switch to +/3 at a density of about 107 grams per cubic 
centimeter when the erratic speeds of the electrons near the speed of light. 

The transition from white-dwarf matter to neutron-star matter begins 
at a density of 4 X 10" grdms per cubic centimeter, according to the 
Harrison-Whef>ler calculations_ The calculations sbow several phases to 
the transition: In the first phase, the electrons begin to be squeezed into 
the atomic nuclei, and the nuclei's protons swallow them to form neu
trons. The matter, having thereby lost some of its pressure-sustaining 
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electrolls, suddenly be<-'()Illes much less resistant to compression; this 
causes the sharp cliff in the equation of state (see diagram above). As this 
first phase proceeds and the resistance plunges, the atDmic nuclei bCL'Ome 
more and more bloated with neutrons, thereby triggering the second 
phase: Neutrons begin to drip out of (get squeezed out of) the nuclei and 
into the space between them, alongside the few remaining electrons. 
These dripped-out neutrons, like the electrons, protest the continuing 
squee~e with a degenPIacy pressure of their own. This neutron degeneracy 
pressure terminates the over-the-cliff plunge in the equation of state; the 
resistance to compression recovers and starts rising. In the third phase, at 
densities between about 101!J and 4 X lOt!J grams per cubic centimeter, 
each neutron-bloated nucleus completely disintegrates, that is, breaks up 
into indh'idual neutrons, forming the neutron gas studied by Oppen
heimer and Volkoft', plus a tiny smattering of electrons and protons. From 
there on upward in density, the equation of state takes on the Oppen
heimer-Volkoff neutron-star fonn (dashed curve in the diagram when 
nu.clear forces are ignored; solid curve using the best 1990s understanding 
of the infll.lence of nuclear forces). 

their C'.alculators in Cambridge and Berkeley in the 1930s. Wakano in 
Princeton in the 19505, by contrast, had at his disposal one of the 
world's first digital computers, the MANIAC- a room full of vacuum 
tubes and wires that had been constructed at the Princeton J nstitute for 
Advanced Study for use in the design of the hydrogen bomb. With the 
MA..~TAC, Wakano could crunc..lt out the structure of each star ill less 
than an hour. 

The results of Wakano's calculations are shown in Figure 5.5. This 
figure is the finn and final catalog of cold, dead objecL:'i; it an.~u-er!; all the 
que.~tions we raised, early in this chapter, in our discussion of Figure 5.J. 

In Figure 5.5, the circumference of a star is plotted rightward and its 
mass upward. Any star with circumference and mass in the white 
region of the figure has a stronger internal gravity than its pressure, so 
its gravity makes the star shrink leftward in the diagram. Any star in 
the shaded region has a stronger pressure than gravity, so its pressure 
makes tIle star expand rightward. in the diagram. Only along the 
boundary of white and shaded do gravity and pressure balallce ~ach 
other perfectly; thus, the boundary curve is the curve of cold, dead stars 
that are in pI'essure/gravity equilibrium. 



~ 
~ 

____________ ~e~!~!t~~~~ _____________ _ 

~ -----------p~~~~-~~~~---------------
V) 
\I'l 
~ 

~ t/) 
De~i;l). ~ 5ull. - - -- - - ---- - - - .... ~ 

~ 
0 

to lO~ .l0' 10' 

CIR.CUMPEReNCE, ~ K.lLOMETER.5 

5.5 The circumferences (plotted hori1.ontaUy), maSHf'_'I (plotted vertically). and 
central densitie'.8 (labeled on curve) for cold. dead stars, as ('.omputed by Masami 
Wakano under the diJ't'.ction of Jolm Wheeler, nsingthe eq,.ation of Slate of Box 
5.5. At central densities above those of an atomic rwcleuH (above 2 x 1014 grams 
per cubic centimeter). the solid curve is a modern. 1990s. one that takes proper 
account of the nuclear force, and the dashed curve is thal of Oppenheimer and 
Volkort' without nuclear forces. 

As one moves along this equilibrium curoe, one is tracing out dead 
"stars" of higher and higher densities. At the lowest densities (along 
the bottom edge of the figure and largely hidden from view), these 
"stars" are not stars at all; rather, they are cold planets made of iron. 
(When Jupiter ultimately exhausts its internal supply of radioactive 
heat and cools off, although it is made mostly of hydrogen rather than 
iron, it will nevertheless lie near the rightmost point OIl the equilib
rium curve.) At higher df".Dsities than the planets are Chandrasekhar's 
white dwarfs. 

When one reaches the topmost point on the white-dwarf part of the 
curve (the white dwarf with Chandrasekhar's maximum mass of 1.4 
Suns7) and then moves on to still higher densities, one meets cold, dead 

1. Actually, the maximwn w!litl!·dwarf miUS in Figure 5.5 (Wakano's ~ulation) is U! 
Suns, .... hich is slight!r less than thc 1.1· Suns that Cham)rasekhar calculatell. The diffP.l'ence is 
duc to a different chc:ni(,AI composition; Wakano's stats were made of "cold, de-old matter" 
(mostly iron), whi('h haa 46 pel'Cf!nt as many electrons as nucleons (neulJ'ons anc protons). 
Chal1drdseklaar's stars were madc of elemelllll Bucil as hp-lillm, carbon, nitrogen, and oJ(ygen, 
which have 50 percent as many electrons as nucleons. In fact, most \vbitc dwarfs in our 
LnivP.l'se are more ncarly like ChandcWlckhar's than like Wakallo's. That is wh)', in this hook, 
I consistently quote Chandrasf!khac'$ value for the maximum lDass: 1.4 Suns. 
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Box 5.6 

Unstable Inhabitants of the Gap between 
White Dwarfs and Neutron Stars 

Along the equilibrium curve ill Figure 5.5, all the stars between the while 
dwarfs and the neutron stars are unstable. An e~ample is the star with 
central density i 015 grams per cuhic centimeter, whose ma.. .. s and circulll
ference are those of the point in Figure 5.5 marked 101&. At tht:> 1015 point 
this star is in equilibrium; its gravity and pressure ba)an<'e each other 
perfectly. However, the star is as unstable as a pencil standing on its tip. 

If some tiny random force (for example, the fall of interstellar gas onto 
the star) squeezes the star ever so slightly, that is, reduces jt.~ cirl~umfcr
ence so it moves leftward a bit in Figure 5.5 into the white region, then 
the star'~ gravity will begin to overwhelm its pressure alld will pull the 
star into an implosion; as the star implod~ it will move strongly leftward 
throu.gh Figure 5.5 until it crosses the neutron-staT curve into the shaded 
region; there i~ neutron pressure will skyrocket, halt the implosion, and 
push the star's sl.lrface hack outward until the star settles down into a 
neutron-star grave, on the neutt-on-star cuneo 

By contrast, if, when tlle star is at the 101$ point. instead of being 
squeezed inward by a tiny random force. its surface gets pushed outward a 
bit (for example, by a random increase in the erratic motions of some of its 
neutrons), then it will entp.r the shaded region where pTE>..5SUre over
whelms gravity; the star~s pressure will then m.ake its surface t'xplode on 
outward across the white-dwarf curve and into the whit.e region of the 
figure; and there its gravity will take over and pull it back inward to the 
white-dwarf curve and a white·dwarf grave. 

This instability (squeeze the 10t5 star a tiny bit and it will implode to 
become a nE:\ltron stil.r; expand it a tillY bit and it will expl,)de to become a 
white dWdrfj means that no real star can el·er live for IOllg at the 1015 
point-or at any other point along the portion of the equilihrium curve 
marked "unstable." 

stars that cannot exist in nature because they are unstable against 
implosion or explosion (Box 5.6). As one moves from white-dwarf 
densities toward neutron-star densities, the masses of these unstable 
equilibrium stars decrease until they reach a minimum of about 0.1 
solar mass at a circumference of 1000 kilometers and a central de.nsity 
of 0 X 1015 grams per cubic centimeter. This is the first of the neutron 
stars; it. is the "neutron core" that Oppenheimer and Serber studied and 
showed cannot possihly he as light as the 0.00 1 solar mass that Landau 
wanted for a core inside the Sun. 



5. IMPLOSION IS COMPULSORY 

Moving on along the equilibrium curve, we meet the entire family 
of neutron stars, with masses ranging from 0.1 to about 2 Suns. The 
maximum neutron-star mass of about 2 Suns is somewhat uncertain 
even in the 1990s because the behavior of the nuclear force at very 
high densities is still not well understood. The maximum could be as 
low as 1.5 Suns but not much lower, or as high as 3 Suns but not much 
higher. 

At the (approximately) 2-solar-mass peak of the equilibrium curve, 
the neutron stars end. AB one moves i'urther along the curve to still 
higher densities, the equilibrium stars become unstable in the same 
manner as those between white dwarfs and neutron stars (Box 5.6). 
Because of this instability, these "stars," like those between white 
dwarfs and neutron stars, cannot exist in nature. Were they to fonn, 
they would immediately implode to become black holes or explode to 
become neutron stars. 

Figure 5.5 is absolut.ely firm and unequivocal: There is no third 
family of stable, massive, cold, dead objects between the white dwarfs 
and the neutron stars. Therefore. when stars such as Sirius, which are 
more massive than about 2 Suns, exhaust their nuclear fuel, either they 
must eject all of their excess mass or they will implode inward past 
white-dwarf densities, past neutron-star densities, and into the critical 
circumference-where today, in the 1990s, we are completely certain 
they must form black holes. Implosion is compulsory. For stars of 
sufficiently large mass, neither the degeneracy pressure of electrons nor 
the nuclear force between neutrons can stop the implosion. Gravity 
overwhelms even the nuclear force. 

There rf'.mains, however, a way O'..lt, a way to save all stars, even the 
most massive, from the black-hole fate: Perhaps all massive stars eject 
enough mass late in their lives (in winds or explosions), or during their 
deaths, to bring them below about 2 Suns so they can end up in the 
neutron-star OT white-dwarf graveyard. During the 19405, 19505, and 
early 1960s, astronomers tended to espouse this view, when they 
thought at all about the issue of the final fates of stars. (By and large, 
however, they didn't think about ·the issue. There were no observa
tional data pushing them to think about it; and the observational data 
that they were gathering on other kinds of objects· -··normal stars, 
nebulas, galaxies-were so rich, challenging, and rewarding as to ab
sorb the astronomers' full attention.) 

Today, in the 1990s, we know that heavy stars do eject enormous 
amounts of mass as they age and die; they eject so much, in fact, that 
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most stars born with masses as large as 8 SUIlS lose enough to wind up 
in the white-dwarf graveyard, and most born between about 8 and 20 
Suns lose enough to wind up in the neutron-star graveyard. Thus, 
nature seems almost to protect herself against black holp.s. But not 
quite: The preponderance of the observational data suggest (but do not 
yet firmly prove) that most stars born heavier than about 20 Sllns 
remain so heavy when they die that their pressure provides no protec
tion against gravity. When they exhaust their nuclear fuel and begin to 
cool, gravity overwhelms their pressure and they implode to form black 
holes. We shall meet some of the observational data suggesting this in 
Chapter 8. 

There is much to be learned about the nature of science and scientists 
from the neutron-star and neutron-core studies of the 1930s. 

The objects that Oppenheimer and Volkoff studied were Zwicky's 
neutron stars and not Landau's neutron cores, since they had no sur
rounding envelope of stellar matter. Nevertheless, Oppenheimer had so 
little respect for Zwicky that he declined to use Zwicky's Dame for 
them, and insisted on using Landau's instead. Thus, his article with 
Volkoff describing their results, which was published in the 15 Febru
ary 1939 issue of the Physical Review, ('..aeries the title "On Massive 
Neutron Cores." And to make sure that nobody would mistake the 
origin of his ideas about these stars, Oppenheimer sprinkled the article 
with references to Landau. Not once did he cite Zwicky's plethora of 
prior neutron-staT publications. 

Zwicky, for his part, watched with growingconstemation in 1938 as 
Tolman, OppenheimE"I. and Volkoff pursued their studies of ne\ltron
star structure. How could they do this? he fumed. Neutron stars were 
his babies, not theirs; they had no business working on neutron stars .
and, besides, although Tolman would talk to him occasionally, Oppen
heimer was not consulting him at all! 

In the plethora of papers that Zwicky had written about neutron 
stars, however, there was only talk and speculation, no real details. He 
had been so busy getting under way a major (and highly successful) 
observational search for supernovae and giving lectures and writing 
papers about the idea of a neutron star and its role in supernovae that 
he had never gotten around to trying to fill in the details. But now his 
competitive spirit demanded action. Early in 1938 he did his best to 
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develop a detailed mathematical theory of neutron stars and tie it to his 
supernova observations. His best effort was published in the 15 April 
1939 issue of the Physical Review under the title "On the Theory and 
Observation of Highly Collapsed Stars." His paper is two and a half 
times longer than that of' Oppenheimer and Volkoff; it contains not a 
single reference to the two-months-earlier Oppenheimer-Volkoff arti
cle, though it does refer to a subsidiary and minor article by Volkoff 
alone; and it contains nothing memorable. Indeed, much of it is simply 
wrong. By contrast, the Oppenheimer-Volkoff paper is a tour de force, 
elegant, rich in insights, correct in all details. 

Despite this, Zwicky is venerated today, more than half a century 
later, for inventing the concept of a neutron star, for recognizing, cor
rectly, that neutron stars are created in supernova explosions and ener
gize them, for proving observationally, with Baade, that supemovile 
are indeed a unique class of astronomical objects, for initiating al1d 
carrying through a definitive, decades-long observational study of 
supernovae-and for a variety of other insights unrelated to neutron 
stars or supernovae. 

How is it that a man with so meager an understanding of the Jaws of 
physics could have been so prescient? My own opinion is that he em
bodied a remarkable combination of charat.-rer traits: enough under
standing of theoretical physics to get things right qualitatively, if not 
quantitatively; so intense a curiosity as to keep up with everything 
happening in all of physics and astronomy; an ability to discern, intui
tively, in a way that few others could, connections between disparate 
phenomena; and, of not least importance, such great faith in his own 
inside track to truth that he had no fear whatsoever of making a fool of 
himself by his speculations. He knew he was right (though he often 
was not), and no mountain of evidence could convince him to the 
contrary. 

Landau, like Zwicky, had great self-confidence and Htde fear of 
appearing a fool. For example, he did not hesitate to publish his t 93 t 
idea that stars are energized by superdense stellar cores in whidl the 
laws of quantum mechanics fail. In mastery of theoretir-.al physics, 
Landau totally outclassed Zwicky; he was amollg the top ten theorists 
of the twentieth century. Yet his speculations were wrong and 
Zwicky's were right. The Sun is not energized by neutron cores; super
novae are energized. by neutron stars. Was Landau, by contrast with 
Zwicky, simply unlucky? Perhaps partly. But there is another factor: 
Zwicky was irnmersed in the atmosphere of Mount Wilson, then the 
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world's greatest center for astronomical observations. And he col
laborated with one ()f the world's greatest observational astronomers, 
Walter Baade, who was a mast.er of the observational data. And at 
C..altech he could and di.d talk almost daily with the world's greatest 
cosmic-ray obsen·ers. By contrast, Landau had almost no direct contact 
with observational astronomy, and his articles show it. Without suc..'t 
L'Olltact, he could not develop an acute sense for what things are like out 
there, far beyond the Earth. Landau's greatest triumph was his master
ful use of the laws of quantum mechanics to explain the phenomenon 
of SUI)erfluidity, and in t.ltis research, he interacted extensively with the 
experimenter, PyotT Kapitsa, who was probing superfluidity's details. 

For Einstein, by contrast with Zwicky and Landau, close COllta(.1: 

between observation and theory ,vas oflittle importance; he discovered 
his general relativistic laws of gravity with almost no observational 
input. But that was a rare exception. A rich interplay between observa
tion and theory is essential to progress in most branchE'S of physic.. 'I and 
astronomy. 

And what of Oppenheimer, a man whose mastery of physics was 
comparable to Landau's? H.is artkle, with Volkoff, on the structure of 
neutron sta.rs is one of the great astrophysics articles of all time. But, as 
great and beautiful as it is, it "merely" filled in the details of the 
n.eutrOl1-star concept. The concept was, indeed, Zwicky's baby-as 
we.re sup~rnovae and the powering of supernovae by the implosion of a 
stellar (:ore to form a neutron star. Why was Oppenheimer, with so 
much going for him. far less innovative than Zwicky? Primarily, 1 
d,ink, he cause he declined-perhaps even feared --to speculate. Isi
dore I. Rahi, a close friend and admirer of Oppenheimer, has described 
this in a much deeper wa}': 

"[I]t seems to mt:' that in some respects Oppenheimer was over
educated in those fields which lie outside the scientific tradition, such 
as his interest in religion, in the Hindu religion ill particular, which 
resulted in a feeling for the mystery of the Univ~rse that surrounded 
him almost like a fog. He saw physics clearly, looking toward what had 
already been done, but at the border he tended to feel that there was 
much more of the mysterious and novel than there actually was. He 
was insufficiently confident of the power of the intellectual tools he 
already possessed and did not drive his thou.ght to the ve·cyend because 
he felt instinctively that new ideas and new methods were necessary to 
go further than he and his students had already gone." 
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Implosion to What? 

in which aU the armaments 
o/theoretical physics 

cannot ward off the conclusion: 
implosion produces black holes 

The confrontation was inevitable. These two intellectual giants, J. 
Robert Oppenheimer and John Archibald Wheeler, had such different 
views of the Universe and of the human condition that time after time 
they found themselves on opposite sides of deep issues: national secu
rity, nuclear weapons poli(:y-and now black holes. 

The scene was a lecture hall at the University of Brussels in Bel
gium. Oppenheimer and Wheeler, neighbors in Princeton, New Jersey, 
had journeyed tbere along with thirty-one other leading physicists cUld 
astronomers from around the world for a full week of discussions OIl 

the structure and evolution of the Universe. 
It was Tuesday, 10 June 1958. Wheeler had just finished presenting, 

to the assembled savants, the results of his recent calculations with 
Kent Harrison and Masami Wakano-the r.alclllations that had identi
fied, unequivocally, the masses and circumferences of all possible cold, 
dead stars (Chapter 5). He had filled in the missing gaps in the Chand
rasekbar and Oppenheimer-Volkoff calculations, and had confirmed 
their conclusions: Implosion is compulsory when a star more massive 
than about 2 Suns dies, and the implosion cannot produce a white 
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dwarf, or a neutron star, or any other kind of cold, dead star, uuless the 
dyiIlg ~tar eje(:ts enough mass to pull itself below the maximum-mass 
limjt of about Q SUDS. 

"Of all the implications of general relativity for the structure and 
evolution of the Universe, this question of the fate of great masses of 
matter is one of the most challenging," Wheeler asserted. On this his 
audience ('''Ould agree. Wheeler then, in a near replay of Arthur Edding
ton's attack on Chandrasekhar twenty-four yean earlier (Cbapter 4), 
described Oppe:lhe.imer's view that massive stars must die by imp)od .. 
ing to form black holes, and then he opposed it: Such implosion "does 
not give an acceptable answer," Wheeler asserted. Why not? For essen· 
tially the same reason ~s Eddington had rejected it; in Eddington's 
words, "there should he a law of ~ature to prevent a star from behav
ing in this absurd way." But there was a deep difference between 
Eddington and Wheeler: Wh~.reas Eddington's 1935 speculative mech· 
anism to save the Universe from black holes was immediately br~'lded 
as wrong by such e"Xperts as Niels Bohr, Wheeler's 1958 speculative 
me(:hanisrn could not ilt the time ~ proved or disproved- and fifteen 
years later it would turn out to be partially right (Chapter 12). 

Wheeler's speculation was this. Since (in his view) implosion to a 
black hole must be rejected as physicaHy implausible, "there seems no 
escape from the (:onc1usion that the nucleons [neutrons and protons] at 
the center of an imploding star must nec.essarily dissolve away into 
radiation, and dlat this radiation must escape from the star fast enough 
to reduce its mass fbelow about. 2 Suns]" and permit it to wind up in 
the neutron-star graveyard. Wheeler readily acknowledged that such a 
conversion of nucleons intO escaping ra.diation was outside the bounds 
of the known laws of physics. However, such conversion might result 
from the as yet ill-understood "marriage" of the laws of general relativ
ity with the laws of quantum mechanics (Chapters 12--1+). This, to 
Wheeler, was the most ~nticing aspect of "the problem of great 
maases": The absurdity of implosion to form a black hole for<:ed him to 

contemplate an entirely new physical process. (See Figure 6.1.) 
Oppenheimer was not impr~ssed. When Wheeler finished speaking, 

he was the first to take the floor. Maintaining a politeness that he had 
not displayed as a younger man, he affirmed his own view: "I do not 
know whether nOIl.-rotating masses much heavier than the sun really 
occur in the Course of stellar evolution; but if they do, I believe their 
implosion can he described in the framework of gencral relativity 
(without asserting new laws of physics]. Would not the simplest a!;-
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6.1 C'..ontrast of Oppenheimer's view of the fates of 18l'8e masses (upper sequence) 
ltith Wheeler's 1958 view (IQwer geq1U'.nce). 

sumption be that such masses undergo continued gravitational contrac· 
tion and ultimately cut themselves off more and mOre from the rest of 
the Universe [that is, form black holes]?" (See Figure 6.1.) 

Wheeler was equally polite, but held his ground. "It is very difficult 
to believe 'gravitational cutoff' is a satisfactory answer," be asserted. 

Oppenheimer's confidence in black holes grew out of detailed calcu
lations he had done nineteen years earlier: 

Black-Hole Birth: 
A First Glimpse 

In the winter of 1938-39, having just completed his computation with 
George Volkoff of the masses and circumferences of neutron stars 
(Chapter 5), Oppenheimer was firmly convinced that massive stars, 
wben they die, must implode. The next challenge was obvious: use the 
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}(iWS of physics to (:ompute the details of the implosion. What would 
the implosion look like as seen by people in orbit around the star? What 
would it look like as seen by people riding on the star's suri"acf:'? What 
would be the final state of th~ irnploded star, thousands of years after 
the implosion? 

This computation wouJd not be easy. Its mathematical manipula
tions would be the most challenging that Oppenheimt:r and his stu
dents had yet tackled: The imploding star would change its properties 
rapidly as time passes, whereas the Oppenheimer--Volkoff neutron 
stars had heen sta.tic, unchanging. Spacetime CUl:vature would become 
enormous inside the imploding star, whereas it had been much more 
modest in neutron stars. To deal with these complexities would require 
a very special student. The choice was obvious: Hartland Snyder. 

Snyder was different from Oppenheimer's other students. ThE" oth·
ers came from middle-class fatnilif'S; Snyder was working class. Berke
ley rumor had it that. he was a truck driver in Utah before turning 
physicist. As Robert Serber recalls, "Hartland pooh-poohed a lot of 
things that were standard for Oppie's students, like appreciating Bach 
and Mozart and going to st.ring quartets aud liking fine food and liberal 
politics." 

The Caltech nttc1ear ph~icists were a more rowdy bunch than Op
penheimer's entourage; on OppenheiDler's annual spring trek to 
Pasadena, Hartland fit right in. Says Caltech's William Fowler, "Oppie 
was extremely cuJtured; knew literature, art, music, Sanskrit. But Hart
land-he was like the :rest of us bums. He loved the Kellogg Lab 
parties, where Tommy Lauritsen played the piano and Charlie Laurit
sen [leader of the lab] played thE: fiddle and. we sang college songs and 
drinking songs. Of all of Oppie's students, Hartland was the most inde
pendent." 

Hart1and was also different mentally. "Hartland had more talent for 
difficult mathematics than the rest of us," recalls Serber. "He was very 
good at improvillg the cruder calculations that the rest of us did." It 
was this talent that made him a natural for the jmplosion calculation. 

Before embarking on the full, complicated calculation, Oppen
heimer insisted (as always) on making a first, quick. survey of the 
problem. How much could be learned with only a little effort? The key 
to this first survey was Sc~hwarzschild'lI geometry {Ot· the curved space. 
time outside a star (Chapter 3). 

Schwan.llchild had discovered his spacetime geometry as a solution 
to Einstein's general relativistjc field equation. It was the solution for 
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the exterior of a static star, one that neither implodes nor explodes nor 
pulsates. However, in 1923 George Birkhoff, a mathematician at Har
vard, had proved a remarkable mathematical theorem: Schwarzschild's 
geometry describes the exterior of any star that is spherical. induding 
not only static stars but also imploding, exploding, and pulsating ones. 

For their quick calculation, then, Oppenheimer and Snyder simply 
assumed that a spherical star, upon exhausting its nuclear fuel, would 
implode indefinitely, and without probing what happens inside the 
star, they computed what the imploding star would look like to some
body far away. With ease they inferred that, since the spacetime get)m
etry outside the imploding star is the same as outside any static star, the 
imploding star would look very much like a sequence of static stars, 
eacb one more compact than the previous one. 

Now, the external appearance of such static stars had been studied 
two decades earlier, around 1920. Figure 6.2 reproduces the embedding 
d.i.agrams that we used in Chapter 3 to discuss that appearance. Recall 

6.2 (Same as Figure 3.4.) General relati\'ity's predictions for the curvature of 
space and the redshit\ of light from a sequt>.nce of three h~hly compact, static 
(non-imploding) Io1.arS that all have the same mass but have different circumft'.r
ences. 
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that each embedding diagram depicts the curvature of space inside and 
near a star. To make the depiction comprehensibJe, the diagram dis
plays the curvature of only two of the three dimensions of spa(:e: the 
two dimensions on a sheet tha.t lies precisely in the star's equatorial 
"plane" (left half of the figure). The curvature of space on this sheet is 
visualized by imagining that we pull the sheet out of the star and out of 
the physical space in which we and the star live, and move it into a flat 
(uncurved), fictitious hyperspace. In the uncurved hyperspace, the 
sheet can maintain its curved ~metry only by bending downward 
like a bow] (right half of the figure). 

The figure shows a sequence of three static stars that m.imic the 
implosion that OppenheiIner and Snyder were preparing to analyze. 
Each star has the same mass, but they have different circumferences. 
The first is four times bigger around than the critical circumference 
(four times bigger than the circumference at which the star's gravity 
would become so strong that it forms a black hole). The SE'Cond is twice 
the critical circumference, and the third is precisely at the critical 
cir(:urnference. The embedding diagrams show that thf! closer the star 
is to its critical circumference, the more extreme is tb~ curvature of 
space around the star. However, the curvature does not become infi
nitely extreme. The bowl-like geometry is smooth everywhere with no 
sharp cusps Qr points or creases, even when the star is at ito; critical 
cir(:wnference; that is, the spacetime curvature is not infinite, and, 
correspondingly, since tidal gravitatwnal/orees (the kinds of forces that 
stretch one from head to foot and produce the tides 011 the Earth) are 
the physicallnanifestation of spacetime curvature, tidal gravity is not 
infinite at the critical circumference. 

In ChapteT 3 we also discussed the fate of ligbt emitted from the 
surfaces of static stars. We learned that because time flows more slowly 
at the stellar surface than far away (gravitatiofltll time dilation), light 
waves emitted fl-om the star's surface and ret.'eived far away will have a 
lengthened period of oscillation and correspondingly a lengthened 
wavelength and a reddel" color. The light's wavelength gets shifted 
toward the red end of the spectrum as the light climbs out of the star'" 
intense gravitational field (gravitation.al redshift). When the static star 
is four times larger than its critical circumference, the lightts wave
length is lengthened by 15 percent (see the photon oflight in the upper 
right part of the figure); when the star is at twice its critical circumfer
ence, the redshift is 4.1 percent (middle right); and when the star is 
precisely at its critical circumference, the light's wavelength is infi-
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nitely redshifted, which means that the light has no energy left at all 
and therefore has ceased to exist. 

Oppenheimer and Snyder, in their quick calculation, inferred two 
things from this sequence of static stars: First, an imploding star, like 
these static stars, would probably develop strong spacetime curvature as 
it nears its critical circumference, but not infinite curvature and there
fore not infinite tidal gravitational forces. Second, as the star implodes, 
light from its surface should get more and more redshifted, and when it 
reaches the critical circumference, the redshift should become infinite, 
making the star become completely invisible. Tn Oppenheimer's words, 
the star should "cut itself off" visually from our external Universe. 

Was there any way, Oppenheimer and Snyder asked themselves, 
that the star's internal properties--··ignored in this quick calculation
could save the star from this cutoff fate? For example, might the implo
sion be forced to go so slowly that never, even after an infinite time, 
would the critical circumference aetuan y be reached? 

Oppenbeimer and Snyder would have liked to answer these ques
tions by calculating the details of a realistic stellar implosion, as de
picted in the left half of Figure 6.3. Any real star will spin, as does the 
Earth, at least a little bit. Centrifugal forces due to that spin will force 
the star's equator to bulge out at least a little bit, as does Earth's 
equator. Thus, the star cannot be precisely spherical. As it implodes, the 
star must spin faster and faster like a figure skater pulling in his arms; 
and its faster spin will cause centrifugal forces inside the star to grow, 
making the equatorial bulge more pronounced· sufficiently pro
nounced, perhaps, that it evE'.D halts the implosion, with the outward 
centrifugal forces then fully balancing gravity's pull. Any real star has 
high density and pressure in its center, and lower density and pressure 
in its outer layers; as it implodes, high-density lumps will develop here 
and there like blueberries in a blueberry muffin. Moreover, the star's 
gaseous matter, as it implodes, will form shock waves-analogues of 
breaking ocean waves--and these shocks may eject matter and mass 
from some parts of the star's surface just as an ocean wave can eject 
droplets of water into the air. Finally, radiation (electromagnetic 
waves, gravitational waves, neutrinos) will pour out of the star, carry
ing away mass. 

All these effects Oppenheimer and Snyder would have liked to in
clude in their cak-ulations, but to do so was a fonnidable task, far 
beyond the capabilities of any physicist or computing machine in 1939. 
It would not become feasible until the advent of supercomputers in the 
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19808. Thus, to make any progress a.t an, it was necessary to build an 
id.ealized model of the imploding star and then compute the predic
tions of the laws of physics for that model. 

Such idealizations were Oppenheimer's forte: When confronted 
with a horrendously complex situation such as this one, he co"ltld dis
cern almost unerringly which phenomena were of CTl)cial importance 
and which were peripheral. 

For the imploding star, one feature was crucial above an others, 
Oppenheimer believed: gravity as des<-.ribed by Einstein's general rela
tivistic laws. It, and only it, must not be compromised when formulat
ing a calculation that. could he done. By contrast, the star's spin and its 
nonspherical shape could be ignored; they might be crucially impor
tant for some imploding stars, but for stars that spin slowly, they proba
bly would have no strong effect. Oppenheimer could not really proVE" 
this mathematically, but intuitively it seemed clear, and indeed it has 
t\lrnOO out to be true. Similarly, his intuition said, the outpouring of 
radiation was an unimportant detail, as were shock waves and density 
lumps. Moreover, since (as Oppenheimer and Volkoff had shown) grav
ity could overv.Thelm all pressure in massive, dead st..1.l'S, it seem.ed safe 
to pretend (incorrectly, of course) that the imploding star has no inter·· 
nal pressure whatsoever-neither thennal pl"essure, nOr pressure aris
ing from the electrons' or neutrons' claustrophobic degeneracy mo
tions, nor pressure arising from the nuclear force. A rea} star, with its 
real presstJre~ might implode in a different manner from an idealized, 
pressureless star; but the differences of implosion should be only rn.od
est: not great, Oppenheimer's intuitio.n insisted. 

Thus it was that Oppenheimer suggested to Snyder an idealized 
computational problem: Study, using the precise laws of general rela
tivity, the implosion of a star that is idealized as precisely spherical, 
Donspinning, and nonradiating~ a star with uniform density (the same 
near its surface as at its center) alld with no internal pressure whatso
ever; see Figure 6.3. 

Even with an these idealizations- ··idealizations that would generate 
skepticism in other physicists for thirty years to (:ome-tbe calculation 
was exceedingly difficult. Fortunately, Richard Tolmall was available 
in Pasadena for help. Leaning heavily on Tolman and Oppenheimer 
for advice, Snyder worked out. the equations governing the entire im
plosion ·-and in a tour de fon.:e, he managed to solve them. He now 
had the full details of the implosion, expressed in formulas! By scruti
nIzing those forrnu1as, first from one direction and then anochf>.r, p.hysi-
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6.:3 I4t: Physical phenomena in a realistic, imploding star. /Ught:The idealiza
tions that Oppenheimer and Snyder made in order to oompute stellar implosion. 

cists could read off whatever aspect of the implosion they wished
how it looks from outside the star, how it looks from inside, how it 
looks on the stax's surface, and so forth. 

Especially intriguing is the appearance of the imploding star as ob
served from a static, external referenceframe, that is, as seen byobserv
ers outside the star who remain always at the same fixed circumference 
instead of riding inward with the star's imploding matter. The star. as 
seen in a static, external frame, begins its implosion in just the way one 
would expet.-t. Like a rock dropped from a rooftop, the star's surface 
falls downward (shrinks inward) slowly at first, th.en more and more 
rapidly. Had Newton's laws of gravity been correct, this acceleration of 
the implosion would continue inexorably until the star, lacking any 
internal pressure, is crushed to a point at high speed. Not so according 
to Oppenheimer and Snyder's relativistic formulas. Instead, as the star 
nears its critical cirt."1lmference, its shrinkage slows to a crawl. The 
smaller the star gets, the more slowly it implodes, until it becomes 
frozen precisely at the critical circumference. No matter how long a 
time one waits, if one is at rest outside the star (that is, at rest in the 
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static, external reference frame), one will never be able to see the star 
implode through the critical circumference. That is the unequivocal 
message of Oppenheimer and Snyder's formulas. 

Is this freezing of the implosion caused by some unexpected, general 
relativistic force inside the star? No, not at all, Oppenheimer and Sny
der realized. R.ather, it is caused by gravitational time dilation (the 
slowing of the flow of time) near the critical circumference. Time on 
the imploding star's surface, as seen by static external observers, must 
flow more and more slowly when the star approaches the critical cir
cumference, and correspondingly everything occurring on or inside the 
star including its implosion must appear to go into slow motion and 
then gradually freeze. 

As peculiar as this might seem, even more peculiar was another 
predi(:tion made by Oppenheimer and Snyder's formulas: Although, a.s 
seen by static external observers, the implosion freezes at the critical 
circumference, it does IWtfreeze at all as viewed by observers riding 
inward on the star's surface. If thE.' star weighs a few solar ma.~es and 
begins about the size of the Sun, then as observed from its own surface, 
it implodes to the critical circumference in about an hour's time, and 
then keeps right on imploding past criticality and on in to smaller 
circumferences. 

By 1939, when Oppenheimer and Snyder discovered these things, 
phYSicists had become accustomed to the fact that time is relative; the 
flow of time is different as measured in different reference frames that 
move in difl'l".rent ways through the Universe. But never before had 
anyone encountered such an extreme difference between reference 
frames. That the implosion freezes forever as measured in the static, 
e.'Cternal frame but continues rapidly on past the freezing point as mea
slJ.red in the frame of the .~tar$ surface \vas extremely hard to compre
hend. NObody who studied Oppenheimer and Snyder's mathematics 
felt comfortable with such an extreme warpage of time. Yet there it 
was jn their formulas. One might wave one's arms with heuristic expla
nations, hut no explanation seemed very satisfYing. It would not be 
fully understood until the late 1950s (near the end of this chapter). 

By looking at Oppenheimer and Snyder's formulas from the view
point of an observer on the star's surface. one can deduce the details of 
the implosion even after the star sinks within its cr.itical circumference; 
that is, one can discover that the star gets crunched to infinite density 
alld zero volume. and one can deduce the details of the spacetime 
curvature at the crunch.. However, in their article describing theh 
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calculations, Oppenheimer and Snyder avoided any discussion of the 
crunch whatsoever. Presumably Oppenheimer was prevented from dis
cussing it by his own innate scientific conservatism, his unwil1ingness 
to speculate (see the last two paragraphs of Chapter 5). 

If reading the star's final crunch off their formulas was too much for 
Oppenheimer and Snyder to face, even the details outside and at the 
critical circumference were too bizarre for most physicists in 1939. At 
Caltech, for example, Tolman was a believer; after all, the predictioIls 
were unequivocal c{)nsequences of general relativity. But nobody elsp. 
at Caltech was very convinced. General relativity had been tested ex
perimentally only in tbe solar system, wbere gravity is so weak that 
Newton's laws give almost the same predictions as general relativity. 
By contrast, tbe bizarre Oppenheimer-Snyder predictions relied on 
ultra-strong gravity. General relativity might welJ fail before gravity 
ever became so strong, most physicists thought; and even if it did not 
fail. Oppenbeimer and Snyder might be misinterpreting what their 
mathematics was trying to say; and even ifthey were not misinterpret
ing their mathematics, their calculation was so idealized, so devoid of 
spin, lumps, shocks, and radiation, that it should not be taken seriously. 

Such skepticism held sway throughout the United States and West
ern Europe, but not in the U .S.S.R. There Lev Landau, still recuperat
ing from his year in prison, kept a "Golden List" of the most important 
physics research articles published anywhere in the world. l:pon read
ing the Oppenheimer-Snyder paper, Landau entered it in his List, and 
he proclaimed to his friends and associates that these latest Oppen
heimer revelations had to be right, even though they were extremely 
difficult for the human mind to comprehend. So great was Landau's 
influence that his view took hold among leading Soviet theoretical 
physicists from that day forward. 

Nuclear Interlude 

w're Oppenheimer and Snyder right, or were they wrong? The 
answer would likely have been learned defjnitively during the 1940s 
bad World War IT and t..l:!en ('Tash programs to develop the hydrogen 
bomb not intervened. Rut the war and the bomb did intervene, and 
research 011 impractical, esoteric issues like black holes became frozen 
in time as physicists turned their full energies to weapons design. 

Only in the late 1950s did the weapons efforts wind down enough to 
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bring stellar implosion back into phyticists' consciousness. Only then 
did the skeptics launch their first serious attack on the Oppenheilner
Snyder predictions. Carrying the banner of the skeptics at first., but not 
for long, was John Archibald Wheeler. From the outset, a leader of the 
believers was "'heeler's Soviet counterpart, Yakov Borisovich Zel'
dovich. 

The characters of Wheeler and Zel'dovich were shaped in the fire of 
nuclear weapons projects during the nearly two decades that black-hole 
research was frozen ill time, the decades of the t 94-0s and t 950s. From 
their weapons work, Wheeler and Zel'dovich emerged with crucjal 
tools for analyzing black holes: powerful computational techniques, a 

deep understanding of the laws of physics, and interactive research 
styles in which they would continually stimulate younger colleagues. 
They also emerged carrying difficult baggage ~d set of complex rela
tionships with some of their key colleagues: Wheeler with Oppen
heimer; Zel'dovich with Landau and with Andrei Sakharov. 

John Wheeler, fre~h out of graduate school ill 1933, and the winner of 
a Rockefeller-financed National Research Council postdoctoral fellow
ship, had a choice of where and with whom to do his postdoctoral 
study. He CQuid have chosen Berkeley and Oppenhejm(~r, as did most 
NRC theoretical physics postdoc.s in those days; instead he chose ~ew 
York l:niversity and Gregory Breit. "In personality they [Oppen
heimer aDd Breit] were utterly different," Wheeler says. "Oppen
heimer saw things in black and white and was a quick decider. Breit 
worked ill shades of grey. Attracted to issues that require long reflec
tiolI, I chose Breit." 

FrQm ~ew York University in 1933, Wheeler moved on to Copenha
gen to study with Niels Rohr, then to an assistant professorship at the
University of North Carolina, foHowed by one at Princeton "Cniversity, 
in New Jersey. III 1959, while Oppenheimer and students in California 
were probing neutron stars and black holes, Wheeler and Bohr at 
Princeton (where Bohr was visit.ing) were developing the theury of 
n.uclear fi~sion; the breakup of heavy atomic nuclei such as uranium 
into smaller pieces, when the nuclei are bombarded by neutrons (Box 
6.1). Fission had just been discovered quite unexpectedly hy Otto Hahn 
and F'rit7. Strassman in Gennany, and its implications were ominous: 
Bya chain reaction of fissions a weapon of unprecedented power might 
be made. But Bollr and Wheeler did not concern themselves with chain 
reactions or weapons; they just wanted to underst81ld how fission comes 



Box 6.1 

Fusion, Fission, and Chain Reactions 

Thefosion of very light nuclei to form medium-sized nuclei releases huge 
anlounts of energy. 11. simple example from Box 5.3 is the fusion of a 
deuterium nucleus ("heavy hydrogen," with one proton and one neutron) 
and an ordinary hydrogen nucleus (a single proton) to form a helium-3 
nucleus (two protons and one neutron): 
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Such fusion rea(:tions keep the Sun hot and .power the hydrogen bomb 
(the "superbomb" as it was called in the 1940s and 1950s). 

The fission (splitting apart) of a very heavy nucleus to form two me
dium-sized nuclei releases a large amount of energy---far more than 
comes from chemical reactions (since the nuclear force which governs 
nuclei is far str<mger than the electl'omagnetic force which governs chemi
cally reacting atoms), but much less energy than comes from the fusion of 
light nuclei. A few very heavy nuclei undergo fission naturally, without 
any outside help. More interesting for this chapter arc fission reactions in 
which a neutron hits a very hea\"y nucleus such as uranium-235 (a ura·· 
nium nudeus with 235 proton6 and neutrons) and splits it Toughly in half: 

~--.- -_.-."""" 

(continued 'lIlxL Pagr!) 



(Box 6.1 continued) 

There are two special, heavy nuclei, uranium-2.:~5 and plutonium-239, 
with the property that their fission produces not only two medium-sized 
nuclei, but also a handful of neutrons (as in the drawing above). These 
neutrons make possible a chain reaction: If one con(:entratE".8 enough ura
nium-235 or plutonium-239 into a small enough package, then the neu
trons released from one fission will hit other uranium or plutonium nuclei 
and fission them, producing more neutrons that fission more nuclei, pro
ducing stil1 more neutrons that fission still more nuclei, and so on. The 
result of this chain reaction, if uncontrolled, is a huge explosion (an atomic 
bomb blast); if controlled in a rea(:tor, the result can be highly efficient 
electric power. 

about. What is the underlying mechanism? How do the laws of physics 
produce it? 

Bohr and Wheeler were remarkably successful. They discovered 
how the laws of physics produce fission, and they predicted which 
nuclei would be the most effective at sustaining chain reactions: ura
nium-235 (which would become the fuel for the bomb to destroy Hiro
shima) and plutonium-239 (a type of nucleus that does not exist in 
nature but that the American physicists would soon learn how to make 
in nuclear reactors and would use to fuel the bomb to destroy 
:'Ilagasaki). However, Bohr and Wheeler were not thinking of bombs in 
1939; they only wanted to understand. 

The Bohr' Wheeler article explaining nuclear fission was published 
in the same issue of the Physical Review as the Oppenheimer Snyder 
article describing the implosion of a star. The publication date was 1 
September 1959, the very day that Hitler's troops invaded Poland, 
triggering World War II. 

Yakov Borisovich Zel'dovich was born into a 1 ewish fam ily in Minsk in 
1914; ]ater that year his family moved to Saint Petersburg (renamed Len
ingrad in the 1920s, then restored to Saint Petersburg in the 1990s). Zel'
dovich completed high school at age fifteen and theIl, instead of enter
ing university, went to work as a laboratory assistant at the Physico
technical Institute in Leningrad. There he taught himself so much phy
sics and chemistry and did such impressive research that, without any for
mal university training, he was awarded a Ph.D. in 1934, at age twenty. 
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In 1939, while Wheeler and Bohr were developing the theory of 
nuclear fission, Zel'dovich and a close friend, Yuli Borisovich Khariton, 
were developing the theory of chain reactions produced by nuclear 
fission: Their research was triggered by an intriguing (incorrect) sug
gestion from French physicist Francis Perrin that volcanic eruptions 
might be powered by natural, underground nuclear explosions, which 
result from a chain reaction of fissions of atomic nuclei. However, 
nobody including Perrin had worked out the details of such a chain 
reaction. Zel'dovich and Khariton-already among the world's best 
experts on chemical explosions-leaped on the problem. Within a few 
months they had shown (as, in parallel, did others in the West) that 
such an explosion cannot o(:cur in nature, because naturally occurring 
uranium consists mostly ofuranium-238 and not enough uranium-235. 
However, they concluded, if one were to artificially separate out ura
nium-235 and concentrate it, then one could make a chain-reaction 
explosion. (The Americans would soon embark on such separation to 
make the fuel for their Hiroshima bomb.) The curtain of secrecy had 
not yet descended around nuclear research, so Zel'dovich and Khariton 
published their calculations in the most prestigious of Soviet physics 
journals, the Journal of Experimental and Theoretical Physics, for all 
the world to see. 

During the six years of W orId War II, physicists of the warring 
nations developed sonar, mine sweepers, rockets, radar, and, most fate
fully, the atomic bomb. Oppenheimer led the "Manhattan Project" at 
Los Alamos, New Mexico, to design and build the American bombs. 
Wheeler was the lead scientist in the design and construction of the 
world's first production-scale nuclear reactors, in Hanford, Washing
ton, whith made the plutonium-209 for the Nagasaki bomb. 

After the bombs' decimation of Hiroshima and Nagasaki and the 
deaths of several hundred thousand people, Oppenheimer was in an
guish: "If atomic bombs aTe to be added to the arsenals of a warring 
world, or to the arsenals of nations preparing for war, then the titne 
will Com.e when mankind will curse the name of Los Alamos and 
Hiroshima." "In some sort of crude sense which no vulgarity, no 
humor. no overstatement can quite extinguish, the physicists have 
known sin; and this is a knowledge which they cannot lose." 

But Wheeler had the opposite kind of regret: "As I look back on 
[1939 and my fission theory work with Bohr). I feel a great sadness. 
How did it come about that I looked on fission first as a physicist 
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[simply curious to know how fission wOTksJ. and only secondarily as a 

c...-itizen [int.ellt on defending my country]? Why did I not look at it Hrst 
as a citizen and only secondarily as a physicist? A. simple sUJVey of the 
records snoV\'S that between twenty and twenty-five million people 
perished in World War II and more of them in the later years than in 
the earlier yean. Every month by which the war was shortened would 
have mear1t B. saving of the order of half a. million to a million lives. 
AnlOng those granted life would have been my brother Joe, kiJled in 
October 1944 1n the Battle for Italy. What a difference it would have 
made if the critical date [of the atomic bomb's first use in the wa.r] had 
heen not August 6, 1945, but Angust 6, 1943." 

In the U.S.S.R., physicists abandoned all nuclear research in June 
1941, when Germany attack.ed R.ussia, since other physics would pro
duce quicker payoffs for national defense. As tlle German army 
marched on and S\lrrounded Leningrad, Zel'dovich and his friend 
Kh.ariton were evacuated to Kazan: where they worked intensely on the 
theory of the explosion of ordinary types of bombs, trying to improve 
the bombs' explQ.Siye power. Then. tn 1 943, they were summoned to 
Moscow. It had become clear, they were told, that both the Americans 
aDd the Gerrnans were mounting efforta to corutrllct an atomic bomb. 
They were to be pal"t of a small, elite, SoViet bomb development effort 
under the leadership of Igor V. Kurchatov. 

By two years later, when the Americans bombed Hiroshima and 
Nagasaki, Kurchatov's team had developed a thorough theoretical un
derstanding of nucleaT reactors for making plutonium-259, and bad 
developed several possible bomb designs- and Khariton and Zer·· 
dovich had become the lead theorists on the project. 

When Stalin leal·ned of the Alrlerican atomic bomb explosions. he 
angrily berated KUl·chatov for t.he Soviet team's slowness. Kurchatov 
defended his team: Amidst the war's deva.statioll. and with its lilnited 
resources, the team could not nlove mOT!!' rapidly. Stalin told him 
angrily that if a child doesn't cry, its mother can.'t know what it needs. 
Ask for anything yon nel'<i, he commanded, nothing will be refu~-ed; 
and he then demanded a no·holds·barred, crash project to construct the 
bomb, a proje(:t under the ultimate authority of Lavrenty Pavlovich 
Beria, the fearsome bead of the secret polk-e. 

The magnitude of the effort that Beria mounted is hard to imagine. 
He commandeered the forced labor of millions of Soviet citi7.ens from 
SUllin's prison camps. These uks, as they were collOGuially called, 
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constructed uranium mines, uranium purification factories, nucl~ar 
reactors, theoretical research centers, weapons test centers, and self
contained, small cities to support these facilities. The facilities, scat
tered across the face of the nation, were surrou.nded by levels of secu
rity unhe.ard of in the Americans' Manhattan Project. Zel'dovich and 
Khariton were moved to one of these facilities, in. "a far away place" 
whose location, though almost certainly well known to Western au
thorities by the late 195Os, was forbidden to be revealed by Soviet 
citizens until 1 990.1 The £acili ty was knoWIl simply as Obyekt ("the 
Installation"); Khariton became its director, and Ze]'dovich the leader 
of Olle of its key bomb design teams. under Beria's authority, Kur
matov set up several teams of physicists to pursue, in parallel and 
completely independently, each aspect of the bomb project; redun
dancy brin~ security. The teams at the Installation fed design prob
lems to the other teams, including a small one led by Lev Landau at 
the Institute of Physical Problems in Moscow. 

While this massive effort was rolling inexorably forward, Soviet 
spies were acquiring, through Klaus Fuchs (a British physicist who had 
worked on the American bomb project), the design of the Americans' 
plutonium-based bomb. It differed somewhat from the design that 
Zel'dovich and his colleagues had produced, so Kurchatov, Khariton, 
and company faced a tough decision: They were under excruciating 
pressure from Stalin and Beria for results, and they feared the (:onse
quences of an unsuccessful bomb test in an era when failure often 
meant execution; they knew that the American design had worked at 
Alamogordo and Nagasaki, but they could not be completely sure of 
their own design; and they possessed enough plutonium for only one 
bomb. The decision was clear but painful: They put their own design 
on holdi and converted their crash program over to the Americatl 
design. 

At last. on 99 August 1949-after four yearr. of crash tlffort, untold 
misery, untold deaths of slave-labor zeks, and the beginning of an 
accumulation of waste from nuclear reactors near Cheliabinsk that 
would explode ten years later, contaminating hundreds of square miles 
of cou.ntryside-the crash program reached fruition. The first Soviet 
atomic bomb was exploded near Semipalatinsk in Soviet Asia, in a test 

1. It is near tile lOwn of Arzimas, between Cheliabinslr and the Ural Mountains. 
2. After their au~ll test of It bam b b;ued on the American design, the Soviets returnee} 

\0 thei1 awn neaign, constructed a boonb 'oased I)1l it, and tested i.t au~cessf\1\ly in \951. 
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witnessed by the Supreme Command of the Soviet army and govem
ment leaders. 

On,3 Septf>.mber 1949 an American WB-29 wf'.ather reconnaissan(:e 
plane, on a routine flight. from Japan to Alaska, discovered products of 
nuclear fission from the Soviet test. The data were given to a commit
tee of experts, lnc1uding Oppenheimer, for evaluation. The verdict was 
unequivocaL The Russians had tested. an atomic bombl 

Amidst the panic that ensued (backyard bomb shelters; atomic bomb 
drills fOl' schoolchildren; McCarthy's "witch hunts" to root out spies, 
Communists, and their fellow travelers from government, army, 
media, and universities), a pTofound debate occurred amongst physi
cists and politicians. Edward Tellf'x, one of the mos·t innovativ(~ of the 
~nerican atomic bomb design physicistS, advocated a crash program to 
design atld build the "superbomb" (OT "hydroge'n bomb") --a weapon 
based on the fusion of hydTogen nuclei to form helium. The hydrogen 
bom b, if it could be bullt, would be aw~me. There seemed 110 limit to 
its power. Did one want a bomh ten times more powerful than Hiro
shima? a hU11dred times more powerful? a thousand? a million? If the 
bomb could be made to work at aU, it could be made as powerful as one 
wished. 

John Wheeler baelt.ed Teller: A crash program for the "super" was 
essential to counter the Soviet th.reat, he bt:lieved. R.ohert Oppen
heimer and his General Advisory Committee to the U.S. Atomic En
ergy Commission were opposed. It was nOl at all obvious whether a 
superbomb as then conceived could ever be made to work, Oppen
heimer and his committee argued. Moreover, even if it did work, any 
super that was "astly more powerful t.han an ordinary atomic bomb 
would likely be too heavy for delivery by airplane Or ror-ket. And then 
there were the moral issues) which Oppenheimer and his committee 
addressed as fol1ows. "We base our recommendations [against a crash 
programj on OUT belief that the exu'eme dangers to mankind inherent 
in the proposal whol1y out.weigh any military a.dvantage that could 
corne fTom this development. Let it be clearly realized that this is a 
super weapon; it is in a totally different category from an a.tomic bomb. 
The reason for developing such super bombs would be to have the 
capacity to devastate a vast area with a single bomb. Its use would 
involve a decision to slaughteT a vast number of civilialls. Weare 
alarmed as to the possible global effects of the radioa(.tivit.Y generated 
by the explosion of a few super bombs of conceivable magnitude. If 
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super bombs will work at all, there is no inherent limit in the destmc
tive power that may be attained with them. Therefore, a super bomb 
might become a weapon of genocide." 

To Edward Teller and John Wheeler these arguments made no 
sense at all. The Russians surely would push forward with the hydro
gen bomb; if America did not push forward as well, the free world 
could be put in enormous danger, they believed. 

The Teller-Wheeler vlew prevailed_ On 10 March 1950, President 
Truman ordered a crash program to develop the super. 

The Americans' 1949 design for the super appears in retrospect to 
have been a prescription for failure, just as Oppenheimer's committee 
had suspe(:ted. However, since it was not certain to fail, and since 
nothing better was known, it was pursued intensely until March 1951, 
when Teller and Stanislaw lilam invented a radically new design. one 
that showed bright promise. 

The Teller--Ulam invention at first was just an idea for a design. As 
Hans Bethe has said, "Nine out of ten of Tel1er's ideas are useless. He 
needs men with more judgement, even if they be less gifted, to select 
the tenth idea, which often is a stroke of genius." To test whether this 
idea was a stroke of genius or a deceptive dud requjred turnlng it into a 
concrete and detailed bomb design, then carrying out extensive compu
tations on the biggest available computers to see whether the design 
might work, and then, if the calculations predicted success, constru(:t
ing and testing an actual bomb. 

Two teams were set up to carry out the calculations: One at Los 
Alamos, the other at Princeton University. John Wheeler led the 
Princeton team. Wheeler's team worked night and day for several 
months to develop a full bomb design based on the Teller-Ulam idea, 
and to test by computer calculations whether it would work. As 
Wheeler recalls, "We did an immense amount of calculation. We were 
using the computer facilities of New York, Philadelphia, and Washing
ton-in fact, a very large fraction of the computer capacity of the 
United States. Larry Wilets, John Toll, Ken Ford, Louis Henyey, Carl 
Hausman, Dick l'Olivier, and others worked dlree six-hour stretches 
each day to get things out." 

When the calculations made it clear that the Tener Ulam idea 
probably would work, a meeting was caned, at the Institute for Ad
vanced Study in Princeton (where Oppenheimer was the dire(:tor), to 
present the idea to Oppenheimer's General Advisory Committee and 
its parent U.S. Atomic Energy Commission. Teller described the idea, 
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and then Wheeler described his t.eam's specific design and its predicted 
explosion. 'Wheeler l'ecalls, "While I was starting to give my talk, Ken 
Foro rushed up to the window from outside, lifted it up, and passed in 
this big chart. I unrolled it and put it on the wall; it showed the 
progress of the thermonucleaT combustion [as we had computed it.] 
... The Committee had no option but to conclude that this thing Inade 
sense .... Our cakulation turned Oppie around on the project." 

A portion of John Wheeler's hydro&en bomb design team at Princeton University 
in 1952. Front row, 141 to righl.' Margaret Fellows, Margaret Murray, Dorothea 
Ruffel, Audrey OjaJa, Christene Shack, Roberta Casey. Second row: Walter Aron, 
William Clendenin. Solomon Bochner, John Ton. John Wheeler, Kenneth Ford. 
'l'hird andjourth rows: David Layzer, J.awrent',e' Wilets, Dalid Carter, Edward 
Fri~man, Jay Ber8er, John McInt.osh, Ralph Pennington, unidentified, Robert 
Goenss. [Photo by Howard Schrader; courteSy Lawrence WHets lind Jolm " Wheeler.l 
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Oppenheimer has described his own reaction: "The program we had 
in 1949 [the 'prescription for failure'] was a tortured thing that you 
could well argue did not make a great deal of technical sense. It was 
therefore possible to argue also that you did not want it even if you 
could have it. The program in 1952 [the new design based on the 
Teller-UlaIl1 idea] was technically so sweet that you could not argue 
about that. The issues became purely the military, the political and the 
humane problems of what you were going to do about it once you had 
it." Suppressing his deep misgivings about the ethical issues, Oppen
heimer, together with the other members of his committee, closed 
ranks with Teller, Wheeler, and the super's proponents, and the project 
moved forward at an accelerated pace to constcu<-1; and test the bomb. It 
worked as predicted by Wheeler's team and by parallel calculations at 
Los Alamos. 
.. Wheeler's team's extensive design calculations were ultimately 
written up as the secret Project Matterhorn Division B Report )1 or 
PMB-31. "I'm told," says Wheeler, "that for at least ten years PMB-31 
was the bible for design of thermonuclear devices" (hydrogen bombs). 

In 1949-50, while America was in a state of panic, and Oppenheimer, 
Teller, and others were debating whether America should mount a 
crash program to develop the SUpE'I, the Soviet linion was already in 
the midst of a crash superbomb project of its own. 

In spring 1948, fifteen months before the first Soviet atomic bomb 
test, Zel'dovich and his team at the Installation had carried out theoret
ical calculations on a superbomb design similar to the Americans' "pre
scription for failure."!! Tn June .948, a second superbomb team was 
established in Moscow under the leadership of Igor Tamm, one of the 
most eminent of Soviet theoretical physicists. Its members were Vitaly 
Ginzburg (of whom we shall hear much in Chapters 8 and 10), Andrei 
Sakharov (who would become a dissident in the 19705, and then a hero 
and Soviet saint in the late 19805 and 19905), Semyon Belen'ky, and 
Yuri Romanov. Tamm's team was charged with the task of checking 
and refilling the Zel'dovich team's design calculations. 

5. Sakharo .... has speculated that this dE!$lgn was directly inspired by information acquired 
from the Americans through espionage, perhaps via the spy Klaus Fuchs. Zel'dovich by con· 
trast has asserted that lIel Iher Fucm nor ally other spy produced any signiticant in formation 
about the superbomb that his design team did not already know; the principal value of the 
Soviet superbomb e.~ionage was to convince Soviet political authorities that their physicists 
knew what they were doing. 
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The Tamm team's attitude toward this task is epitomized by a state
ment of Belen'ky's at the time: "Our job is to lick Ze}'dovich's anus." 
Zel'dovich, with bis paradoxical combination of a forceful, demanding 
personality and extreme political timidity, was not among the most 
popular of Soviet physicists. But he was among the most brilliant. 
Landau, who as a leader of a small subsidiary design team occasionally 
received orders from Zel'dovich'& team to analyze this, that, or another 
facet of the bomb design, sometimes referred to him behind his back. as 
"that bitch, Zel'dovich." Zel'dovich, by contrast, revered L311dau as a 
great judge of the correctness of physics ideas, and as his greatest 
teacher--though Zel'dovich had never taken a fonnal course from 
him. 

It required only a few months for Sakharov and Ginzburg, in 
Tamm's team, to come up with a far better design for a superbomb 
than the "prescription for failure" that Zel'dovich and the Americans 
were pursuing. Sakharov proposed constructing the bomb as a layered 
cake of alternating shells of a heavy fission fuel (uranium) and light 
fusion fuel, and Ginzburg proposed for the fusion fuel lithium deute
ride (LiD). In the bomb's intense blast, the LiD's lithium nudei would 
fission int.o two tritium nuclei, and these tritiums, together with the 
LiD's deuterium, would then fuse to form helium nuclei, releasil1g 
enormous amounts of energy. The heavy uranium would strengthen 
the explosion by preventing its energy from leaking out too ql1ickly, by 
helping compress the fusion fuel, and by adding fission energy to the 
fusion. When Sakharov presented these ideas, Zel'dovich grasped their 
promise immediately. Sakharov's layered cake and Ginzburg's LiD 
quickly became the focus of the Soviet superbomb effort. 

To push the superbomb forward more rapidly, Sakharov, Tamm, 
Belen'ky, and Romanov were ordered transferred from Moscow to the 
Installation. But not Gin7.burg. The reason seems obvious: Three years 
earlier, Ginzburg had married Nina lvanovna, a vivaciou.s, brilliant 
woman, who in the early 1940s had been thrown into prison on a 
uumped-up charge of plotting to kill Stalin. She and her fellow plot· 
ters supposedly were planning to shoot Stalin from a window in the 
room where she lived, as he passed by on Arbat Street below. When a 
troika of judges met to decide her fate, it was pointed out that her room 
did not have any windows at all looking out on Arhat Street, so in an 
unusual exhibition of mercy, her life was spared; she was merely sen
tenced to prison and then to exile, not death. Her imprisonment and 
e:dle presumably were enough to taint Ginzburg, the inventor of the 
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LiD fuel for the bomb, and lock him out of the Installation. Ginzburg, 
preferring basic physics research over bomb design, was pleased, and 
the world of science reaped the rewards: While Zel'dovich, Sakharov, 
and Wheeler concentrated on bombs, Ginzburg solved the mystery of 
how cosmic rays propagate through our galaxy, and with Landau he 
used the laws of quantum mechanics to explain the origin of supercon
ductivity. 

In 1949, as the Soviet atomic bomb project reached fruition, Stalin 
ordered that the full resources ofthe Soviet state be switched over, with
out pause, to a superbomb effort. The slave labor of zeks, the theoretical 
research facilities, the manufacturing facilities, the test facilities, the 
multiple teams of physicists on each aspect of the design and construc
tion, all must be focused on trying to beat the Americans to the hydro
gen bomb. Of this the Americans, in the midst of their debate over 
whether to mount a crash effort on the super, knew nothing. However, 
the Americans had sUJWxior technology and a large head start. 

On 1 November 1952, the Americans exploded a hydrogen bomb
type device code-named Alike. Mike was designed to test the 1951 
Teller-Ulam invention and was based on the design computations of 
Wheeler's team and the parallel team at Los Alamos. It used liquid 
deuterium as its principal fuel. To liquify the deuterium and pipe it 
into the explosion region required an enormous, factory· like apparatus. 
Thus, this was not the kind of bomb that one (:ould deliver on any 
airplane or rocket. Nevertheless, it totally destroyed the island of 
Elugelab in the Eniwetok Atoll in the Pacific Ocean; it was 800 times 
more powerful than the bomb that killed over 100tOOO people in Hiro
shima. 

On 5 March 1953, amidst somber music, Radio Moscow announced 
that Joseph Stalin had died. There was rejoicing in America, and grief 
in the U.S.S.R. Andrei Sakharov wrote to his wife, Klava, "I am under 
the influence of a great man's death. 1 am thinking of his humanity." 

On 12 August 1953, at Semipalatinsk, the Soviets exploded their first 
hydrogen bomb. Dubbed Joe-4 by the Americans, it used Sakharov's 
layered-cake design and Ginzburg's LiD fusion fuel, and it was small 
enough to deliver in an airplane. However, the fuel in Joe-4 was not 
ignited by the Teller-Ulam method, and as a result Joe-4 was rather 
less powerful than the Americans' Mike: "only" about 30 Hiroshimas, 
compared to Mike's 800. 

In fact, in the language of the American bomb design physicists, 
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Joe-4 was not a hydrogen homb at all; it was a boostRd atomic bomb, 
that is, an ato.mic bomb whose power is boosted by the inclusion of 
some fusion fuel. Such boosted atomic bombs were alreadr part of the 
American arsenal. and the Americans refused to regard theln as hydro·· 
gen bombs beca.use their layered-cake design did not e-l1.able them to 
ignite an QTbitrrui~r large amolmt of fusion fuel. There was no way by 
this design to make, for examplE'. a "doomsday weapon" thousands of 
times more powerful than Hiroshima. 

But 30 Hiroshimas was not tCl be sneezed at, nor was dehve:rahility. 
Joe··4 was an awesome weapon indeed, and Wheeler and other Ameri
callS heaved a sigh of relief that, thanks to their own, true superbOlJlb, 
the new Soviet leader, Georgi Malenkov, could not threaten America 
with it. 

On 1 March 1954, the Amf>,ricans exploded their first LiD-fueled, 
deliverable superbomb. It was code named Bravo and like Mike, it 
relied on design calculations by the Wheeler and Los Alamos teams 
and used the Teller- Ulam il1ventioTI. The explosive energy was 1300 
Hil'oshiroas. 

In March 1954, Sakharov and Zel'dovidl jointly invented (indepen
dently of the Americans) the Teller--Ulam idea, and wit!lin a few 
months Soviet resources were focused on implementing it in a real 
superbomb. one that could have as large a destructive power as anyone 
might wish. It took just eighteen months to fully design and construct 
the bomb. On 25 November 1955, it was detonated, with all explosive 
energy of 300 Hiroshimas, 

As Oppenheimer's General Advisory Committee had suspected. in 
their opposition to the crash program for the super, these enonnously 
powerful bombs-·and the behemoth 5000··Hiroshimll weap<)D ex
ploded later by the Soviets in an attempt to intimidate John 
Kennedy-have not been very attractive to the military establishments 
of either the United States or the U.S.S.l\. The weapons (''UJTemly in 
R.ussian arid American arsenals are around 30 Hiroshimas. not thou·· 
sands. Although they are true hydrogen bombs. they al'e no more 
powerful than a large- atomic bomb. The military neither needed nor 
wanted a ~'doomsday" deyice. The sole use of su.ch a device would be 
psychological intimidation ot'the adversary--but intimidation can be a 
seri.ous matter in a world with leaders like Joseph Stalin, 

On Z July 1955, Lewis Strauss, a mcmbf.'l' of the Atomic Energy 
Commission who had fought bitterly with Oppenheimer over the crash 
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Why Did Soviet Physicists Build the Bomb for Stalin? 

Why did Zel'dovlch, Sakharov, alld other gr~ilt Soviet physicists work so 
hard to build atomic bombs and hydrogen bombs for Joseph Stalin? Stalin 
was responsible for the deaths of millions of Soviet citizens: 6 million or 7 
million peasants amI kulaks in forced collectivization in the early 1950s, 
2.5 [Dillion from the top strata of the military, government, and society in 
the Great Terror of 1937-39, 10 million from all strata of society jn the 
prisons and labor camps of the 1930s through 19508. How could any 
physidst, in good conscience, put the ultimate weapon into the hands of 
sllch an ''flit mall? 

Those who ask such questions forget or don't krlOW the conditions
physical and psychological-that pervaded the Soviet Union in the late 
19405 and early 19505: 

1. The SO .... -iet linion had just 'oarely emerged from the bloodiest, most 
devastating war ·in its history-a war in which Germany, the ag
gres.wr, had killed 27 million Soviet people and had laid waste to 
their homela.nd-when Winston Churchill fired an early salvo of 
the oold war: In a 5 March 1946 speech in Fulton, Missouri, Church
ill warned the West about a Soviet threat and coined the phrase 
"iron curtain" to describe the boundaries that Stalin had established 
around his empire. Stalin's propaganda machinery miiked Church
ill's speech for all it could, c.reating a deep fear among Soviet citizens 
that the British and Americans might attack. The :\mericatls, the 
subsequent propaganda claimed,· were planniI1g a nuclear war 
against the Soviet Union, with hundreds of atomic bombs, C"tlrried 
by airplanes, and targeted on hundrt..'Cls of Soviet cities. Most Soviet 
physicists believed the propaganda and accepted the- absolute neces
sity that the U.S.S.R. create nuclear weapons to protect ag'dinst a 
repeat of Hitler's devastation. 

2. The machinery of Stalin's state was so effe(:tive at controlling infor
mation and at brainwashing even the leading scientists that few of 
them understood the evil of the man. Stalin waS revered by most 
Soviet physicists (even Sakharov), as by most Soviet L'itizens, as the 
Great Lead.er-a harsh but benevolent di<.1ator whD had mllSter
minded the victory OVEr Germany and would protect his people 
against a hostile worJd. The Soviet physicists were frightfully aware 
that evil pervaded lower levels of the government: The flimsiest of 
denunciations by somebody one hardly knew could send one to 

*Begin:1ing in 194j, Anlerir.an strategic planning did, indeed, include an "plior.-·· if the 
{.;.S.S.R initialed a conventional war--for a lI1a88ive nuclear attack on Soviet citie5 and on 
milit~ry and ind\lSlriul targetS; see Brown (1978). 

(ec'fltil1Ut!d next page) 
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prison, and ofren to death. (In the late 1960s, Zel'dovich. recalled. For 
me what it was like: "Life is so wonderful now," he said; "Ute knocks 
no longer comE! in the middle of the night. and one's friends no 
longl'r disappear, never to be heard from aga;n.") But the sourCe of 
this evil, most physicists believed, could not be the Great Leader; it 
must be others below him. (Landau knew bctt~r; he llad learned 
much in prison. 'But, psychologicall~r devastated by his imprison
ment, he rarely spoke of Stalin's guilt, and when he did, his friends 
did not believe.) 

3. Though one lived a life of fear, information was so tigbtly con
trolled th at one COil ld not deduce the enormity of the ton that Stalin 
had taken. That toU would only become known in Gorbachev's 
epoch of glasnost, the latc 19805. 

4. Many Soviet physicists were "fatalists." They didn't thillk. about 
these issues at all lifE was 80 hard that one merely struggled to keep 
going, doing one's job as best one cou1dt whatever it might be. 
Besides, the technical challenge of figuring out how to make a bomb 
that wOl'ks was fascinating, and there was some joy tl) be had in the 
camaraderie of the design team and the prestige and substantial 
salary that (lne's work brought. 

program for the snper, became the Commission's chairman. As one of 
his first acts in power, he ordered removal of an c1assi!ied material 
from Oppenheimer's Princeton ofIice. Strauss and many others in 
Washington were deeply suspicious of Oppenheimer's loyalty. Bow 
could a man loyal to America oppo.se the super effort, as he had before 
Wheeler's team demonstrated that the Tellt-r-Ulam inventi()n would 
work;' William Borden, who had been chief counsel of Collgress's Joint 
Committee on Atomic Energy during the super debate, sent a letter to 
J. Edgar Hoover saying, in part: ''The purpose of this letter is to fstate 
my own exhaustively considered opinion, based upon yeal'S of study of 
the available classified evidence, that more probably than not J. Robert 
Oppenheimer is an agent of the Soviet Union." Oppenheimer's security 
c1earilJl(~ was can(:eled, and in A.pril and :vIay of 195+, simultaneous 
with the first American tests of deliverable hydrogen bombs, the 
At()mic Energy CoJIlrnissi.on conducted hearings to determine whether 
OT not Oppenheimer was really a security risk. 

Wheeler was in Washington on other business at the time of the 
heaJ'ings. He was not illvolved in any way. However, 'Idler, a close 



6. IMPLOSJOf' TO WHAT? 

personal friend, went to Wheeler's hotel room the night before he was 
to testify, and paced. the floor for hours. If Teller said what he really 
thought, it would severely damage Oppenheimer. But how could he 
not say it} Wheeler had no doubts; in his view, Teller's integrity would 
force him to testify fully. 

Wheeler was right. The next day Teller, espousing a viewpoint that 
Wheeler understood, said: "In a great number of cases I bave seen Dr. 
Oppenheimer act ... in a way which for me was ex(:eedingly hard to 
understand. I thoroughly disagreed with him in numerous lssues and 
his actions frankly appeared to me confused. and complicated. To this 
extent I feel that I would like to see the vital interests of the (."()untry in 
hands which 1 understand better, and therefore trust more .... I 
believe, and that is merely a question of belief and there is no expert· 
ness, no real information behind it, that Dr. Oppenheimer's character 
is such that he would not knowingly and willingly do anything that is 
designed to endanger the safety of this country. To the extent, there
fore, that your question is directed toward intent, I would say I do not 
see any reason to deny clearance. If it is a question of wisdom and 
judgment, as df>..monstrated by actions since 1945, then I would say one 
would be wiser not to grant clearance." 

Almost all the other physicists who testified were unequivocal in 
their support of Opp~nheimer--and were aghast a.t Teller's testimony. 
Despite this, and despite the absence of credible evidence that Oppen
heimer was "an agent of the Soviet Union," the climate of the times 
prevailed: Oppenheimer was declared a security risk and was denied 
restoration of his security clearance. 

To most American physicists, Op~nheimer became an instant mar
tyr and Teller an instant villain. Teller would be ostracized by the 
physics community for the rest of his life. But to Wheeler, it was Teller 
who was the martYT: Teller had "had the courage to express his honest 
judgment, putting his country's security ahead of solidarity of the (:om
munity of physicists," Wheeler believed. Such testimony, in Wheeler's 
view, "deserved consideration." not ostracism. Andrei Sakharov, thirty
five years later, came to agree.of 

4. Just for the record, 1 strongly disagree with \-Vheeler (though he is olle of my r:ioses!. 
friends and my Inenw:r) and with Sakharov. For thoughtful and knowledgeable insights into 
the Tellet'-Qppenheimer L"Olltcoversy and the pros and cons of the American debate over 
whether to build the superbomb, 1 re<:uDuneI1d reading Bethe (1982) and York (1976). For 
Sakharov's view, see Sakharo,,' (1990); for a critique of Sakharov's view, see Kelhe (J 990). For a 
transcript of the Oppenheimer hearings, see lJSAEC (1954). 
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Black -Hole Birth: 
Deeper Understanding 

Not only did Wheeler and Oppenheim43r differ profoundly on issues 
of natiol1al security, they also differed profoundly ill their approach to 
theoretical physics. Where Oppenheimer hewed -narrowly to the pre
dictions of weH-est.ablishedphysicallaw, Wheeler was driven by a deep 
yearning to know what lies beyond well-established law. He was con
tinually l'eac.liing. mentally, toward the domain where k.nown laws 
break down and neW laws come into play. He tr.ied to leapfrog his way 
into the twenty-first century, to catdl a glimpse of what the law/; of 
physics might be like beyond twentieth-century frontiers. 

Of all the places that su('.h a glimpse might be had, Done looked 
more promising to Wheeler, from the 19505 onward. than the interface 
between general relativity (the domain of the large) and quantum 
mechanics (the domain of the small). General relativity and quantum 
mechanics did not Illesh with each other in a logically ('.onsister.Lt way. 
They were lik.e the rows and !X)lumns of a crossword puzzle early 
in one's attempts to solve it. One has a tentative s~t of words written 
along the rows and a tentative set written down the columns, 

and one discovers a logical inconsistency at some of the intersections of 
rows and columns: Where the row word GENERAL demands an E, the 
(:olumn word QUAl'\I"TUM demands a U; where the row word RELA.
TIVITY demands an E, the column word Qt1ANTUM demands a T. 
Looking at the row and column, it is obvious that one or the other or 
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both must be changed to get consistency. Similarly, looking at the laws 
of general relativity and the laws of quantum mechanics, it was obvi
ous that one or the other or both must he changed to make them mesh 
logically _ If such a mesh could be achieved, the resulting union of 
general relativity and quantu:rn mechanics would produce a powerful 
new set of laws that physicists were calling quantum gravity. However, 
physicists' understanding of how to marry general relativity with 
quantum mechanics was so pri:rnitive in ule 19508 that, despite great 
effort, nobody was l1"laking much progress. 

Progress was also slow on trying to understand the fundamental 
building blocks of atomic nuclei--the neutron, the proton, the elec
trem, and the plethora of otheT elementary particles that were being 
created irl particle accelerators. 

Wheeler had a dream of' leaping over these impasses and catching a 
simultaneous glimpse of the nature of quantum gravity and the nature 
of elementary particles. Such a glimpse, he thought, might come from 
seeking out those places. in theoretical physics where paradoxes 
abound. From resolving a paradox comes deep understanding. The 
deeper the paradox, the more likely that the understanding would 
probe beyond twentieth-century frontiers. 

It was in this spirit that, soon after emerging from the superbomb 
effort, Wheeler, with Harrison and Wakan.o, filled in the missing gaps 
ill our knowledge of cold, dead stars (Chapter 5); and it was in this 
spirit that Wheeler contemplated the resulting "fate of great masses." 
Here was a deep paradox of just the sort Wheeler was seeking: ~ 0 cold, 
dead star can be more massive tllan about 2 Suns; and yet the heavens 
seem to abound in hot stars far more massive than that --stars which 
some day must cool and die. Oppenheimer, in his straightforward way, 
had asked the well-established laws of physics what happens to such 
stars, and had got (with Snyder) an answer that seemed. outrageous to 
Wheeler. This reinforced Wheeler's conviction that here, in the fates of 
great masses, he might catch a glimpse of physics beyond twentieth
century frontiers. Wheeler was right, as we shall see in Chapters 12 
and 13. 

Wheeler had fire in his belIy-·a deep, unremitting need to know 
the fate of great masses and learn whether their fate might unlock the 
mysteri.es of quantum gravity and elementary particles. Oppenheimer. 
by contrast, seemed not to care much in 1958. He believed his own 
calculations with Snyder but showed no need to push further, no drive 
for deeper understanding. Perhaps he was tired from the intense bat-
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tIes of the preceding two decades--weapons design battles, political 
battles, personal battles. Perhaps he was overawed by the mysteries of 
the unknown. In any event, he lvould never again contribute answers. 
The torch was being pa.~ to a new generation. Oppenheimer's legacy 
would become Wheeler's foundationj and in the U.S.S.R., Landau's 
legacy would become Zel'dovich's foundation. 

In his 1958 Brussels confrontation with Oppenheimer, Wheeler as
serted that the Oppellheimer-Snyder calculations could not be trusted. 
Why? Because of their severe idealizations (Figure 6.3 above). M:ost 
especially, Oppenheimer had pretended from the outset that the im
ploding star has no pressure whatsoever. Without pressure, it was im
possible for the imploding material to fonn shock waves (the analogue 
of breaking o(:ean waves, with their froth and foam). Without pressure 
and shock waves, there was no way the imploding material could heat 
up. Without heat and pressure, there wa.~ no way for nuclear reactions 
to be triggered and no way to emit radiation. Without outpouring 
radiation, and without the outward ejection of material by nuclear 
reactions, pressure, Ot" shock waves, there was no way for the star to lose 
mass. With maIlS loss forbidden from the outset, there was no way the 
massive star could ever. reduce itself below 2 Suns and become a cold, 
dead, neutron star. No wonder Oppenheimer's imploding star had 
formed a black: hole, Wheeler reasoned; his idealizations prevented it 
from doing anything else! 

In 1939, when Oppenheimer and Snyder did their work, it had been 
hopeless to compute the details of implosion with realistic pressure 
(thermal pressure, degeneracy pressure, and pressure produced by the 
nuclear force) and with nuclear reactions, shock waves, heat, radiation, 
and mass ejection. However, the nuclear weapons design efforts of the 
intervening twenty years provided precisely the necessary tools. Pres
sure, nuclear reactions, shock waves, heat, radiation, alld mass ejection 
are all (:entral features of" a hydrogen bomb; without them, the bomb 
won't explode. To design a bomb, one had to in<'Orporate all these 
things into one's computer calculations. Wheeler's team, of c..'Ourse, had 
done so. Thus, it wou1d have heen natural for 'Wheeler's team now to 
rewrite their computer programs so that, instead of simulating the 
explosion of a hydrogen bomb, they simlIlated the implosion of a mas
sive star. 

It would have been natural, that is, if the team still existed. How-
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ever. the team was now disbanded; they had written their PMB-31 
report and had dispersed to teach, do physics research, and become 
administrators at a variety of universities and government laboratories. 

America's born b design expertise was now concentrated at Los 
Alamos, and at a new government laborawry in Livermore, California. 
At Livermore in the late 1950s. Stirling Colgate became fascinated by 
the problem of stellar implosion. With encouragement from Edward 
Teller, and in collaboration with R.ichard White and later Michael 
May, Colgate set out to simulate such an implosion on a computer. The 
Colgate-White .. May simulations kept some of Oppenheimer's ideali
zations: They insisted from the outset that the imploding star be 
spherical and not rotate. Without this restriction. their computations 
would have been enormously more difficult. However, their simula
tions took account of all the things that worried Wheeler- pressure. 
nuclear reactions. shock waves. heat, radiation. mass ejection-and did 
so by relying heavily on bomb design expertise and computer codes. To 
perfet.'t the simulations required several years of effort. but by the early 
1960s they were working wen. 

One day in the early 1960$, John Wbeeler rushed into a relativity 
class at Princeton University that I, as a graduate student, was taking 
from him. He was slightly late. but beaming with pleasure. He had just 
returned from a visit to Livermore, where he had seen tbe results of the 
most recent Colgate. White, and May simulations. With excitement in 
his voice, he drew diagram after diagram on the blackbO"drd, explain
ing what his Livermore friends had learned: 

When the imploding star had a small mass, it triggered a supernova 
explosion and formed a neutron star in just the manner that Fritz 
Zwicky had speculated thirty years earlier. When the mass of the star 
was much larger than the 2-SUI1S maximum for a neutron star, the 
implosion-despite its pressure, nuclear reactions, shock waves, heat, 
and radiation -produced a black hole. And the black bole's birth was 
remarkably similar to the highly idealized one computed nearly 
twenty-five years earlier by Oppenheimer and Snyder. As seen from 
outside, the implosion slowed and became frozen at the critical circum
ference, but as seen by someone on the star's surface, tbe implosion did 
not freeze at all. The star's surface sbrank right through the critical 
circumference and on inward, without hesitation. 

Wheeler, in fact, had already come to expect this. Other insights (to 
be described below) had already transformed him from a t.Titic of 
Oppenheimer'S black holes to an enthusiastic supporter. But here, for 
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the first time, was a L'Oncrete proof from a realistic computer simula
tion: Irnplosion must produce black holes. 

Was Oppenheimer pleased by Wheeler's conversion? He showed 
little interest and little pleasure. At a December 1963 international 
conference in Dallas, Texas, on the ocx:asion of the discovery of quasars 
(Chapter 9), "V\7heeler gave a long lecture on stellar implosion. In his 
leLture. he described with enthusiasm the 1939 calculations of Oppen·. 
heimer and Snyder. Oppenheimer attended the conference, but during 
Wheeler's lecture he sat on a bench in the hallway chatting with 
friends about other things. Thirty years later, Wh~ler recalls the scene 
with sadness in his eyes and voice. 

In the late 1950s, ZeI'dovicb began f.() get bored with weapons design 
work. Most of the really interesting problems had beell solved. In 
search of new challenges, he forayed, part time, into the theory of 
elementary .particles and then into astrophysics, while keeping com
mana of his bomb design team at the Installation and of another team 
that did subsidiary bomb calculations at the Institute of Applied Ma.th
eluatics, in Moscow. 

In his bomb design work, Zel'dovich would pummel his teams with 
ideas, and the team Inem bers would do calculations to see whether the 
ideas worked. '4Ze!'dovich's sparks and his team's gasoline1

' was the 
way Ginzburg described it. As he moved into astrophysics, Zel'dovich 
retained this style. 

Stellar implosion was among the astrophysical problems that caught 
Zel'dovich's fan<..'y. It. was obvious to him, as to Wheeler, Colgate, May, 
and White in America, that the tools of hydrogen bomb design were 
ideally suitE'd to the- mathematical simulation of imploding stars. 

To puzzle out the details of realistic stellar implosion, ZePdovich 
collared several young colleagues: Dmitri Nadezhin and Vladimir 1m· 
shennik at the Institute of Applied Mathematics, and Mikhail Podurets 
at the Installation. In a ser.ies of intense discussions, he gave them his 
vision of how the implosion eQuId be simulated on a ('omputer, includ
ing all the key effects that were so important lor the hydrogen bomb: 
pre-ssure, nucleaI' reactions, sho(.-k waves, heat, radiation, mass ejection. 

Stimulated by these discussioIls, Imshennik and Nadezhin simulated 
the implosion of stars with small mass-and verified, independently of 
Colgate and White in America, Zwicky's conjectures about supernovae. 
In paz'allel, Podurets simulated the implosion of a massive star. Podu
rets's results, publisbed almost simultaneously with those from Ma.y 



6. IMPLOSION TO WHAT? 

and White in America, were nearly identical to the Americans'. There 
could be no doubt. Implosion produces black holes, and does so in just 
the way that Oppenheimer and Snyder had claimed. 

The adaptation of bomb design codes to simulate stellar implosion is 
just one of many intimate connections between nuclear weapons and 
astrophysics. These connections were obvious to Sakharov in 1948. 
Upon being ordered to join Tamm's bomb design team, he embarked 
on a study of astrophysics to prepare himself. My own nose was rubbed 
into the connections unexpectedly in 1969. 

I never really wanted to know what the Teller-·Ulam/Sakharov
Zel'dovich idea waS. The superbomb, one that by virtue of their idea 
could "be arbitrarily powerful," seemed obscene to me, and I didn't 
want even to speculate about how it worked. But my quest to under
stand the possible roles of neutron stars in the Universe forced the 
Teller-··Ulam idea onto my consciollsness. 

Zel'dovich, several years earlier, had pointed out that gas from inter
stellar space or a nearby ~r, falling onto a neutron star, should heat up 
and shine brightly: It should become so hot, in fact, that it radiates 
mostly high-energy X-rays rather than less energetic light. The infall
ing gas controls the rate of outflow of X-rays, Zel'dovich argued, and 
conversely, the outflowing X-rays control the rate of infall of gas. 
Thereby, the two, gas and X-rays, working together, produce a steady, 
self-regulated flow. If the gas faUs in at too high a rate, then it will 
produce lots of X-rays, and the outpouring X-rays will strike the infall
ing gas, producing an outward pressure that slows the gas's fall (Figure 
6.4a). On the other hand, if the gas falls in at too Iowa rate, then it 
produces so few X-rays that they are powerless to slow the infalling gas, 
so the infall rate increases. There is just one unique rate of gas infall, 
not too high and not too low, at which the X-rays and gas are in mutual 
equilibrium. 

This picture of the flow of gas and X-rays disturbed me. I knew full 
well tbat if, on Earth, one tries to hold a dense fluid such as liquid 
mercury up by means of a less dense fluid such as water below it, 
tongues of mercury quickly eat their way down into the water, the 
mercury goes whooshing down, and the water goes whooshing up 
(Figure 6.4b). This phenomenon is called the Rayleigh-Taylor insta
bility. In Ze]'dovich's picture, the X-rays were like the low-density 
water and the infalling gas was like the high-density mercury. 
Wouldn't tongues of gas eat their way into the X-rays, and wouldn't 
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the gas thE'.ll fall freely down those tongues, destroying Zel'dovi('ll'lI 
self-regulated flow (Figure 6.4c)? A detailed calculation with the laws 
of physics could. teU me whether this happens, but such a calcqlation 
would he very complex and time consuming; so, rather than calculate, I 
a&ked Zel'dovich one afternoon in 1969, when we were discussing 
physj(;s in his a.partment in Moscow. 

Zel'dovich looked a. bit uncomfortable when I raised the qut!Stion, 
but his answer was fIrm: "No, Kip. that doesn't happen_ There are no 
tQnguf'.8 into the X-rays_ The gas flow is stable." "How do you know, 
Yakov Borisovidl?" 1 asked. Amazingly, 1 could not get an anl>'Wer. It 
seemed clear that ZeI'dovich or somebody had done a detailed calcula
tion or experiment sho·wing that X-rays can push hard 011 gas without 
Rayleigh-Taylor tongues destroying the push, but Zel'dovicb could 
not point me to any such ca}culation or experiment in the published 
literature, IlO·r would he describe fi..,r me the detailed physics that goes 
on. How uncharacteristic of him! 

A. few mont-"l.s later J was hiking in the high Sierras jll California 
with Stirling Colgate. (Colgate is one of the best Anlerlcan experts on 
the flows of fluids and :radiation, he was deeply involved jn the late 
st.ages of the American sllperbomb effort, and he was one of the three 
Livennore physicists who had simulated a star's implosion on a ('-Om-

6.4 (a) Gas falling onto a neutron star i8 slowed by the pressure of outpouring 
X-ral's. (b) Liquid mer(;ury trying 10 fall in the Eartn's gr~!\itatinnal field is beld 
back by water beneath it; a. Ra'YIe;~h-1'ayJ()r instability results. (c) Is it j)O..o;sible 
that there is also Q l\a-ylcigh-Taylor hlStabiLily for the infalIt~ g8II bf'Jd back by 
a neutron star's X-rays? 

( 'a.. ) 

Rll.ylGlt.it -T~ylor 
inst@.tlity 

( b ) 

'I 
. .::':. . . 

( c) 
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puter.) As we hiked, I posed to Colgate the same question I had asked of 
Zel'dovich, and he gave me the same answer: The flow is stable; the gas 
cannot esC'.ape the force of the X-rays by developing tongues. "How do 
you know, Stirling?" T asked. "It has been shown," he replied. "Where 
can I find the calculations or experiments?" 1 asked. "1 don't know ... " 

"That's very peculiar," I told Stirling. "Zel'dovich told me precisely 
the same thing the flow is stable. But he, like you, would not point 
me to any proofs." "Oh! That's fascinating. So Zel'dovich really knew," 
said Sti.rlin.g. 

And then I knew as well.l hadn't warlted to know. But the conclu
sion was unavoidable. The Teller-Ulam idea must be the use of X-rays, 
emitted in the first microsecond of the fission (atomic bomb) trigger, to 
heat, help compress, and ignite the superbomb's fusion fuel (Figure 
6.5). That this is, indeed, part of the Teller-Ulam idea was confirmed 
in the 1980s in several unclassified American publications; otherwise I 
would not mention it here. 

6.5 Schematic diagram showing one aspect of the Teller-Ulam/Sakharov-7.el'
dovich idea for the design of a hydrogen bomb: A fission-powered explosion 
(atomic bomb bigger) produces intense X-rays that somehow are focused onto 
the fusion fuel (lithium deuteride, liD). The X-rays presumably ht'.alihe fusion 
fuel and help compress it long enough for fusion reactions to OCCur. The technol
ogy for focusing the X-rays and other practical problems are so formidable that 
by knowj~ thiN piece of the TeHer-Ulam "secret," one is only an infinitesimal 
distance along the way toward building a working superbomb. 

Fb.5l01) ex.'p1o~d.otl. 
(A- h01llb trigt;et") 

iIF'~""".LPUlliot) fuel 
H- .hoJltb) 
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What converted Wheeler from a skeptic of black holes to a believer 
and advocate? Computer simulations of imploding stars were only the 
final validation of his conversion. Far more important was the destruc
tion of a mental block. This mental block pervaded the world's com
munity of theoretical physicists from tlle 1920s through the 1950s. It 
was fostered in part by the same Scltwarzschild singularity that was 
then being used for a black hole. It was also foste·red by the rnysteriou!>, 
seemingly paradoxical conclusion, from Oppenheimer and Snyder's 
idealized calculations, that an imploding star be(:ornes frozen fo·rever at 
the ('.ritical circumference ("Schwarzschild singularity") from the 
viewpoint of a static, external observer, but it implodes quickly 
through the freezing point and on inward from the viewpoint of an 
observer on the star's surface. 

In Moscow, Landau and his colleagues, ,'Vhlle believing Oppen
heimer and Snyder's calculations, had severe trouble reconciling the!>e 
two viewpoints. "You cannot appreciate how difficult it was for the 
human mind to understand how both viewpoints can be true simulta
neously," Landau's dosest friend, Evgeny Lifshitz, told me some years 
later. 

Then one day in 1958, thf.! same year as Wheeler was attacking 
Oppenheimer and Snyder's conclusions, there arrived in Moscow an 
issue of the Physical Review with an article by David Finkelstein, an 
unknown p('stdoc at a little known American university, the Stevens 
Institute of Technology in Hoboken, New Jenley. Landau and r .ifshitz 
read the article. It was a revelation. Suddenly everything wal; c1ear.!I 

Finkelstein visited Rngland that year and lectured at Kings College 
in London. ROgE"I Penrose (who later would revolutionize our under
standing of what goes on inside black holes; see Chapter 13) took the 
train down to London to hear Finkelstein's lecture, and returned to 
Cambridge enthusiastic. 

In Princeton, Wheeler was intrigued at firstt but was not fulJy con
vinced. He would become convinced only gradually, ove:r the next 
several years. He was slower than Landau or Penrose, I believe, he· 
cause he was looking deeper. He was fixated on his vision that quan
tum gravity must make nucleons (neutrons and protons) in an implod
ing star dissolve away into radiat.ion and escape the implosion, and it 

5. Finkelstein's il1Sight had actually been fDund ear-lier, in other l'Olltexts by other physi. 
cists induding A .. thur Eddington; but they had Iklt undel'Stood its significal\ce and it was 
Iluickly forgotten. 



6. IMPLOSION TO WHAT? 

seemed impossible to reconcile this vision with Finkelstein's insight. 
~evertheless, as we shall see 1ater, ill a certain deep sense both 
'Wheeler's vision and Finkelstein's insight were correct. 

So just what was Finkelstein's insight? Finkelstein discovered, quite 
by chance and in just two Jines of mathematics, a new reference frame 
in which to describe Schwarz.schild's spacetime geometry. Finkelstein 
was not motivated by the implosion of stars and he did not make the 
connection between his new referenc-.e frame and stellar implosion. 
However, to others the implication of his new reference frame was 
clear. It gave them a totany new perspective on stellar implosion. 

David Finkelstein, ca. 1958. [Photo by Herbert S. Sonr.enfeld; courtesy David FinkP.!5tein.] 
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The geometry of spacetime outside an imploding star is that of 
Schwanschild, and thus the star's implosion could be described using 
Finkelstejn's new reference frame. Now, Finkelstein's new frame was 
quite different from. the reference frames we have met previously 
(Chapters 1 and 2). Most of those frames (imaginary laboratories) were 
small, and all portions of each frame (top, bottom, sides, middle) were 
at rest with respe(;t to each other. By contrast, Finkelstein's reference 
frame was large enough to (.'Over simultaneously the regions of space
time far from the imploding star, the regions near it, and an regions in 
between. More im.port.ant, the various parts of Finkelstein's frame were 
in motion with :respect to each other: The parts far from the star were 
static, that is, not imploding, while the parts near the star were falling 
irlward along with the imploding star's suria.ce. Correspondingly, Fin
ke-lste'in's frame could he used to describe the star'! implosion simulta
neously from the viewpoint of faraway static observers and from the 
viewpoint of observers who ride inward with the imploding star. The 
resulting description reconciled beautifully the freezing of the irnplo. 
sion as observed from far away with the continued implosion as ob
served from the star's surface. 

In 1962, two members of Wheelt>r's Princeton research group, David 
Beckedorff and Charles Misner, constructed a set of embedding dia
grams to illustrate this reconciliation, and in 1967 1 converted their 
embedding diagrams into the following fanciful analogy for an article 
in Scientifu; American. 

Once upon a time, six ants lived on a large rubber membrane (Fig
ure 6.6). These ants, being highly intelligent, had learned to communi·
cate using signal balls that roll with a constant speed (the "speed. of 
light") along the membrane's surface. R.egrettably, the ants bad not 
('.alculated the membrane's strength. 

One day five of the ants happened to gather. near the center of the 
membrane, and their weight made it begin to collapse. They wer-e 
trapped.; they could not crawl out fast enough to escape. The sixth 
ant--an astronomer ant- -was a safe distance away with her signal
ball telescope. As the membrane collapsed, the trapped ants dispatched 
signal balls to the astronomer ant so she could follow their fate. 

The membrane did two things as it collapsed: First, its surface (:on

tracted inward. dragging surrounding objects toward the center of the 
collapse in much tlle sam.e manner as an imploding star's gravity pulls 
objects toward its center. Second, the membrane /fagged and became 
curved into a bowl-like shape analogous to the curved shape of space 
around an imploding star (compare with Figure 6.2). 



o secotld..s 

... 

. .... '. :." '". 

1~ 7 secmtds 

6.6 Collapsing rubber memb .... me populated by I:lIlts provides a fanciful ana
logue of the gravitational implosion of a star to fonn a black. hole. lAdapted from 
Thome (1967).j 
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The membrcille's surface contracted faster and faster. as the col1apse 

proceeded. As a result. the signal balls, which were uniformly spaced in 
time when dispatched by the trapped ants, were reteived by the astron
omer ant at more and more widely spaced time intervals. (This is 
analogous to the reddening of light from an imploding star.) Ball 
number 15 was dispatched 15 seconds after the collapse began, at the 
precise moment when the t.rapped ants were being sucked througll the 
rnembraIle'$ critical circumference. Ball 15 stayed forever at tht!> critical 
circumference 'because the membrane there was (:ontracting with pre
<:isely the speed of the ball's motion (speed of light). Just 0.001 second 
before reaching the critic.al circumference, the trapped ants dispatched 
ban number 14.999 (shown only in the last diagram). This ball, barely 
outracing the contracting membrane, did not reach tht> astronomer allt 
llntil137 seconds after the collapse began. Ball number 15.001 ,sent out 
0.001 second after the critical circumference, got inexorably sucked 
into the highly cu.rved region and was crushed along with the five 
trapped ants. 

But the astronomer ant could never learn about the crushing. ShE" 
would never receive signal ball number 15, or any signal balls emitted 
after it; and those just before 15 would take so long to escape that to her 
the c:ollapse would appeal· to slow and freeze right at the critical ci~. 
cumference. 

This allalob'Y is remarkably faithful in reproducing the behavior of 
an imploding star: 

1. The shape of the membrane is pr~cisely that of the curved space 
around the star--as embodied in an emhedding diagram. 

2. Thl' motions of the signal balls 011 the membrane are precisely 
the same as the Inotions of photons of light in the imploding 
star's curved space. In particular, the signal balls move wit.h the 
speed of light as measured locally by any ant at rest 011 the 
membrane; yet balls emitted just before })uJllber 15 take a very 
long time to escape, so long that to the astronomer ant the col
lapse seems to freeze. Simi]arly, pllotons emitted from the star's 
surface move wit.l], the speed of light as rneasured locally by 
anyone; yet the photons emitted just before the star shrinks in· 
side its critical circumference (its horizon) take a very long time 
to escape, so long that to exterual observers the implosion must 
a.ppear to freeze. 

3. The trapped ants do not see any freezing wha.tsoever at the criti-
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cal circumference. They are sucked through the ('Titical circum
ference without hesitation, and crushed. Similarly, anyone on the 
surface of an imploding star will not see the implosion freeze. He 
will experience implosion with no hesitation, and get cnlshed by 
tidal gravity (Chapter 13). 

This, translated into embedding diagrams, was the insight that came 
from Finkelstein's new reference frame. With this way of think.ing 
about the implosion, there was no more mystery. An imploding star 
really does shrink through the critical circumference without hesita
tion. That it appears to freeze as seen from far away is an illusion. 

The embedding diagrams of the parable of the ants capture only 
some of the insight that came from Finkelstein's new reference frame, 
not all. Further insight is embodied in Figure 6.7, which is a spacetime 
dia~ram for the imploding star. 

Until now, the only spacetime diagrams we have met were in the 
flat spacetime of special relativity; for example, Figure 1.3. In Figure 
1.3, we drew our diagrams from two different viewpoints: that of an 
inertial reference frame at rest in the city of Pasadena (with the down
ward pull of gravity ignored), Figure 1.5ci and that of an inertial frame 
attached to your high-speed sports car as you zoom down Pasadena's 
Colorado Boulevard, Figure 1.5b. In each diagram we plotted our cho
sen frame's space horizontally, and its time vertically. 

In Figure 6.7, the chosen reference frame is that of Finkelstein. 
Accordingly, we plot horizontally tWO of the three dimensions of space, 
as measured in Finkelstein's frame ("Finkelstein's space"), and we plot 
vertically time as measured in his frame ("Fink.elstein's time"). Since, 
far from the star, Finkelstein's frame is static (not imploding), Finkel
stein's time there is that experienced by a static observer. And since, 
near the star, Finkelstein's frame falls inward with the imploding 
stellar surface. Finkelstein's time there is that experienced by an infal1-
ing observer. 

Two horizontal slices are shown in the diagram. Each depicts two of 
the dimensions of space at a specific moment of time, but with the 
space's (.'Urvature removed so the space !ooks flat. More specifically, 
circumferences around the star's center are faithfully represt'nted on 
these horizontal slices, but radii (distances from the center) are not. To 
represent both radii and circumferences faithfully, we would have to 
use em bedding diagrams like those of Figure 62 or those of the parable 
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of the ant..'!, Figure 6.6. The space curvature would then show clearly: 
Circumferences would be less than 21t times radii. By drawing the 
horizontal slices flat, we are artiiicially removing their curvature. Thi!! 
incorrect flattening of the space is a price we pay to make the diagram 
legible. The payoff we gain is our ability to ~e spare and tune together 
011 a single, legible diagram. 

At the earliest time shown iu the diagram (bottom horizontal slice), 
the star, with one spatial dimension absent, is the interior of a large 
circle; if the missing dimension were restored, the siar wou.ld be the 
interior of a large sphere. At a later time (second slice), the star has 
ShTUllk; it is now the interior of a smaller circle. At a still later time, the 
star passes t.hrough its critical circumference, and. still later it shr.inks to 
zero circumference, creating there a singularity in which, according to 
general relativjty, the stal" is crunched out of existence. We shall not 
discuss the details ofthis singularity until Chapter 13, but it is crucial 
to know that it is a completely different thing from tIle "Schwarzschild 
singularity" of which physicists sJ>f>ke from the 1920s through the 
19506. The "Schwanschild singularity" was their ill-conceived name 
for the critical circumference or for a black hole; this "singulariti' is 
the object that resides at the black hole's center. 

The black. hole itself is the region of spacetime that is shown black in 
the diagram, that is, the region inside the tritical circumfe.rence and to 
the future of the imploding star's surface. The hole's surface (its hori
zon) is at the critical circumference. 

Also shown in the diagram are the world lines (trajectories through 
spacetime) of some particles attached to the star's surface. As one's eye 
tl'"avels upward in the diagram (that is, as time passes), one sees the!;e 
world lines move in closer and closer to the center of the star (to the 
central axis of the diagTam). This motion exhibits the star's shrinkage 
with time. 

Of greatest interest are the world lines of four photons (four particles 
of light). These photons are the arlalogues of the si.gnal balls in the 
para bie of the ants. Photon A is emitt.ed outward from the &tar's surface 
at the moment wIlen the staT begins to implode (bottom slic-e). It 
travels outward with ease, to larger and l.arger (;ircumferences, as time 
passes (as one's eye travels upward in the diagram). Photon B, emitted 
shortly before the star reaches its critical circumferell(:e, requires a long 
time to escape; i.t is the analogue of signal ball number 14.999 in the 
parable of the a.nts. Photon C, emitted prE'Cisely at the critical circum
ference, remains always there, just like signal ball number 15. And 
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6.7 A spacetime diagram depiclinll the implosion of a Ktar to form a black hole. 
Plotted upward is time as measured in "'inkelstein's reference frame. Plotted 
horizontally are two of the three dimensions of that frame's spa('.e. Horizontal 
slices are two-dimens;onal "snapshots" of the imploding star and the black hole 
it creates at specific moments of Finkelstein's time, but with the curvature of 
space suppressed. 

photon D, emitted from inside the critical circumference (inside the 
black hole), never escapes; it gets pulled into the singularity by the 
hole's intense gravity, just like signal ball 15.001. 

It is iIlteresting to contrast this modern understanding of the propa
gation of light from an imploding star with eighteenth-century predic
tions for light emitted from a star smaller than its critical circumfer
ence. 
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Recall (Chaptel".5) that in the late eighteenth century John Michell 
in F..nghlIld and Pierre Simon Laplace in France used NewtOn's laws of 
gravity and Newton's corpuscular description of light to predict the 
existence of black holes. Theae "Nelvtonian black holes" were actually 
st~tic stars with circumferences so small (less than the critical circum
ference) that gravity prevented light from escaping from du~ stars' 
vicinities. 

The left half of Figure 6.8 (a space diagram, not a spacetime dia
gram) depicts such a star inside its critical circumference, and depicts 
the spatial trajectory of a photon (light corpuscle) emitted from the 
star's surface nearly vertically (radially). The outflying photon, like a 
thrown rock, IS slowed by the pull of the star's gravity, it draws to a 
halt. and it then falls back intQ the staT. 

The right half of the figure depicts in a spacetime diagram the 
motions of two such photons. Plotted upward is Newton~s universal 
tinle'; plotted outward, his absolute space. With the passage oftime, the 
circular star sweeps out the vertical cylinder; at any moment of time 
(horizontal slice through the diagram) the star is described by the same 
circle as in the left picture. As time passes, photon A flies out and then 
fans back into the star, and photon B, em.itted a little later, does the 
same. 

6.8 The predictions from Newton's laws of physic's for the motion of light 
corpuscles (photons) ('.railted by a star fhat is inside its (',rilical circumference. 
f-e.jt: a sp8lial diagram (similRr 10 Fi8Ure 5.1). Right: a spacetime diagram. 
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It is instructive to compare this (incorrect) Newtonian version of a 
star inside its critical cirmmference and the photons it emits with the 
(correct) relativistic version, Figure 6.7. The comparison shows two 
profound differences between the predictions of Newton's laws and 
those of Einstein: 

1. Newton's laws (Figure 6.8) pennit a star smaller than the critical 
circumference to live a happy, non-imploding life, with its gravi
tational squeeze forever counterbalanced by its internal pressure. 
Einstein's laws (Figure 6.7) insist that when any star is smaller 
than its critical circumference, its gravitational squeeze will be so 
strong that no internal pressure can possibly counterbalance it. 
The star has no choice but to implode. 

2. Newton's laws (Figure 6.8) predict that photons emitted from the 
star's surface at first will fly out to larger circumferences, even in 
some cases to circumferences larger than critical, and then will be 
pulled back in. Einstein's laws (Figure 6.7) demand that any 
photon emitted from inside the critical cir(""I.lmferellce move al
ways toward smaller and smaller circumferences. The only rea
SOIl that such a photon can escape the star's surface is that the star 
itself is shrinking faster than the outward-directed photon moves 
inward (Figure 6.7). 

Although Finkelstein's insight and the bomb code simulations fully 
convinced Wheeler that the implosion of a massive star must produce a 
black hole, the fate of the imploding stellar matter continued to disturb 
him in the 19605, just as it had disturbed him in Brussels in his 1958 
confrontation with Oppenheimer. General relativity insisted that the 
star's matter will be crunched out of existence in the singularity at the 
hole's center (Chapter 13), but such a prediction seemed physically 
unacceptable. To Wheeler it seemed clear that the laws of general 
relativity must fail at the hole's center and be replaced by new laws of 
quantum gravity, and these new laws must halt the crunch. Perhaps, 
Wheeler speculated, building 011 views he had expounded in Brussels, 
the new laws would convert the imploding matter into radiation that 
quantum mechanically "tunnels" its way out of the hole and escapes 
into interstellar space. To test this speculation would require under
standing in depth the marriage of quantum mechanics and general 
relativity. Therein lay the beauty of the spe(:ulation. It was a testbed to 
assist in discovering the new laws of quantum gravity_ 
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As Wheeler's student in the earl)' 1960s, I thought that his spe(:ula
tion of matter being converted into radiation at the singularity and 
then tunneling its way out of the hole was outrageous. How could 
Wheeler believe sllch a thing? The new laws of quantum gravity would 
surely be important in the singularity at the hole's center, as Wheeler 
asserted. But not near the critical circumference. The critical cir.cum
ference was iIl the "domain of the large," where general relativity must 
be highly accurate; and the generai relativistic laws were unequivo
cal--nothing can escape out of the critical circumference. Gravity 
holds everything ill. Thus, there can be no "quantum mechanical tun
neling" (whatever that was) to let radiation out; 1 was finnly convinced 
of it. 

In 1964 and 1965 WheE>lel' and I wrote a technical book: together 
with Kent Harrison and Masami Wakano, abO'llt cold, dead. stars and 
stellar implosion. I was shocked when Wheeler insisted on including ill 
the last chapter his speculation that radiation might tunnel its way out 
of the hole and escape into interstellar space. In a last-minute struggle 
to convince Wheeler to delete his speculation from tile book, I called Oll 

David Sharp, OIle of Wheeler's postdocs, for help. David and I arguE'd 
vigorously with Wheeler in a three-way telephone call, and Wheeler 
finally (:apitulated. 

'Wheeler was right; David and 1 were wrong. Ten years later, Zel'
dovich and Stephen Hawking would use a newly developed partial 
rnaIriage of general relativity and quantum medlanics to prove, math
ematically, that radiation can tunnel its way out of a black hole--
though very, very slowly (Chapter 12). In other words, black holes can 
evaporate, though they do it so slowly that a hole formed by the 
implosion of a star will require far longer than the age of on.r Universe 
to disappear. 

The names that we give to things are important. The agents of movie 
stars, who change their clients' Dilmes from Norn).a Jean Baker to 
Marilyn Monroe and from Bela Blasko to B/da Lugosi, kn"w this well. 
So do physicists. In the movie industry a name helps set tlle tone, the 
frame of mind with which the viewer regards the star-·glamour fOT 

Marilyn MOJlroe, horror for Bela Lugosi. In physic!!! a name helps set 
the frame of mind with 'which we view a physical concept. A good 
name will conjure up a mental image that emphasizes th.e concept's 
most important. properties. and thereby it will help trigger, in a sub-



6. IMPLOSION TO WHAT? 

conscious, intuitive sort of a way, good research. A bad name can 
produce mental blocks that hinder research. 

Perhaps nothing was more influential in preventing physicists. be
tween t 939 and 1958, from understanding the implosion of a star than 
the name they used for the critical circumference: "Schwarzschild sin
gularity." The word "singularity" conjured up an image of a region 
where gravity becomes infinitely strong, causing the laws of physics as 
we know them to break down-"-an image that we now understand is 
correct for the object at the center of a black hole, but not for the 
critical circumference. This image made it difficult for physicists to 
accept the Oppenheimer-Snyder conclusion that a person who rides 
through the Schwanschild singularity (the critical cir(:umference) on 
an imploding star will feel no infinite gravity and see no breakdown of 
physical law. 

How truly nonsingular the Schwarzschild singularity (critical cir
cumference) is did not become fully clear until David Finkelstein dis
covered his new reference frame and used it to show that the Schwarz
schild singularity is nothing but a location into which things can fall 
but out of which nothing can come--and a location, therefore, into 
which we on the outside can never see. An imploding star continues to 
exist after it sinks through the Schwarzschild singularity, Finkelstein's 
reference frame showed, just as the Sun continues to exist after it sinks 
below the horizon on Earth. But just as we, sitting on Earth, cannot see 
the Sun beyond our horizon, so observers far from an imploding star 
cannot see the star after it implodes through the Schwarzschild singu
larity. This analogy motivated Wolfgang Rindler, a physicist at Cornell 
University in the 1950s, to give the Schwarzschild singularity (critical 
circumference) a new name, a name that has since stuck: He called it 
the horizon. 

There remained the issue of what to call the object created by the 
stellar implosion. From 1958 to 1968 different names were used in East 
and West: Soviet physicists used a name that emphasized a distant 
astronomer's vision of the implosion. Recall that because of the enor
mous difficulty light has escaping gravity's grip, as seen from afar the 
implosion seems to take forever; the star's surface seems never quite to 
reach the critical cir(:umference, and the horizon never quite forms. It 
looks to astronomers (or would if their telescopes were powerful 
enough to see the imploding star) as though the star becomes frozen 
just outside the critical circumference. For this reason, Soviet physicists 
called the object produced by implosion a frozen star--and this name 
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helped set the tone and frame of mind for their implosion research in 
the 1960s. 

In the West, by contrast, tIle emphasis was on the viewpoint of the 
person who rides inward on tile imploding atar's surface, through the 
horizon and into the true singularity; and, accordillgly, the object 
thereby created was called a col/ap.ted star. This name helped fo(:us 
physicists' minds 011 the issue that became of greatest concern to John 
Wheeler: the nature of the singularity in which quantum physi~ and 
spacetime curvature would be married. 

Neither name was .. ati~factory. Neither paid particuw' attention to 
the horizon which surrounds the coUapred IJtar and which iii responsi
ble for the optical illusion of stellar "freezing." During the 1960s, 
physicists' calculations gradually revealed the enormous importance of 
the horizon, and gradually John Wheeler--the person who, more than 
anyone else, worries about using optimal names- -becanle more and 
more dissatisfied. 

It is Wheeler's habit to meditate about the names we ('.all things when 
relax.ing in the bathtub or lying )n bed at night. He sometimes will 
search for months in this way for just the right name for sornething. 
Such was his search for a replacement £01" "fl'ozen sta.r" /"collapsed 
star." Finally, in late 1967, he found the perfect name. 

In typical Wheeler style, he did not go to his colleagues and say, 
"I've got a great nE:-W name for these things; let's call them da-de·da·de
da. I

' Rather, he simpl)" started to use the nanle as though no other 
name had ever existed, as though everyone had already agreed that 
this was the right name. He tried it out at a conference on pulsars in 
New York City in the late fall of t961, and he thell firmly adopted it in 
a lecture in December 1967 to the American Association for the Ad
vancement of S<'ience, entitled "Our Universe, the KnQwn and the 
linknown." Those of us not there encountered it first in the written 
version of his let:t.ure; "[BJy reason of its faster and faster ill fall [the 
surface ()fthe imploding star] moves away froD! the [distant] observer 
more and mOre rapidly. The light is shifted to the red. It becomes 
dimmer millisecond by millisecond, and in less than a second is too 
dark to see ... [The star,] like the Clleshire cat, fades from view. One 
leaves behind only its grin, the other, only its gravitational attraction. 
Grd.vitational attraction, yE-oS; light, no. No more than light do a.ny 
particles emerge. !\Ioreover, light and particles incident from outside 
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... [and 1 going doV\'l1 the black hole only add to its mass and increase its 
gravitational attra(:tion." 

Black hole was Wheeler's new name. Within months it was adopted 
enthusiastically by relativity physicists, astrophysicists, and the general 
public, in East as well as West-with one exception: In France, where 
the phrase trou noir (black hole) has obscene connotations, there was 
resistance for severa] years. 
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The Golden Age 

in which blac/r. holes arefound 
to spin and pulsate, 
store energy and release it, 

and have no hair 

rr he year was 1975; the place, the University of Chicago on the .. outh 
side of the city, near the shore of Lak.e Michigan. There, in a corner 
office overlooking 56th Street, Subrahmanyan Challdrasekhar wall im·· 
mersed in developing a full mathematical description of black holes. 
The black holes he was analyzing were- radically different beasts from 
those of the e-arly 19608, when physicists had begull to embr"dce th.e 
concept of a black hole. The intervening decade had b~n a golden age 
of black-hole r~search, an era that revolutioni7.ed our understanding of 
gene'ral relativity's predictions. 

In 1964, at the beginning of the golden age, black holes were 
thought to be jU!;t what their name suggests: holes in space, down 
which things can fall, out of which nothing can emerge. But during the 
golden age, One calculation after another, by more than a hundred 
physicists using Einstein's general relativity equations, had cha.nged 
that picture. Now, as Chal1dra.~khar sat in his Chi.cago office, c.a}culat
ing, black holes were regarded not as mer.e quiescent holes in space, but 
rather as dynamical objects: A black hole should be able to spin, and as 
it spins it should (:reate a tornado-like swirling motion in the curved 
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spa(:etime around itself. Stored in that swirl should be enormous ener
gies, energies that nature might tap and use to power cosmic explo
sions. When stars or planets or smaller holes fall into a big hole, they 
should set the big hole pulsating. The horizon of the big hole should 
pulsate in and out, just as the surface of the Earth pulsates up and down 
after an earthquake, and those pulsations should produce gravitational 
waves-ripples in the curvature of spacetime that propagate out 
through the Universe, carryiIlg a symphonic description of the hole. 

Perhaps the greatest surprise to emerge from the golden age was 
general relativity's insistence that all the properties of a black hole are 
precisely predi(:table from just three numbers: the hole's mass, its rate 
of spin, and its electric charge. From those three numbers, if one is 
sufficiently clever at mathematics, one should be able to compute, for 
example, the shape of the hole's horizon, the strength of its gravita
tional pull, the details of the swirl of spacetime around it, and its 
frequencies of pulsation. Many of these properties were known by 
1975, but not all. To compute and thereby learn all the remaining 
black-hole properties was a difficult challenge, precisely the kind of 
challenge that Chandrasekhar loved. He took it up, in 1975, as his 
personal quest. 

For nearly forty years, the pain of his 19505 battles with Rddington 
had smoldered inside .Chandrasekhar, impeding him from a return to 
research on the black-hole fates of massive stars. In those forty years he 
had laid many of the foundations for modem astrophysics·· founda
tions for the theories of stars and their pulsations, of galaxies, of inter
stellar gas clouds, and much mOTe. But throughout it all, the fascina
tion of the fates of massive stars had attracted him. Finally, in the 
golden age, he had overcome his pain ~Uld returned. 

lie returned to a family of researchers who were almost all students 
and postdocs. The golden age was dominated by youth, and Chand
ra5ekhar, young at heart but middle-aged and conservative in de
meanor, was welcomed. into their midst. On extended visits to Caltech 
and Cambridge, he could often be seen in cafeterias, surrounded by 
brightly and informally bedecked graduate students but himself attired 
in a conservative dark gray suit-"Chandrasekhar gray" his youthful 
friends called its color. 

The golden age was brief. Caltech graduate student Bill Press had 
given the golden age its name, and in the sumlller of 1975, just as 
Chandrasekhar was embarking on his quest to compute the properties 
of black holes, Press organized its funeral: a four-day conference at 
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Top: Subrahmanyan Chandra.orekhar at Caltech's student cafeteria ("the 
Greasyj with graduate students Saul Teukolsky (/eft) and Alan Iightman 
(right), in autumn 1971. Bottom: The participanL~ in the conference/funeral for 
the golden age of black· hole research, Princeton University, summf>.l' 1915. Front 
row, left to ~: Jacobus Petterson, Philip Yasskin, Bill Press, Larry Smarr, 
Beverly Berger. Georgia Witt. Bob Waldo Second and third ror~ left to right: 
Philip Marcus, Peter D'Eath, Paul Schechter. Saul Teukolskv. Jim Nestc,r, Paul 
Willa, Michael Schull. Bernard CaM', Clift'oro Will, Tom Ches~r, Bill Unruh. Slere 
Christensen. [Top: courtesy sandor J. Koval;.; bottom: cO\lrteSy Saul Teukolsky.) 
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Princeton University to which only researchers under the age of thirty 
were invited.1 At the conference, Press and many of his young col
leagues agreed that now was the time to move on to other researdl 
topics. The broad outlines of black holes as spinning, pulsating, 
dynamical objects were now in place, and the rapid pace of theoretical 
discoveries was beginning to slow. AU that was left, it seemed, was to 
fill in the details. Chandrasekhar and a few others could do that hand
ily, while his young (but now aging) friends sought new challenges 
elsewhere. Chandrasekhar was not pleased. 

The Mentors: 
Wheeler, Zel'dovich, Sciama 

Who were these youths who revolutionized our understanding of 
black holes? Most of them were students, postdocs, and intellectual 
"grandchildren" of three remarkable master teachers: John Archibald 
Wheeler in Princeton, New Jersey, U.S.A.; Yakov Borisovich Zel'
dovich in Moscow, R.ussia, U.S.S.R.; and Dennis Sclama in Cambridge, 
England, U.K. Through their intellectual progeny, Wheeler, Zel'
dovich, and Sciama put their personal stamps on our modern under
standing of black holes. 

Each of these mentors had his own style. In {at."!, styles more differ
ellt are hard to find. Wheeler was a charismatic, inspirational vision
ary. Zel'dovich was the hard-driving player/coach of a tightly knit 
team. Sciama was a self-sacrificing catalyst. We shall meet each of 
them in turn in the following pages. 

How well I recall my first meeting with ·Wheeler. It was September 
1962, two years before the advent of the golden age. Wheeler was a 
recent (-,on vert to the concept of a black hole. and r. at twenty-two years 
of age, had just graduated from Caltech and come to Princeton to 
pursue graduate study toward a Ph.D. My dream was to work on 
relativity research under Wheeler's guidance, so I knocked on his office 
door that first time with trepidation. 

1. As Saul TeukoL;ky, a compatriot of Bill Pre8II's. recalls it, ''This cOl1ferem;e was Bill's 
response to what he considered a provocation. There was another conference going on, to 
which none of us had been invited. But all the gray eminences were attending, so Bill decided 
to have a conference only for young people." 
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Professor Wheeler greeted me with a warm smile, ushered me into 
his .office, and began immediately (as though r were an esteemed 
colleague, not a total novice) to discuss the mysteries of stellar implo
sion. The mood and content of that stirring private discussion are 
captured in ·Wheeler's writings of that era: «There have been few 
o(.'Casions in the history of physics when one could surmise more surely 
than one does now [in the study of stellar implosion] that hE." confronts 
a new phenomenon, with a mysterious nature of its own, waiting to be 
unravelled .... Whatever the outcome [offuture studies], one feels that 
one has at last [in s~nar implosion] a phenomenon where gelleral 
relativi.ty dramatically comes into its own, and where its fiery marriage 
with quantum physics will be consummated." I emerged, an hOlU later, 
a convert. 

Wheeler gave inspiration to an entourage of five to ten Princeton 
students and postdocs-inspiration, but not detailed guidance. He pre
sumed that we were brilliant enough to develop the details for our
selves. To each of us he suggested a first research problem--some issue 
that might yield a bit of new insight about stellar implosion, or black 
holes, 01' the "fiery marri~e" of general relativity with quantum phys
ics. If that first problem turned out to be too hard, he would gently 
nudge us in some easier direction. If it turned out easy, he would prod 
us to extract from it all the insigllt we possibly could, then write a 
technical article on the insight, and then :move on to a more challeng
ing problem. We soon learned to keep several problems going at 
once-'one problem so hard that it must be visited and revisited time 
after time over many months or years before it cracked, hopefully with 
a big payoff; and other problems much easier, with quicker payoffs. 
Through it all, Wheeler gave just barely enough advice to keep us from 
totally floundering, never so much tha.t we felt he had solved our 
problem for Us. 

My first problem was a lulu: Take a bar magnet with a magnetic 
field threading through it and emerging from its two ends. The field 
consists of field lines, which children are taught to make ,'isible using 
iron filings on a piece of paper with the magnet below it (Figure 7,la). 
Adjacent field lines repel each other. (Their repulsion is felt when one 
pushes the north poles of two magnets toward each other.) Each mag
net's field lill.e8 are held together, despite their mutual repulsion, by 
the magnet's iron. Remove the iron, and their repulsion will make the 
field lines explode (Figure 7.th). All this was familiar to me from my 
undergraduate studies. Wheeler reminded me of it ill a long, private 
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( 'A ) 

( b) 

( c ) (d ) 

7.1 (a) The magnetic field lines around a bar magnet. made visible by iron 
filings on a piece of paper with the magnet below il. (b) The same field lines, with 
the paper and the magnet removed. Pressure between adjacent field lines makes 
them explode in the directions of the wavy arrows. (c) An infinitely long, cylindri
cal bundle oflJl88lletic field lines whose field is so intense that its energy creates 
enough spacetime curvature (gravity) to hold the bundle together, despite the 
repulBion between field lines. (d) Wheeler's conjecture that when the bundle of 
field lines in (c) is SQueezed slightly, its gravity would become so strong as to 
compress the bundle into implosion (wigsly lines). 

discussion in his Princeton office. He then described a recent discovery 
by his friend Professor Mael Melvin at Florida State University in 
Tallahassee. 

Melvin had shown, using Einstein's field equation, that not only can 
magnetic field lines be held together against explosion by the iron in a 
bar magnet, they can also be held together by gravity without the aid 
of any magnet. The reason is simple: The magnetjc field has energy, 
and its energy gravitates. [To see why the energy gravitates, recall that 
energy and mass are "equivalent" (Box 5.2); It is possible to convert 
mass of any sort (uranium, hydrogen, or whatever) into energy; and 
conversely, it is possible to convert energy of any sort (magnetic en-
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ergy, explosive energy, or whatever} into mass. Thus, in a deep sense, 
mass and energy are merely different names for the same thing, altd 
this means that, since aU forms of mass produce gravity, so must all 
fonns of energy. The Einstein field equation. when examined care
fuUy, insists on it.] Now, if we have an enormously intense magnetic 
field·-a field far more intense than ever encountered on .E,a.rth--then 
the field's intense energy will produce intense gravity, and that gravity 
will compress the field; it will hold the field lines together despite the 
pressure between theln (Figure 7.1c). This was Melvin's discovery. 

Wheeler's intuition told him that s\lch "gravitationally bundled" 
field lines might be as unstable as a pencil st:lllding on its tip: Push the 
pencil slightly, and gravity will mak.e it fall. Compress the magnetic 
field Jines slightly, and gravity might overwhelm their pressure, pull
ing them into implosion (Figure 7.1d). Implosion to what? Perhaps to 
fonn an infinitely long, cylindrjcal black hole; perhaps to form a naked 
singularity (a singularity without an enshrouding horizon). 

It did not mat~ to WheE-ler that magnetic fields in the real Uni
verse are too weak for gravity to hold them them together against 
explosion. Wheeler's quest was not to lmderstand the Universe as it 
exists, but rather to understand the fundamental laws that govern the 
Univene. By posillg idealized problems which push those laws to the 
extreme, he expected to gain new insights into the iaws. In this spirit, 
he offered me my first. gravitational research problem: lise the Eillstein 
field equation to try to deduce whether Melvin's bundle of magnetic 
field lines will implode, and if so. to what. 

£i'or many months 1 struggled with this problem. The scene of the 
daytime struggle was the attic of Palmer Physical Laboratory in 
Princeton, where I shared a hugp. office with other physics students and 
we shared our problems with each other, in a camaraderie of verbal 
give-and-take. The nighttime struggle was in the tiny apartment, in a 
converted World War II army barracks, where 1 lived with my wife, 
Linda (an anist and mathemati(:$ student), our baby daughter, .L{al·es, 
and ouzo huge collie dog, Prince. F..ach day I carried the problem hack 
and forth with me betw('en army barracks and laboratory attic. Everv .. " .. -
few days J collared Wheeler for ad\·ice. I beat at the problem with 
pencil and paper; I beat at it with numerical calculations on a com
puter; I beat at it in long arguments a.t the blackboard with my fellow 
studellts; and gradually the tl"uth became clear. Einstein's equation, 
pummeled, manipulated, and distorted by my beatings, finally told me 
that Wheeler's guess was wrong. No matter how hard one might 
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squeeze it, Melvin's cylindrical bundle of magnetic field lines will 
always spring back. Gravity can never Overcome the field's repulsive 
pressure. There is no implosion. 

This was the best possible result, Wheeler explained to me enthusi
astically; When a cah:ulation confirms one's expectations, one merely 
firms up a bit one's intuitive understanding of the laws of physics. But 
when a calculation contradi(:ts expectations, one is on the way toward 
new insight. 

The contrast between a spherical star and Melvin's cylindrical b,Ul
dIe of magnetic field lines was extreme, Wheeler and T realized: When 
a spherical star is very compact, gravity inside it overwhelms any and 
all internal pressure that the star can muster. The implosion cd'massive, 
spherical.~tars is compulsory (Chapter 5). By contrast, regardless of how 
hard one squeezes a cylindrical bundle of magnetic field lines, regard
less of how compact one makes the bundle's cin.'llar crOSS section (Fig
ure 7.1d), the bundle's pressure will always overcome gravity and push 
the field lines back outward. The implosion qf cylindrica4 mo.gnetic 
field lines is forbidden; it can never Occur. 

Why do spherical stars and a (:ylindrical magnetic field behave so 
differently? Wheeler encouraged me to probe this question from every 
possible direction; the answer might bring deep insight into the laws of 
physics. But he did not tell me how to probe, I was becoming an 
independent researcher; it would be best, he believed, for me to de
velop my own research strategy without further guidance from him, 
Independence breeds strength, 

From .965 to 1972, through most of the golden age, I struggled to 
understand the contrast between spherical stars and cylindrical mag
netic fields, but only in fits and starts. The question was deep and 
difficult, and there were other, easier issues to study with most of my 
effort: the pulsations of stars, the gravitational waves that stars should 
emit when they pulsate1 the effects of spacetime (:urvature on huge 
clusters of stars and on their implosion. Amidst those studies, once or 
twice a year I would pull from my desk drawer the stacks of manila 
folders containing my magnetic field calculations. Gradually T aug
mented those calculations with computations of other idealized infi
nitely long, cylindrical objects: cylindrical "stars" made of hot gas, 
cylindrical clouds of dust that implode, or that spin and implode simul
taneously. Although these objects do not exist in the realliniverse, my 
calculations about them, done in fits and starts, gradually brought 
understanding, 
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By 197il the trut-It was evident: Only if an object is compressed in all 
three of its spatial dirl"Ctions, north-south, e'dst--Wt';;t, and np·-down 
(for example, if it is (:ompressed spherically), can gra .... ity become so 
strong that it overwhelms all forms of internal pressure. If, instead, the 
object is compressed in only two spatial directions (for example, if it is 
compressed cylindrically int~ a long thin thre.a.d), gravity grOWl; !ltrong, 
but not nearly strong enough to win the battle with pressure. Very 
modest pressure, wbetht>.r due to hot gas, eiectron degeneracy, or mag
netic field lines, can easiJy overwhelm gravity and make the cylindrical 
object explode. And if the objet·t is compreS6ed in only a single direc
tion, into a very thixl pancake, pressure will overwhelm gravity even 
more easily, 

My calculations showed this clearly and unequivocally in the case of 
spheres, infinitely long cylinders, ;Illd infinitely t'xtended pancakes. For 
such objects, the cal(:ulations '"ere manageable. Much harder to com
put.e--indeed, far beyond my talents--were llonspherical objects of 
finite size. But physical intllition enlarging from my calcu.lations and 
from calculations by my youthful f:omradE's told me what to ('x.pect. 
That expectation I formulated as a hoop conjeclW'e: 

Take allY kind of object you might wish'-~a star, a cluster of stars, a 
bun.dle of magnetic field lines, or whatever. Measure the object's mass, 
for example, by m~asuring the strength of its gravitational pull on 
orbiting planets. Compute from that mass the object's critical ciz'cum
ferenCE' (18.5 kilometers times the object's mass in units of the mas.~ of 
the Sun). If the object were spherical (which it is not) and were to 
implode or be squeezed, it would form a black. hole when it gets COln

pressed inside this critical circumference. What happens if the object is 
not spherical? The hoop conjecture purports to give an answer (Figure 
7.2). 

Construct a hoop with circumference equal to the criticAll circumfer
ence of your object. Then try to place the object at the center of the 
hoop, and try to rotate the hoop completely around the object. If you 
succeed, then the object must already havecreatec a black-hole horizon 
around itself. If you fail, then the object is not yet compact enough to 
create a. black hole. 

In other words. the hoop (:onjeCt.1Ire claims that, if an objet.-t (a stat, a 
star clustec. or whatever) gets compressed in a highly nOllspherical 
manner, then the object will fuml a black hole around itse-lf when, and 
ouly when, its cirr:umference in all directions has becomE' less than the 
critical circumferent:-e. 
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-~otQ,.te- -R,o-tate-

7.2 According to the hoop (:onjecture, an ilIlplodi~ object fonns a black hole 
when, and only when, a hoop with the critical circumference can be placed 
around the object and rotated 

I proposed this hoop conjecture in 1972. Since then, J and others 
have tried hard to learn whether it is correct or not. The answer is 
buried in Einstein's field equation, but to extract the answer has proved 
exceedingly diffi(:ult. In the meantime, circumstantial evidence in 
favor of the hoop conjecture has continued to mount. Most recently, in 
1991, Stuart Shapiro and Saul Teukolsky at Cornell University have 
simulated, on a supercomputer, the implosion of a highly nonspherical 
star and have seen black holes form around the imploded star precisely 
when the hoop conjecture predicts it. If a hoop can be slipped over the 
imploded star and rotated, a black hole forms; if it cannot, there is no 
black hole. But only a few such stars were simulated and with special 
nonspherical shapes. We therefore still do not know for certain, nearly 
a quarter century after I proposed it, whether the hoop conje(:ture is 
correct, but it looks promising. 

Igor Dmitrievich Novikov in many ways was my Soviet C'.Qunterpart, 
just as Yakov Borisovich Zel'dovich was Wheeler's. In 1962, when I 
was first meeting Wheeler and embarking on my career under his 
mentorship, Kovikov was first meeting Zel'dovich and becoming a 
member of his research team. 

Whereas J had had a simple and supportive early life-born and 
reared in a large, tightly knit Mormon familyil in Logan, Utah-Igor 

2. In the lute 198O!J, at my mothec's Suggestioll, the entice family requested exoolnmunica· 
cion fcom the Mormoll ChUCl:h in cespOIJse to the Chucdl'S suppcessioll of the righL~ of women. 
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ili'ovikov had had it rough. 10 1937, when Igor was two, his father, a 
high official in the Railway Ministry in Moscow, was entrapped by 
Stalin's Great Terror, arrested, and (less lucky thaD. Landau) executed. 
His mother's life was spared; she was sent to prison and then exile, and 
Igor wa'l reared by an aunt. (Such Stalin-era family tragedies were 
frightfully common among my Russian friends and colleague8.) 

In the early 1960s. while I was studying physics as an undergraduate 
at Caltech, Igor was studying it as a graduate student at Moscow Uni
'Ve-rsity. 

In t96~, when I was preparing to go to Princeton for graduate study 
and do general relativity resea1"ch with John Wheeler, ont! of my C..al
tech professors warned me against this course: General relativit)' has 
little re}eyance for the real Univp.rse~ he warned; one should look else
where for interesting physics challenges. (This was the era of wide
spread skepticism about black holes and lack of interest in them.) At 
this SatnP time, in Moscow, Igor was c<lmpleting his kandidat degree 
(Ph.D.) with a specialty in general relativity, and his wife, Nota, also a 
physi(:ist, was being W'cU'ned b}' friends that relativiiY was a backwater 
with no relevance to the real Universe. H~r husband, fOT the sake of his 
career, should leave it. 

While I was ignoring these warnings and pushing onwa.rd to Prince
ton, Nora, worried hy the warnings, seized an opportunity at a physics 
conference in Est.onia to get advice froln the famous phYSicist. Yakov 
Borisovich Zel'dovich. She sought Zel'dovich out and asked Whl'tller he 
thought general relativity was of any importance. Zel'duvich, in his 
dynamic, forceful way, replied that relativity was going to ~coD'le 
extremely important for astrophysics TeSl".arch. Nora then described an 
idea on which her husband was working, the idea that the implosion of 
a star to form a black hole might be similar to the big-bang origin of 
Gur lJniverse,.but with tizne turned around and run backward.5 M Nora 
spoke, Zel'dovich becalI1e more and more excited. He himself had 
developed the same idea and was exploring it. 

A few days later, Zel'dovich barged into an office that Igor Novikov 
s..'tared with many oth.er students at Moscow Univt'"l'sity's Sbternberg 
A.stronomicallnstitute, and began grillUlg Novikov about his research. 
Though dleir ideas were similar, their research methods were com
pletely different. Novikov, already a great expert illl'elativity, had used 

~. This idea, wbi Ie corrooct, has nOt: Jet produced an)' big paYDff~, 110 1 shall not diSCIlSS it ;n 
rl\is boc!k. 
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an elegant mathematical calculation to demonstrate the similarity be
tween the big bang and stellar implosion. Zel'dovich, who knew hardly 
any relativity, had demonstrated it using deep physical insight and 
crude calculations. Here was an ideal match of talents, Zel'dovich real
ized. He was just then emerging from his life as an inventor and 
designer of nuclear weapons and was beginning to build a new team of 
researchers, a team to work on his newfound love: astrophysics. ~ovi
kov, as a master of general relativity, would be an ideal member ofthe 
team. 

When Novikov, bappy at Moscow University, hesitated to sign up, 
Zel'dovich exerted pressure. He went to Mstislav Keldysh, the director 
of the Institute of Applied Mathematics where Zel'dovich's team was 
being assembled; Keldysh telephoned Ivan Petrovsky, the Relttor (pres
ident) of Moscow University, and Petrovsky sent for Novikov. With 
trepidation Novikov entered Petrovsky's office, high in the central 
tower of the University, a place to which Novikov had never imagined 
venturing. Petrovsky was unequivocal: "Maybe you now don't want to 
leave the Unive:rsity to work with Zel'dovich, but you will want to." 
Novikov signed up, and despite some difficult times, never regretted it. 

Zel'dovich's style as a mentor for young astrophysicists was the one 
he had developed while working with his nuclear weapons design 
team: "Zel'dovich's sparks [ideas] and his team's gasoline"-unless, 
perchance, some other member of the team could compete in inventing 
ideas (as Novlkov usually did, when relativity was involved). Tben 
Zel'dovich would enthusiastically take up his young colleague's idea 
and knock it about with the team in a vigorous thrust and parry, 
bringing the idea quickly to maturity and making it the joint property 
of himself and its inventor. 

Novikov has described Zel'dovich's style vividly. Calling his mentor 
by frrst name plus abbreviated patronymic (a form of Russian address 
that is simultaneously respectful and intimate), Novikov says: "Yakov 
Boris'ch would often awaken me by telephone at five or six in the 
morning. 'T have a new idea! a new idea! Come to my apartment! Let's 
talk!' I would go, and we would talk for a long, long time. Yakov 
Boris'ch thought we all could work as long as he. He would work with 
his team from six in the morning to, say, ten, on one subject. Then a 
new subject until lunch. After lunch we would take a small walk or 
exercise or a short nap. Then coffee and more interaction until five or 
six. In the evening we were freed to calculate, think, or write, in 
preparation for the next day." 
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Coddled in his weapons design days, Zel'dovich continued to de
mand that the world adjust to him; follow his schedule, start work 
when he started, nap when he napped. (In 1968, John Wheeler, Andrei 
Sakharov, and I spent an afternoon discussing physics with him in a 
hotel room in the deep south of Ule Soviet Union. After several hours of 
intense discussion, Zel'dovich abruptJy announced that it was time to 

nap. He then laid down and slept for twenty minutes, while Wheeler, 
Sakharov, and I relaxed and read quietly in our respective corners of 
the room, waiting for him to awaken.) 

Impatient with perfectionists like me, who insist on getting all the 
details of a calculation right, Zel'dovich cared only about the main 
concepts. Like Oppenheimer, he could scatter irrelt.-vant details to the 
winds and zero in, almost unerringly, on the central issues. A few 
arrows and curves on the blackboard, an equation not longer than half 
a line, a few sentences of vivid prose, with these he would bring his 
team to the heart of a research problem. 

He was quick to judge an idea or a physicist's worth, and slow to 
change his judgments. He could retain faith in a wrong snap judgment 
for years, thereby blinding himself to an important truth, as when he 
rejected the idea that tiny black holes can evaporate (Chapter 1~). But 
when (as was usually the case) his snap judgments were right, they 
enabled him to move forward across the frontiers of knowledge at a 
tremendous pace, faster than anyone I have ever met. 

The contrast between Zel'dovich and Wheeler was stark: Zel'dovich 
whipped his team into shape with a firm hand, a constant barrage of 
his own ideas, and joint exploitation of his team's ideas. Wheeler of
fered his fledglings a philosophical ambience, a sense that there were 
exciting ide.as all around, ready for the plucking; bllt he rarely pressed 
an idea, in concrete form, onto a student, and he absolutely never 
joined bis students in exploiting their ideas. Wheeler's paramount goal 
was the education of his fledglings, even if that slowed the pace of 
discovery. Zel'dovich---still infused with the spirit of the race for the 
superbomb-sought the fastest pace possible, whatever the expense. 

Zel'dovich was on the telephone at ungodly hours of the morning, 
demanding attention, demanding interaction, demanding progress. 
Wheeler seemed to us, his fledglings, the busiest m.an in the world; far 
too busy with his own projects to demand our attention. Yet he was 
always available at oU.r request, to give ad"'ice, wisdom, encourage
ment. 



Top U:ft: John Ardtibald Wheeler. ca. 1970. Top righL' Igor Dmitrievich Novikov 
and YakO'\' Borisodch Ze1'dovich in 196~. Bottom: Dennis Sciama in 1955. [Top 
leti:: courtesy Joseph Henry LaboratoTip.s, Princel.On {;'nivt'csity; top fight: ('.ollrtA.~y S. Chand 
fWlekhar; bottom: courte8Y Dennis W. Sciama.] 
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Dennis Sciama, the third great mentor of the era, had yet another 
style. He devoted the- 1960s and e-arly 1970s almost exclusively t.o 
providin.g an optimal environment for bis Cambridge University stu
del'lts to grow in. Becau.~p he relegated his OWIl personal researdl and 
<'.areer to second place, after those of his students, he was never pro
moted to the august position of "Professor" at Cambridge (a position 
much higher Ulan being a profes!!Or in America). It was his students, 
far more than he. who reaped the rewards and the kudos. By the end of 
the 19705 two of his fonner students, Stephen Hawking and Martin 
R.ees, were Cam bridge Professors. 

Scialna was a catalyst; he kept his students closely in touch "'ith the 
most important new developments in physics, worldwide. Wheonever 
an interesting discovery was publilhed, he would assign a student to 
rElad and report on it to the others. Whenever an intereSting lecture was 
scheduled in London, he would take OJ' send his entourage of stlldents 
down 011 the train to hear it. He had exqui!litely good sense about what 
ideas were interesting, what issues were worth pursuing, what one 
should read in order to get startt-d on any research project, and whom 
one should go to for techllical advice. 

Sciama wa5 driven by a desperate desire to know how thE.> Universe 
is made. He himself described this drive as a sort of metaphysical angst. 
The Universe seemed so crazy, hizarre, and fantastic that the only wa.y 
to deal wit.h it was to try to understand it, alld the best way to under
stand it was t.hrough his students. By having his students solve Ute most 
challenging problems, he could move more quickly from issue to issue 
than if he paused to try to solve them him.self. 

Black Holes Have No Hall' 

Among the d.iscoveries of the golden age, one of the greatest was that 
"a black hole has no hah." (The meaning of this phrase will be(.'Ome 
clear graduaHy ill the coming pages.) Some discoveries in science are 
made quickly, by individuals; others emerge slowly, as a result of di
verse contributions from lnany rese-archers. The hairlessness of bladt. 
holes was of the seL"OJld sort. It grew out of research by the intellectual 
progeny of all three great mentors, Zefdoyi.ch, Wbeeler, and &iarna, 
and out of research by mally ot.~ers. In the following pages, we shall 
watch as this myriad of researC'hers struggles step by step, bit by bit, to 
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fonnulate the concept of a black hole's hairlessness, prove it, and grasp 
its implications. 

The first hints that "a black hole has no hair" came in 1964, from 
Vitaly La:z.arevich Ginzburg, the man who had invented the LiD fuel 
for the Soviet hydrogen bomb, and whose wife's alleged complicity in a 
plot to kill Stalin had freed him from further bomb design work (Chap
tf:r 6). Astronomers at CaJtech had just discovered qrUJSars, enigmatic, 
explosive objects in the most distant reaches ofthe Universe, and Ginz
burg was trying to understand how quasars might be powered (Chapter 
9). One possibility, Ginzburg thought, might be the implosion of a 
magnetized, supermassive star to form a black hole. The magnetic field 
lines of such Ii star would have the shape shown in the upper part of 
Figure 7.5a--the same shape as the &rth's magnetic field lines. As the 
star inlplodes, its field Hnes might become strongly compressed and 
then explode violently, releasing huge energy, Ginzburg speculated; 
and this might help to explain quasars. 

I~ft: Vitaly Lluarevich Gillzburg (ca. 196:2), the person ''''ho produ('.ed the firlJt 
e\idence for the "no-hair (.'Onjecture." Right: Werner Isl'tlel (illl964). the pet'Son 
who de\isE'.d the first rigorous proof dial the "no-hair oonjectlll-e" 15 currect 
[l..eCt: courtesy Vitaly Oin&burg; right: oourtesy Werner Israel.; 
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To test tllis speculation by computing the full details of the star's 
implosion would have been exceedingly difficult, 80 Gillzburg did the 
se<;ond best thing. Like Oppenheimer in his first crude exploration of 
what happens when a star implodes (Chapter 6), Ginzburg examined a 
sequence of static stars, each one more C'..ompact than the previous one, 
and all with the same number of magnetic field lines threading 
through their interiors. This sequence of static stars should mimic a 
single imploding star, Ginzburg reasolled. Ginzburg derived a formula 
that describ4>.d the shapes of the magnetic field lines for each of the 
s~ in his seq uence- -and found a great surprise. When a star was 
nearly at its critical circumference and beginning to form a black hole 
around itself, its gravity sucked its magneti(~ field lines down onto its 
surface, plastering them there tightly. V\oThen the black hole Was 

formed, the plastered-down field lines were all inside its horizon_ No 
field lines remained, sticking out of the hole (Figure 7.~a). This did not 
bode well for Ginzburg's idea of how to power quasars, but it did 
suggest an intriguing possibility: When a magnetized star implodes to 
form a black hole, the hole might wen be bom with no magnetic field 
whatsoever. 

7.5 Some examplt'.8 of the "no-hair conjecture-: (a) When a magnetized star 
impJodf'~'" the hole it Connll has no magnetic; field. (b) When a square star im
I.Iodes, the hule it thrms is round., not square. (c) V\1.1en a star with a mountain 
on its surface implodes, the hole it forms has no mountain. 

\ 
NO YES 
~ 

@ 
{a} 

\ e 
(b) 
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At about the time that Ginzburg was making this discovery, only a 
few kilometers away in Moscow Zel'dovich's team' 'with Igor Novi
kov and Andrei Doroshkevich taking the lead began to ask them
selves, "Since a round star produces a round hole when it implodes, wi]] 
a deformed star produce a deformed hole?" As an extreme example, 
will a square star produce a square hole? (Figure 7.3b). To compute the 
implosion of a hypothetical square star would be exceedingly difficult, 
so Doroshkevich, Novikov, and Zel'dovich focused on an easier exam
ple: When a nearly spherical star implodes with a tiny mountain stick
ing out of its surface, will the hole it forms have a mountain-like 
protrusion on its horizon? By asking about nearly spherical stars with 
tiny mountains, the Zel'dovich team couJd simplify their calculations 
greatly; they could use mathematical techniques called perturbation 
methods that John Wheeler and a postdoc, Tullio Regge, had pioneered 
a few years earlier. These perturbation methods, which are explained a 
bit in Box 7.1, were careful1y designed for the study of any small 
"perturbation" (any small disturbance) of an otherwise spherical situa
tion. The gravitational distortion due to a tiny mountain on the ZeI'
dovich team's star was just such a perturbation. 

Doroshkevich, Novikov, and Zel'dovich simplified. their calculation 
still further by the same trick that Oppenheimer and Ginzburg used: 
Instead of simulating the full, dynamical implosion of a mountain
endowed star, they examined only a sequence of static, mountainous 
stars, each one more compa(:t than the one before. With this trick, and 
with perturbation techniques, and with intensive give-and-take 
amongst themselves, Doroshkevich, Novikov, and Zel'dovich quickly 
discovered a remarkable result: When a static, mountain-endowed star 
is small enough to form a black hole around itself, the hole's horizon 
must be precisely round, with no protrusion (Figure 7.3c). 

Similarly, it was tempting to conjecture that if an imploding square 
star were to form a black hole, its horizon would also be round, not 
square (Figure 7.3b). If this conjecture was correct, then a black hole 
should bear no evidence whatsoever of whether the star that created it 
was square, or round, or mountain-endowed, and also (according to 
Ginzburg) no evidence of whether the star was magnetized or free of 
magnetism. 

Seven years later, as this conjecture was gradually turning out to be 
corred, John Wheeler invented a pithy phrase to describe it: A black 
hole has no hair-the hair being anything that might stick out of the 
hole to reveal the details of the star from which it was formed. 
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Box 7.1 

An Explanation of Perturbation Methods, 
for Readers Who Like Algebra 

In algebra one lE'ams to compute the square of a sum of two numbers, Il 
and b, from the formula 

Suppose that (l is a huge number, for example 1000, and that b is very 
small "by comparison, f()r example ~. Then the third terln in tllis formula, 
b'l, will be very small compared to the other two and thus can be thrown 
away without making much error: 

(1000 -I- 0)2 = 10009 + ~ )( tOoo X 3 + 32 = 1,006,009 
~ 10009 + 2 )( 1000 X 3 = 1.006,000. 

Perturbation methods are based on this approximation. The a = 1000 is 
like a precisely spherical star, b = ~ is like the star's tiny mountain, and 
(a + h)'2 is like the .llpacetime curvature produced by the star and Inoumain 
togethpI. In computing that curvature, perturbation methods k.eep only 
effects that are linear in the mountain's properties (effects like 'lab :: 
6000, which is llnear in b = 3); these methods throwaway all other 
effects of the mountain (effeC'-ts lik.e b2 :::: 9). So long as the mountain 
remains smaH compared to the star. perturbation methods are highly 
accurate. However, if the mountain ,v(,.J'e to grow as big as the rest of the 
"tal' (as it would need to do to make the star square rather than round), 
then perturbation methods would produce serious errOrS~rr()IS like 
those iTl the above formulas with a :::: 1000 alld b = 1000: 

(toOO + 1000)g :: 1()002 + 2 x 1000)( toOO + l000g :::: 4,000,000 
'* 100~ + 2 X 1000)( 1000 :::: 3,000,000. 

These two results differ significantly. 
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It is hard for most of Wheeler's colleagues to believe that this con
servative, highly proper man was aware of his phrase's prurient inter
prf!tation. But I suspect otherwise; .I have seen his impish streak, in 
private, on rare occasion.4 Wheeler's phrase quickly took hold, despite 
resistance from Simon Pasternak, the editor-in-chief of the Ph..ysical 
Rev,:ew, the journal in which yoost Western black-hole TE".search is pub
lished. When Werner Israel tried to use the phrase in a technical paper 
around 1911, Pasternak fired off a peremptory note that under no 
circunlstances would he allow such obscenities in his )ournal. But Pas
ternak could not hold back for long the flood of "no··hair" papers. In 
France and the U.S.S.R., where the Freuch- and Russian-language 
translations of Wheeler's phrase were also regarded as unsavory, the 
resist.."Ulce lasted longer. By the late 1910s, however, Wheeler's phrase 
was being used and published by physicists worldwide: in all lan
guages, without even a flicker of a childish grin. 

It was the winter of 1964-65 by the time Ginzburg, and Dorosh
kevich, i'lovikov, and Zel'dovich, had invented their no-hair conjecture 
and mustered their evidence for it. Once every three years, experts on 
general relativity gathered somewhere in tht> world for a one-week 
scientific conference to exchange ideas and show each other the results 
of their researches. The fourth such conference would be held in Lm
don in June. 

Nobody 011 Zel'dovich's team had ever traveled beyond the borders 
of the Communist bloc of nations. Zel'dovtch himself would surely not 
be allowed to go; his contact with weapons research was much too 
recent. N"ovikov, however, was too young to have been involved in the 
hydrogen bomb project, his knowle-dge of general relativity was the 
best of anyone on the team (which is why Zel'dovich had recruited him 
onto the team in the fi1"8t place), he was now the team's captain (Zel'
dovich was the coach). and his English was passable though far from 
fluent. He was the logical choice. 

This was a good period in East-West relations. Stalin's death a 
dozen years earlier had triggered a gradual resumption of mrrespon
dence and visits between Soviet scientists and their Western colleagues 

4. r have seen it unlP.ashed in public only once. In : 971, O!1 the ClocasioD of h is sixtieth 
birthday, Wheeler happened to be at an elegant banquet in a caslle in CopE"lIhagen ·-Cl banquet 
in howr of an international oor.Ienlnce, not in honor of him. To ('t!lebrale iii.,; birlhday. 
Wheeler set. off Ii string of fln!C1'llckers behind his banq'.l6t chair, cr('lltiog cilaOf; amongst lhe 
nearby diners. 
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(though not nearly 80 free a correspondence or visits as in the 19205 and 
early 19305 before Stalin's iron curtain descended). As a matter of 
ooune, the Soviet Union was now sending a small delegation of scien
tists to every major international conference; such delegations were 
important not only for maintaining the strength of Soviet science, but 
also for demonstrating the Soviets' strength to Western scientists. Since 
the time of the tsars, R.ussian bureaucrats have had an inferiority com
plex with respect to the VV est; it is very important for them to be able to 
hold their heads up in Western public view and show with pride what 
their nation can do. 

Thus it was that Zel'dovich, having arranged an invitation from 
London for Novikov to give one of the major lectures of the Relativity 
Conference, found it easy to convince the bureaucrats to include his 
young colleague in the Soviet delegatioIl. N ovikov had many impres
sive things to report; he would create a very positive impression of the 
strength of Soviet physics. 

In London, Novikov preseIlted a one-hour le(:ture to an audience of 
three hundred of the world's leading relativity physicistls. His lecture 
was a tour de force. The results on the gravitational implosion of a 
mountain-endowed star were but one small part of the lecture; the 
remainder was a series of equally major contributions to oID' under
standing of relativistic gravity, neutron stars, stellar implosion, black 
holes, the nature of quasars, gravitational radiation, and the origin of 
the universe. As J sat there in London listening to Novikov, I was 
stunned by the breadth and power of the Zel'dovich team's research. I 
had never before seen anything like it. 

After Novikov's lecture, J joined the enthusiastic crowd around him 
and discovered, much to my pleasure, that my Russian was slightly 
better than his English and that I was needed to help with translating 
thp, discussion. As the crowd thinned, Novikov and I went off together 
to continue our discussion privately. Thus began one of my finest 
friendships. 

It was not possible for. me or anyone else to absorb fully in London the 
details of the Zel'dovidl team's no-hair analysis. The details were too 
complex. We had to await a written version of the work, one in which 
the details were spelled out with care. 

The written version arrived in Prim:eton in September 1965, jn 
Russian. Once again 1 was thankful for the many boring houl"S I had 
spent in RussiaIl da.'1s as an undergraduate. The written analysis con-
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tained two pieces. The first piece, clearly the work of Doroshkevich and 
Novikov) was a mathematical proof that, when a static star with a tiny 
mountain is made more and more compact, there are just two possible 
outcomes. Either the star creates a precisely spherical hole around 
itself, or else the mountain produces such enormous spacetime curva
ture, as the star nears its critical circumference, that the mountain's 
efl"e(:ts are no longer a "small perturbation"; the method of calculation 
then fails, and the outcome of the implosion is unknown. The second 
piece of the analysis was what I soon learned to identify as a "typical 
Zel'dovich" argument: If the mountain initially is tiny, it is intuitively 
obvious that the mountain cannot produce enormous curvature as the 
star nears its critical circumference. We must discard that possibility. 
The other possibility must be the truth: The star must produce a pre
cisely spherical hole. 

What was intuitively obvious to Zel'dovich (and would ultimately 
turn out to be true) was far from obvious to most Western physicists. 
Controversy began to swirl. 

The power of a controversial research result is enormous. It attracts 
physicists like picnics attract ants. Thus it was with the Ze}'dovich 
team's no-hair evidence. The physicists, 'like ants, came one by one at 
first, but then in droves. 

The first was Werner Israel, born in Berlin, reared in South Africa, 
trained in the laws of relativity in Ireland, and now struggling to start a 
relativity research group in Edmonton, Canada. Tn a mathematical tour 
de force, Israel improved on the first, Doroshkevich Kovikov, part of 
the Soviet proof: He treated not just tiny mountains, as had the Soviets, 
but mountains of any size and shape. In fact, his calculations worked 
(:orrectly for any implosion, no matter how nonspherical, even a square 
one, and they allowed the implosion to be dynamical, not just an 
idealized sequence of static stars. Equally remarkable was Israel's con
clusion, which was similar to the Doroshkevich-Novikov conclusion, 
but far stronger: A highly rwnspherical implosion can have only two 
outcomes: either it produces no black hole at al4 or else it produces a black 
hole that is precisely spherical. For this (xmclusion to be true, however, 
the imploding body had to have two special properties: It must be 
completely devoid of any ele(:tric charge, and it must not spin at all. 
The reasons wi1l become clear below. 

Israel first presented his analysis and results on 8 Febnlary 1967, at a 
lecture at Kings College in London. The title of the lecture was a little 
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enigmatic, but Dennis Sciama in Cambridge urged his students to 
journey down to London and hear it. As George Ellis, one of the 
students, recalls, "It was a very, very interesting lecture. Israel proved a 
theorem that came totally out QI the blue; it was totally unexpe(:ted; 
nothing J'f"..IDotely like it had ever been done before." When ISTael 
brought his lecture to a dose. Charles Misner (a former stu,dent of 
Wheeler's) rose t(l his feet and offered a speculation: 'What happens if 
the implooulg star spins and has electric charge? Might there again be 
jU8t two possibilitit.>s: 110 hole at all, Qr a hole- with a uIlique form, 
determined entirely by the imploding star's maliS, spin. and charge? 
The answer would ultima.telv turn out to be ves. but not until after 

- -Zel'dovich's intuitive insight had been te.o;ted. 

Zel'dovlch, Doroshkevich., and Novikov, you will recall, had studied 
not highly deformed st~l1'11. but rather nearly spherical &tars, with small 
mountains. Their lUlalysis and Zel'dovich's claims triggered a pleth.ora 
of questiOIl8: 

If an imploding star has a tiny mountain on its surface, what is the 
implosion's outcome? Does the mountain produce enormous sp&cetime 
curvature, ali the star nean.; its critical circumference (the outcome 
rejected by l.el'dovich's intuition)? Or d(.es the mountain's influence 
disappear,leaving behind a perfectly spherical black hole (the outcome 
Zel'dovich favored)? And if a perfectly spherical hole is formed, how 
does the hole manage to rid itself of the mountain's gravitati<mal in
fluen~ "'hat makes the hole become spherical? 

As one of Wheeler's students, I pondeTed these questions. HOlV'ever, I 
pondered them not as a challenge for myseH~ but rather as a challenge 
for Dl)" own students_ It was now 1968; 1 had com.pleted my Ph.D. at 
Princeton and had returned to my alma mater, Caltech, first as a 
postrloc and now as a pl'ofessor; and I was beginning to build arDund 
myself an entollrage of students similar to Wheeler's at. Princeton. 

Richard Price. a rough-bearded, two-hundred-pound, physically 
powe-rful young man from Brooklyn "'>ith a black belt in karate., had 
already worked with me on severcl! small research projects, including 
one using the kind of mathematicallnethods needed to' answer these 
questio.lls: perturbations method.$. He was now mature enough to 

tackle a more chaI1enging project. The test of Zel'dovich's intuition 
looked ideal, but fDr one thil1g. It was a hot topic; others elsewhere 
were struggling with it; the ants were- beginning to' attack the picnic in 
droves_ Price would have to move fast. 
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He didn't. Others beat him to the answers. He got there third, after 
Novikov and after Israel, but he got there more firmly, more com
pletely, with deeper insight. 

Price's insight was immortalized by Jack Smith, a humorous colum
nist for the Los Angeles Times. In the 27 August 1970 issue of the 
Times, Smith described a visit the previous day to Caltech: "After 
luncheon at the Faculty Club I walked alone around the campus. I 
could feel the deep thought in the air. Even in summer it stirs the olive 
trees. I looked in a window. A bla<:kboaro was covered with equations, 
thick as IE-aves on a walk, and three sentences in English: Price~~ 1'heo
rem.' Whatever can be radiated is radiated. Schutz~~ Observation: What
ever is radiated can be radiated Things can be radiated if and only if 
they are radiated J walked on, wondering how it will affect Caltech 
this fall when they let girls in as freshmen for the first time. I don't 
think they'll do the place a bit of harm ... I have a hunch they'll 

d· " ra late. 
This quote requires some explanation. "Schutz's observation" was 

facetious, but Price's theorem, "Whatever can be radiated is radiated," 
was a serious confirmation of a 1969 speculatIon by Roger Penrose. 

Price's theorem is illustrated by the implosion of a mountain-en
dowed star. Figure 7.4 depicts the implosion. The left half of this figure 
is a spacetime diagram of the type introduced in Figure 6.7 of Chapter 
6; the right side is a sequence of snapshots of the star's and horizon's 
shape as time passes, with the earliest times at the bottom and the 
latest at the top. 

As the star implodes (bottom two snapshots in Figure 7.4), its moun
tain grows larger, producing a growing, mountain-shaped distortion in 
the star's spacetime curvature. Then, as the star sinks inside its critical 
circumference and creates a black hole horizon around itself (middle 
snapshot), the distorted spacetime curvature defonns the hori'lon, giv
ing it a mountain-like protrusion. The horizon's protrusion, however, 
cannot live long. The stellar mountain that generated it is now inside 
the hole, so the horizon can no longer feel the mountain's influence. 
The horizon is no longer being forced, by the mountain, to keep its 
protrusion. The horizon ejects the protrusion in the only way it can: It 
converts the protrusion into ripples of spacetime curvature (gravita
tional waves-Chapter 10) that propagate away in all directions (top 
two snapshot.s). Some of the ripples go down the hole, others fly out 
into the surrounding Universe, and as they flyaway, the ripples leave 
the hole with a perfectly spherical shape. 

281 



Time 
Cit'cuntfef' (;H1ce 

H~.riZ0'11 
I/] 

Gf''dI.vi ty "'\V'2\.ves 
; v 

5t",f' 

! 
t/l 

7.4 Spacetime diagram (kft) and a sequence of snapshots (right) showi~ th.e 
implosion of a mountain-endowed star to fonn a black hole. 
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A familiar analogue is the plucking of a violin string. So long as 
one's finger holds the string in a deformed shape, it remains deformed; 
so long as the mountain is protruding out of the hole, it keeps the 
newborn horizon deformed. When one removes one's finger from the 
string, the string vibrates, sending sound waves out into the room; the 
sound waves carry away the energy of the string's deformation, and the 
string settles down into an absolutely straight shape. Similarly, when 
the mountain sinks inside the hole, it can no longer keep the horizon 
deformed, so the horizon vibrates, sending off gravitational waves; the 
waves carry away the energy of the horizon's deformation, and the 
horizon settles down into an absolutely spherical shape. 

How does this mountain-endowed implOSion relate to Price's theo
rem? Ac(:ording to the laws of physics, the horizon's mountain-like 
protrusion can, be converted into gravitational radiation (ripples of 
curvature). Price's theorem tells us, then, that the protrusion must be 
converted into gravitational waves, and that this radiation must carry 
the protrusion completely away. This is the mechanism that T7lIJJtes the 
hole hairless. 

Price's theorem tells us not only how a deformed hole loses its 
deformation, but also how a magneti1.ed hole lost's its magnetic field 
(Figure 7.5). (The mechanism, in this case, was already clear before 

7.5 A sequence of snapshots showing the implosion of a magneLized star (a) to 
form a black hole (b). The hole at ftrst inherits the rn~netic field from the star. 
However, the hole has no power to hold on to Ihe field. The field slips off it (e), 
is convertP.d into electromagnetic radiation, and Dies aV\llY (d). 

( ~.) ( 13 ) 

( c ) ( d ) 
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Price's theorem from a computer simulation by Werner Israel and two 
of his Canadian students, Vicente de Ia Crllz and Ted Chase.) The 
magnetized hole is created by the implosion of a magnetized star. 
Before the horizon engulfs the imploding star (Figure 7.5a), the mag
netic field is firmly anchored in the star's interior; eled:ric currents 
inside the star prevent the field from escaping. After the star is swal
lowed by the horizon (Figure 7.Sb), the field can no longer feel the 
star's electr.ic currents; they no longer anchor it. The field now threads 
the horizon, ra.ther than the star, but the horizon is a worthless anchor. 
The laws of physics permit the field to turn itself into electromagnetic 
radiation (ripples of magnetic and electric force), and Price's theorem 
therefore demands that it do so (Ii'igure 7.Sc). The electromagnetic 
radiation flies away, partly down the hole and panly away frol'll it, 
leaving the hole unmagnetized (Figure 7.5d). 

If, as we have seen, mountains can be radiated away and magnetic 
fields can be radiated away, then wha·t is left? What cannot be turned 
into radiation? The answer is simple: Among the laws of phy~ics there 
is a special set of laws called cDnseroation laws. According to these 
conservation laws, there are certain quantities that can never oscillate 
or vibrate in a radiative manner, and that therefore can never. be 
converted into radiation and be ejected from a black hole's vicinity. 
These conserved quantities are the gravitational pull due to the hole's 
mass, the swirl of space dtle to the hole's spin (discussed beloW), and 
radially pointing electric field lines, that is, electric fields that point 
directly <.lUtward (discussed below) due to the hole's electric charge.s 

Thus, according to Price's theorem, the infJuenc-p..s of the hole's mass, 
spin, and charge are the only things that can remain behind when all 
the radiatiun has cleared away. All of the hole's other features will be 
gone, carried away by the radiation. This means that no measurement 
~ne might ever make of the properties of the final hole can possibly 
reveal any features of the star that imploded to form it, except the star's 
mass, spin, and charge. From the hole's properties one cannot even 
discern (according to calculations by James Hartle and Jacob Reken-

5. In the late 19805 it became dear that the laws of qllalltum mechanics C".u\ give rise to 

additional conserved qualltities, associated with "quantum field$" (a type of field discussed iii 

Chapter 12); and since these qua.ntities, like a 1101e's mass, spin, and ele<.'1:cic charg .. , cannot be 
radiated, they will remain as "quantum hair" when a black hole is born. Although this 
quarnum hair might Itcongly influence tIle final fate of a microacopic, evaporating blaclt hole 
(Chaptet 12), it is of no consequence foc the macroscopic holes (holes weighing more than the 
Sun) o{this IIlId the next few· chapters. since q'lanrum mechanics is genecally ul1important on 
macrosropic =ales. 
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stein, both Wheeler students) whether the star that formed the hole 
was made of matter or antimatter, of protons and electrons, or of 
neutrinos and antineutrinos. In Wheeler's words, made more prec.ise, a 
black hole has almost no hair; its only "hair" is its mass, its spin, and its 
electric charge. 

The firm, ultimate proof that a black hole has no hair (except its 
mass, spin, and electric charge) was al1:ually not Price's. Price's analysis 
was restricted to imploding stars that are very nearly spllerical, and 
that spin, if at all, only very slowly. The perturbation methods he used 
required this restriction. To learn the ultimate fate of a highly de
formed, rapidly spinning, imploding star required a set of mathemati
cal techniques very different from perturbation methods. 

Dennis Sciama's students at Cambridge University were mastE"l"$ of 
the required tecllniques, but the techniques were difficult; extremely 
so. It took fifteen years for Sciama's students and their intellectual 
descendant.s~ using those techniques, to produce a firm and complece 
proof that black holes have no hair-···that even if a hole spins fast and is 
strongly deformed by its spin, the hole's final properties (after all radia
tion has flown away) are uniquely fixed by the hole's mass, spin, and 
charge. The lion's share of the credit for the proof goes to two of 
Sciama's students, Brandon C.arter and Stephen Hawking, and to 
Werner Israel; but major cOl1tributions came also from David Robin
son, Gary Bunting, and Pavel Mazur. 

In Chapter 5, I commented on the great difference hetween the laws 
of physic..o; in our real universe and the society of ants in T. H. ,"Vhite's 
epic novel The Once and Future King. White's ants were governed by 
the motto "Everything not forbidden is compulsory," but the laws of 
physics violate that motto flagrantly. Many things allowed by physical 
law are so highly improbable that they never occur. Price's theorem is a 
remarkable exception. It is one of the few situations I have ever ~JJ.
countered in physics where the ants' motto holds sway: If physical law 
does not forbid a black hole to eject something as radiation, then 
ejection is compulsory. 

EqUally unusual are the implications of a black hole's resulting 
"hairleas" state. ~ormany we physicists build simplified theoretical or 
computer models to try to understand the complicated Universe around 
us. As an aid to understanding weather, atmospheric physicists build 
computer models of the Earth's circulating atmosphere. As an aid to 
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understanding earthquakes, geophysicists build simple theoretical 
models of slipping rocks. All, an aid to uoderstandjng stellar implosion, 
Oppenheimer and Sllyder in 1959 built a simple the()rt~tjcal model: an 
imploding cloud of matter that was perfectly spherical, perfectly ho
mogeneous, and completdy devoid of pressure. And as we physicists 
build all these models, we are illtensely aware of their limitations. 
They are but pale images of the comple)tity that. abounds "out there," 
in the "real" 'Urliverse. 

Not so for a black hole- -or, at least, not so once the radiation has 
flown away, carrying off all the hole's ·'hair." TIlen the hole is So 

exceedingly simple that we can describe it by precise, simple mathe
matical formulas. We need no idealizations at all. Nowhere else in the 
.macroscopic world (that is, 00 scales larger than a mbatomic particle) is 
this true. Nowhe"Te else is OU"T mathematic!! exper.ted to be so precise. 
Nowhere else are we treed from the limitations of idealized models. 

'Why are black holes so different from all other objects in the ma<-'J'O' 
scopic Universe? Why are they, and they alone, so elegantly simple? If 1 
knew the answer, it would probably tell me somethirlg very deep about 
the nature of physical laws. But I don't know. Perhaps the next. genel'a
tion of physicists will figure it out. 

Black Holes Spin and Pulsate 

What are the propel'ties of the 'hairless holes, which arE' described so 
p~.Ifectly by the mathematics of general rela.tivity? 

If a. black hole is idealized as having absolutely no electric charge 
and no spin, then jt 1s precisely the spherical hole that we met in 
previous chapters. It is described, mathematically, by Karl Schwarz
schild's ~ 916 solution to Einstein's field equation (Chapters 3 and 6). 

Wheu electric charge .is dropped into such a hole, then the hole 
acquires just one nl'W feature: electric field lilles, which stick out of it 
radially likE' quills out of a hedgehog. If the charge is positive, thezl 
these electric fie1d lines push protons a.way from the hole and attract 
electrons; if jt is negative, then the field lines push electrons away and 
attra(.1; protons. Such a charge-endowed hole is described mathemati
cally, with perfect precision, by a so!ution to Einstein's field equation 
found by the German and Dutch physicists Ham R.eissIler in 19 t 6 and 
Gunnar Nordstrom in 1918. However, nobody understood the physical 
meaning of Reis!!oer's and Nordst.rom's solution until 1960, when two 



Box 7.2 

The Organization of Soviet and Western Science: 
Contrasts and Consequences 

As I and my young physicist coHE><lgue5 struggled to develop the hoop 
conjecture and to prove that black holes have no hair and to discover how 
they lose their hair, we also were discovering how very differently physics 
was organized in the U.S.S.R. than in Britain and America, ane what 
profound effects those differences have. The lessons we learned may have 
some ,,-alue in planning for the future, especially in the forme! Soviet 
Union, where all state institutions"---sciclltific as well as governmental 
and economic-·-are now (1993) struggling to reorganize aJong Western 
lines. The VV estern model is not completely perfel:t, and the Soviet. system 
was not uniformly bad! 

In America and Britain there is a mnstant flow of young talent through 
a research group such as Wheeler's or Sciama's. Undergraduates mdY join 
the group for their last, senior year, bUt they then are sent away for 
graduate study. Graduate students join it for three to five years, and then 
are sent elsewhere f()r postdoctoral study. PostuoCS join it for two or three 
years and thell arc sent away and expected either to start a research group 
of their own elsewhere (as J did at Caltech) or to join a small, st.ruggling 
group elsewhere. Almost nobody in Britain or America, no matter how 
talented, is allowed to stay on in the nest of his or her mentor. 

In the U.S.S.R., by contrast, outstandingyolUlg physicists (such as i'iovi
kov) usually remained in the nest of their mentor for ten, twenty~ and 
sometimes even thirty or forty years. A great Soviet mentor like Zel'
dovich or Landau usually worked in an Institute of the Acadp.my of 
Sciences, rather than in a university, so his teaching load was small or 
nonexistent; by keeping his b~.st fonner students, he built around himself 
a permanent team of fun-time researchers, which became tightly knit and 
extremely puwerful, and which might even stay with him u:ntil the end of 
his Cl\reer. 

Some oi my Soviet friends attributed this difference to the failings of 
the British/American system: Almost all great British or AmE"rican physi
cists work at universities, where research is often subservient to teadling 
and where there are inadequ.ate numbers of permanent positions a,'ailable 
to pennit building up a strong, lasting group of researchers. As a result, 
there have been flO theoretical physics research groups in Britain or Amer
ica that can pretend to be the equai of landau's group in the 19305 
through 1950s, or of Zel'dovich's group in the 1960s and 19705. The West, 
in this sense, had no hope of competing with the Soviet Union. 

Some of my American friends attributed the difference to the failings of 
the Soviet system: It was very difficult, logistically, to move from institute 

(crmtirzue.a next fH'-ge) 



to institute and city to city in the U.S.S.R., so young physicists were to:tCl'd 
to remain with their nleIltors; they baa no opportlll1ity ro get out and start 
independE'Jlt groups of their own. The result, the critics asserted, was a 
feudal system. The Ulentor:- was like a l()ro and hls team like serfs, inden
turM Cor most of their careers. The lord and serfs were interdependent in 
a compl~.x way, hut tht."re was no question who was boss. Jfthe lord was a 
master craftsman like Zel'dovich or Landau, the lord.jsetf team could be 
richly productive. Jf the lord was authoritariall and not so outstanding (as 
was commonly tbe case), the result could be tragic: a \vaste of h'lJnan 
talent and a miserable life for the serfs. 

In the Soviet system, each great mentor such a.s Zel'dovich produced 
iust one J'E.'SeaI"ch team, albeit a tremendously powerful on.e, One un·· 
equaled anywhere in the West. By conkas!, great American or British 
m.l'ntors iike Wheeler and Sr.iama produce as their progeny many smaller 
and weakeJ rE'sl~rch groups, scattered dlroughout the land, but those 
groups can have a large cumulative impact on physics. The American and 
British mentors have a COIlStant influx of new, young peop}p. to help keep 
their rninds and ideas fresh. L'1 th06e rare cases where Soviet mentors 
WaJlted to stal't over afresh, they had to break their ties with their old 
team in a manner which could be highly traumatic. 

Tbis, in fact, was destined to happen to Zel'dovich: He began building 
his astrophysics team ill 1961; by 1964 it was superior to any other theoret
ical aatrophysics team anywhere in the world; tllen in 1978. soon aft~ the 
golden age ended, came a traumatic. explosive split in whit'h almost ev
erybody in Zel'dovich's team went one way and he went another, psycho· 
logically wounded but free from encumbrances, frel' to begin building 
atresh. Sadly, his rebuilding would not be successful. NevE'r again would 
he surround himself with a team so talented and powerful as that wh.ich 
he, with Novikov's asslsta.nce, had led. But Novik()V, now an independent 
researcher, would come into his own in the 198019 as the talented leader of 
a reconstructed team. 

of'Wheeler's student!!, John Graves and Dieter Brill, discoverp.d tllat it 
describes a charged black hole. 

We can depict the curvature of spiu:e around a charged black hole, 
and the hole's electric field lilles, using an embedding diagram (left 
half of Figure 7.6). This diagram is essentially the same as the one in 

the lOVt-er right of Figure 5.4, but with the star (black portion of Figure 
3.4) removed becallse the star is inside the black hole and thus no 
longer has contact with the external universe. Stated more carefully, 
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7.6 Electric field lines emerging from the horizon of an electrically charged 
black hole. 1$ Embedding diagram. RiKht: View of the embedding di88ram 
from above. 

this diagram depicts the equatorial "plane"-a two-dimensional piece 
of the hole's space··-outside the black. hole, embedded in a flat, three
dimensional hyperspace. (FOT a discussion of the meaning of such dia
grams, see Figure 5.0 and the accompanying text.) The equatorial 
"plane" is cut off at the hole's horizon, so we are seeing only the hole's 
exterior, not its interior. The horizon, which in reality is the surface of 
a sphere, looks like a circle in the diagram because we are seeing only 
its equator. The diagram shows the hole's electric field lines sticking 
radially out of the horizon. If we look down on the diagram from above 
(right side of Figure 7.6), then we do not see the curvature of space, but 
we do see the electric field lines more clearly. 

The effects of spin on a black hole were not understood until the late 
1960s. The understanding came largely from Brandon (,..arter, one of 
Dennis Sciama's students at Cambridge University. 

When Carter joined Sciama's group in autumn 1964, Sciama imme
diately suggested, as his fIrst research problem, a study ofthe implosion 
of realistic, spinning stars. Sciama explained that all previous cal(:ula
dons of implosion had dealt with idealized, nonspinning stars, but that 
the time and tools now seemed right for an assault on the effects of 
spin. A New Zealander mathematician named Roy Kerr had just pub
lished a paper giving a solution of Einstein's fIeld equation that de-.. 
scribes the spacetime curvature outside a spinning star. This was the 
fIrst solution for a spinning star that anyone had ever found. Unfortu
nately, Sciama explained, it was a very special solution; it surely could 
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Left: Roy Kerr ca. 1975. Ripu: Rrandon Carter letturing about black holes at a 
summE'r SChOfl1 ill Ute French Al~ in June 1972. iJ..dt; oo\;nft,Y 1\oy K<:rr; rigtll: photo 
by Kip Thorne.1 

not describe all spinning stars. Spinning stars have lots of «hair" (lots of 
properties such as complicated shapes and complicated internal mo
tioIiS of their gas), and Kerr's solution did not have much "hair" at an: 

The shapes of its spacetime curvature were very smooth, very simple; 
t<JO simple to correspond to typic-al spinning star.s. Nevertheless, Kerr's 
solution of Einstein's field equation waa a. place to start. 

Few research problems have the immediate payoIfthat this one did: 
\,Yithin a year Cartel" bad shown mathematically that Kerr's solution 
describes not a splnning star, but rather a spinning black hole. (This 
discovery was also made, independently, by Rogel' Penrose in Loudon, 
and by Robert Royer in Liverpool and Richard Lindquist, a former 
!ltudel1t of WhedpI's who was working at Wesleyan L'n:versity in 
Middletovl'D, CoIlnecticut.) By the rnid·1970s, Carter and others had 
gone on to show that Kea's solution describes not just one special type 
of spinning black hole, but rather every spinning black hole that can 
possibly exist. 

The physical propt.'"rties of a spiuning black hole are embodied in the 
mat!lematics of Kp.rr's solution, and Carter, by plumbing that mathe
matics, discovered just what those properties should be. One of the 
most interesting is a tornado-like swirl that the hole creates in the 
spa.ce around it....elf. 
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Horizon 

7.7 An embedding diagram showing the "tornado-like swirl" of space created 
by the spin of a black hole. 

This swirl is depi(:ted in the embedding diagram of Figure 7.7. The 
trumpet-hom-shaped surface is the hole's equatorial sheet (a two-di
mensional piece of the hole's space), as embedded in a flat, three
dimensional hyperspace. The hole's spin grabs hold of its surrounding 
space (the trumpet-horn surface) and forces it to rotate in a tornado
like manner, with speeds proportional to the lengths of the arrows on 
the diagram. Far from a tornado's core the air rotates slowly, and, 
similarly, far from the hole's horizon space rotates slowly. Near the 
tornado's core the air rotates fast, and, similarly, near the horizon space 
rotates fast. At the horizon, space is locked tightly onto the horizon: It 
rotates at precisely the same rate as the horizon spins. 

This swirl of space has an inexorable iniluence on the motions of 
particles that fall into the hole. Figure 7.8 shows the trajectories oftwo 
such particles, as viewed in the reference frame of a static, external 
observer--that is, in the frame of an observer who does not fall 
through the horizon and into the hole. 

The first particle (Figure 7.Ba) is dropped gently into the hole. If the 
hole Were not spinning, this particle, like the surface of an imploding 
star, would move radially inward faster and faster at first; but then, as 
observed by the static, external observer, it would slow its infall and 
become fr07.en right at the horizon. (Recall the "frozen stars" of Chap
ter 6.) The hole's spin changes this in a very simple way: The spin 
makes space swirl, and the swirl of space makes the particle, as it nears 
the horizon, rotate in lockstep with the horizon itself. The particle 
thereby becomes frozen onto the spinning horizon and, as seen by the 
static, external observer, it circles around and around with the hori7.on 
forever. (Similarly, when a spinning star implodes to form a spinning 
hole, as seen by a static, external observer the star's surface "freezes" 
onto the spinning horizon, circling around and around with it forever.) 
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7.8 The trajectories in space of two particles that are thrown toward a black 
hole. (fhe trajectories are tlrosc that would be measured in a statk. extenlal 
refereDc.e frame.) Despite their very different initial motions. botb partidC'.$ are 
dr~, by the swkl of &pftCE'., into precisely the same lockstep rotation with the 
hole as they near the horizon. 

Though external observea see the particle of Figure 7.8a freeze onto 
the spinning horiwn and stay there forever, th\: particle itself sees 
somethjng quite different. As the particle nears the horizon, gravita
tional time dilation forces the part.ide-'s time to flow more and more 
slowly, (:ompared with tile time of a sta.tic, external reference naJne. 
When an infmite amQunt of extemal time has passed, the particle has 
experienced only a finite and very small amount of time. In that finite 
time, the particle has reached the hole's horizon, and ill the next few 
moments of its time, it plunges right on through the horizon and dQYr"1l 
t~ward the bole's center. This enormous difference between the parti
cle's infall as seen by the particle and as seen by external observers is 
completely analogous to the difference between a stellar implosion as 
seen on the star's surface (rapid plunge through the hOl'izon) and as 
seen by external observers (freezing of the implosion; last part of Chap
ter 6). 

The second particle (Figure 7.8b) is thrown toward the hole on an 
inspil.'aling trajectory dlat rotates oppositely to the hole's spin. How· 
ever, as the particle spirals closer and closer to the horizon, thp. swirl of 
space gra.bs hold of it and reverses its rotational motion. Like the first 
particle, it is forced into lockstep rotation with the horizon, as seen by 
external observers. 
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Besides creating a swirl in space, the spin of a black hole also distorts 
the hole's horizon, in much the same way as the spin of the Earth 
distorts the Earth's surface. Centrifugal forces push the spinning 
Earth's equator outward a distance of22 kilometers relative to its poles. 
Similarly, centrifugal forces make a black hole's hori:wn bulge out at 
its equator in the manner depicted in Figure 7.9. If the hole does not 
spin, its horizon is spherical (left half of figure). If the hole spins 
rapidly, its horizon bulges out strongly (right half of figure). 

If the hole were to spin extremely rapidly, centrifugal forces would 
tear its horizon apart much like they fli.ng water out of a bucket when 
the bucket spins extremely rapidly. Thus, there is some maximum spin 
rate at which the hole can survive. The hole on the right half of Figure 
7.9 is spinning at 58 percent of this maximum. 

Is it possible to spin a hole up beyond its maximum allowed rate, 
and thereby destroy the horizon and catch a glimpse of what is inside? 
Unfortunately Ilot. In 1986, a decade after the golden age, Werner 
Israel showed that, if one tries to make the hole spin faster than its 
maximum by any method at all, one will always fail. For example, if 
one tries to speed up a maximally spinning hole by throwing fast
spinning matter into it, centrifugal forces will prevent the fast-spin
ning matter from reaching the horizon and entering the hole. More to 
the point, perhaps, any tiny random interaction of a maximally spin
ning hole with the surrounding Universe (for example, the gravita
tional pull of distant stars) acts to slow the spin a bit. The laws of 

7.9 nle shapes of Ihe horizons of two black. holes, one {left} not spinning, and 
the other (right) spinning with a spin rate 58 percent of the maximum. The effect 
of the spin on the horizon shape was discovered in 1973 by laITY Smarr, a 
student at Stanford University who was inspired by Wheeler. 

liorizO!l of a i1.01l.

.spHtll.htg hh.ck. h.ole 
Horiz.on or 10\ !'~p;.d.\y 
5pil'lll.ittlS hh.c\t hole 

~"1'ttt 
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physics, it seems, don't want to let anyone outside the hole peek. into its 
inteyior and disrover the quantum gravity secrets locked up i.n the 
hole's central singularity (Chapter 13). 
~ For a hole with the mass of the Sun, the maximum spin rate is one 
revolution each 0.000062 st'Cond (62 micr~c()nds). Since the hole's 
circumference is about 18.5 kHornete'rs, this corresponds to a spin speed 
of about (J 8.5 kilometers)/(0.OO0062 second), which is about the speed 
of light, 299,792 kilometers per second (not entirely a coincidenceO. A 
hole whose mass is 1 million Suns has a 1 million times lcuger ciTCUIn

ference than a 1-so1ar-mass hole, SO its maximum spin rate (the rate 
which makes it spin at ahout the speed of light) is 1 million times 
smaller, one revolution each 62 seconds. 

In 1969, Roger Peurose (abollt whom We shall learn much ill Chapter 
13) made a marvelous discovery. By manipulating the eq\zations of 
Kerr's solution to the Eillltein field equation, he discove'red that a 
spinning black hole stores rotatiolUll ener&y ill the swirl of space around 
itself, and because the swirl of space and the swirl's energy al'e outside 
the hole's horizon and not inside, this energy C'dn actually he extracted 
and used to power things. Penrose's discovery wall marvelQus because 
the hole's rotational energy i!> huge. If the hole spins at its maximum 
possible rate, its e..'iiciency at storing and releasing energy is 48 times 
higher than the efficiency of aU the Sun's nuclear fuel. If it were to 
burn aU its nuclear fuel over its entire lifetime (actually, it willllot 
b\lIn «l!), the Sun would only be able to convert a fraction 0.006 of its 
mass into heat and light. If one were to extract all of a fast-spinning 
hole's rotational energy (thereby halting its spin), one would get out 48 
X 0.006 = 29 percellt of the hole's m.ass as usable energy. 

Amazingly, physicists had to search for seven years before they dis· 
covered a practical method by which naturE=- might extract a hole's spin 
en.ergy and put it to use. Their search led the phy.§icists through one 
crazy method after another, an of which would work in p::rinciple but 
Done of which showed much practical promise, bef{)re they finally 
discovered nature's clevemE=-SS. In Chapter 9 I shall describe this search 
and discovery, and its payolT: a black-hole "machine" for powering 
quasars and gigantic jets. 

If, as we have seen, electric charge produ.ces electric field lines that 
stick 'radially out of a hole'li horizon, and Spill produces a 8wirlio space 
around the hole, a distortion of the horizon's shape, and a st.orage of 
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energy, then what happens when a hole has both charge and spin? 
Unfortunately, the answer is not terribly interesting; it contains little 
new. The hole's cbarge produces the usual electric field lines. The 
hole's spin creates the usual swirl of the hole's space, it stores the usual 
rotational energy, and it makes the horizon's equator bulge out in the 
usual manner. The only things new are a few rather uninteresting 
magnetic field lines, created by the swirl of space as it flows through 
the electric field. (These field lines are not a new form of "hair" on the 
hole; they are merely a manifestation of the interaction of the old, 
standard forms of hair: the interaction of the spin-induced swirl with 
the charge-induced electric field.) All the properties of a spinning, 
charged black hole are embodied in an elegant solution to the Einstein 
field equation derived in 1965 by Ted Newman at the 'C"niversity of 
Pittsburgh and a bevy of his students: Eugene ('..ouch, K. Chinnapared, 
Albert Exton, A. Prakash, and Robert Torrence. 

Not only can black holes spin; they can also pulsate. Their pulsations, 
however, were not discovered mathematically until nearly a decade 
after their spin; the discovery was impeded by a powerful mental 
block. 

For three years (1969-71) John Wheeler's progeny "watched" black 
boles pulsate, and didn't know what they were seeing. The progeny 
were Richard Price (my student, and thus Wheeler's intellectual 
grandson), C. V. Vishveshwara and Lester Edelstein (students of 
Charles Misner's at the Univt'.rsity of Maryland, and thus also 
Wheeler's intellectual grandsons), and Frank Zerilli (Wheeler's own 
student at Princeton). Vishveshwara, Edelstein, Price, and Zerilli 
watched black holes pulsate in computer simulations and in pencil
and-paper calculations. What they thought they were seeing was gravi
tational radiation (ripples of spacetime curvature) bouncing around in 
the vicinity of a hole, trapped there by the hole's own spacetime curva
ture. The trapping was not complete; the ripples would gradually leak 
out of the hole's vicinity, and flyaway. This was sort of cute, but not 
terribly interesting. 

In autumn 1971, Bill Press, a new graduate student in my group, 
realized that the ripples of spacetime curvature bouncing around near a 
hole could be thought of as pulsations of the black hole itself. After al1, 
as seen from outside its horizon, the hole consists of nothing but space
time (:urvature. The ripples of curvature were thus nothing more nor 
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less than pulsations of the hole's curvature, and therefore pulsations of 
the hole itself. 

This change of viewpoint had a huge impact. If we think of black 
holes as able to pulMte, then. it is nat.uz-al to ask. whether there are any 
simi.larities between tlleir pulsations and the pulsations ("ringing") of a 
bell, or the pulsations of a star. Before Press's insight, such qUestjOllS 

weren't ask.ed .• o\ftcrwards, such questions were obvious. 
A bell and a Sial' have natural frequeI1cies at which they like to 

pillsate. (The bell's llatllTal frequencies produce its pure ringing tone.) 
Are there similarly natural frequl?-ncies at which a black hole likes to 
pulsate? Yell, Press djS(,'O\"ered, using computer simulations. This dis
covery triggered Chandrase.khar, together wjth Steven Detweiler (an 
intelle(:tual great-grandson of Wheeler's), to embark em a project of 
cataloging all of a black hole's natural frequencies of pulsation. We 
shall return to those frequencies. the bell-Hk.e tones of a black hole, in 
Chapter 10. 

When a l"apidly spinning automobile w-h~l is slightly out of align
ment, it can begin to vibrate, and its vibrations can begin to extract 
energy from the spin and use that energy to grow stronger and 
stronger. The v·jbrations can grow so strQng, in fact" that in extreme 
cases they can even tE>.ar the wheel off the car. Physicists describe this 
by the phrase "the wheel's vibrations are unstable." Bill Press was 
aware of this and of an analogous behavior of spinning stars, SO it was 
natural for him to ask., when he discovered that black holes can pulsate, 
"If a black hole SpiII$ rapidly, will its pulsations be ullstable? Will they 
extract energy from the hole's spin and use that energy to grow 
stronger and stronger, and can the pulsatiolls grow so strong that they 
tear the hole apart?" Chandrasekhar (who WBl5 not yet deeply im
mersed in black-hole research) thought yes. I thought no. In ~ ovember 
1971, we made a bet. 

The tools did not yet exist for reso)ving the bet. What kinds of tools 
were needed? Since the pulsations would begin weak and only gr-ddu. 
ally grow strong (if they grew at all), they could be regarded as small 
"perturbations" of the hole's spacetime curvature- --just as the vibra' 
tions of a ringing wine glass are small penurhations of the glass's 
shape. This meant that the hole's pulsations C'-Ould be analyzed using 
the perturbation methods whose spirit was described in Box 7.1 a.bove. 
However, the specific perturbation methods wllich Price, Press, Yish-
veshwara, Chandrasekhar, and others were using in the autumn of 
1.971 would work only for perturbation.. .. of nonspiruli1.lg, or very slowly 
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spinning, black holes. What they needed were entirely new perturba
tion methods, methods for perturbations of rapidly spinning holes. 

The effort to devise such perturbation methods became a hot topic in 
1971 and t 972. My students, Misner's students, Wheeler's students. 
and Chandrasekhar with his student John Friedman all worked on it, 
as did others. The competition was stiff. The winner was Saul Teu
kolsky, a student of mine from South Africa. 

Teukolsky recalls vividly the scene when the equations of his 
method fell into place. "Sometimes when you play with mathematics. . 
your mind starts picking out patterns," he says. HI was sitting at the 
kitchen table in our apartment in Pasadena one ~lay evening in 1972, 
playing with the mathematics; and my wife Roz was making crepes in 
a Teflon pan, which was supposed not to stick. The crepes kept sticking. 
Every time she poured the batter in she would bang the pan on the 
countertop. She was cursing and banging, and I was yelling at her to be 
quiet because 1 was getting excited; the mathematical tenns were start-

A party at Mama Kovacs's home in New York City, December 1972.14 to right: 
Kip Thorne, Margaret Press, Bill Press, Roselyn Teukolsky, and Saul Teukolsky. 
[Courtesy sandor J. Kov'cs.] 
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ing to cancel each other in my fonnulas. Everything was cancelingr 
The- equatiom were falling into place! 11..3 I sat. there staring llt my 
amazingly simple equati()ns, I was filled with this feeling of how dumb 
I had been; I could have done it six months earlier; all I had t.o do was 
collect the right tenns together." 

Using Tellkolsky's ("quations, one could analyze ail sorts of problems: 
the natural frequencif>-s of black-hole pulsaTions, the stability of a hole's 
pulsations, the gravitational radiation produced whell a neutron star 
gets swallowed by a black hole, and more. Such analyses, and exten
sions ofTeukolsky's methods, were ilnlrJediately undertakp.n by a small 
army ofresearchers: Alexi Starobinsky (a student of Zel'dovich's), 'Bob 
Wald (a student of Wheeler's), Jeff ('-ohen (a student of Dieter BriU's, 
who was a student ofV\'1leelel"s), and many others. Teukolsky hllnself. 
with Bill Press, commanded the most important problem: the.· stability 
of black-hole pulsations. 

Their conclusion, derived by a mixtuTe of oomputE'r calculations and 
calculCltions with formulas, was disappointing: No matter how fast a 
blark hole sP1Ds, its pulsations are stable. II The hole's pulsations dlJ 
extract rotational energy from. the hole, but they also radja~ energy 
away as gravitat.ional waves; and the rate at which t.~ey radiate energy 
is alwa.ys greater than tile rate they e~tract it from the, hole's spin. 
Their pulsational energy thus always dies out. It never grows. and the 
hole thf>..refore can.not be destroyed hy its pulsa.tions. 

Chandrasekhar\ dissatisfi~ with this Press-Teuko)skv conclusion 
because of it.'! crucial l'eEan(:e on computer calculations, refused to 
ooD£:ede our bet. Only when the entire proof could be done dh-ectly 
with formulas would he be full.y I.:onvincec!. !i'ifteerl years later Bernard 
Whiting, a former postdoc of Hawking's (and thus all intellectual 
grandson of Sciama's), gave such a proof, and Chandrasekhar threw in 
the towel,1 

Chandrasekhar is even more of' a perfectionist tban I. He and Zel' .. 
dovlch art~ at opposite ends of the perfectionist spectrum. So in 1975, 
when the youths of the golden. age declared the golden age finished 

6. A .ign.\iiclIIlt, rnlltbematical pk-ce of the proD! of stllbility lVU provided. incJep"nat'l1dy, 
by Steve" Dctwf!ilr.t and J<l!tles lp!'o!l' at C ... l)ic:tgo, aile! a missing pier.e Df rJIf: pellef w.u sl1I'r1ied 
" vellr Jalf<f by Jalllel Hartle ~l:d J )811 \'\'ilkins at tlle l~ IIh·cJ'$i tv <:If ClI.iifocraill al Sam •. Bubera. . . . 

1. C!l""drasekh." 'VIIS Sl<pposcd 10 giv .. !I(11! a sub$crlptioll to P{;~, '/1oJ ali my rewzrd, bUI my 
fCJ1lirlisl motllec ",lid si'l"r~ made Ino feel so gllilty that I re'lllesied i.n1;f.<!ad a s.:bscription to 
Tire l.u'Ctmrr. 
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and exited from black-hole research en masse, Chandrasekhar was 
annoyed. These youths had carried Teukolsky's perturbation methods 
far enough to prove that black holes are probably stable, but they had 
not brought the methods into a form where other physieists could 
automatiC'.ally compute all details of any desired black-hole perturba
tion-be it a pulsation, the gravitational waves from an infalling neu
tron star, a black-hole bomb, or whatever. This incompleteness was 
rankling. 

Thus Chandrasekhar, in 1975 at age sixty-five, turned the full force 
of his mathematical prowess onto Teukolsky's equations. With unfail
ing energy and mathematical insight, he drove forward, through the 
complex mathematics, organizing it. into a form that has beeIl charac
terized as "rococo: splendorous, joyful, and immensely ornate." Finally 
in 1983, at age seventy-three, he completed his task and published a 
treatise entitled The l"Aathematical Theory of Black lloles .... -a treatise 
that will be a mathematical handbook for black-hole researchers for 
decades to come, a handbook from which they can extract methods for 
solving any black-hole perturbation problem that catches their fancy. 
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The Search 

i,I, which a metlwd to sea1'Ch 
for black hok.s in the sky 

is proposed and pursued 
and succeeds (probably) 

The Method 

Imagine yourself as J. Robert Oppenheimer. It is 1909; you have just 
convinced yourself that massive stan, when t..~ey die, must form blar..k. 
holes (Chapters 5 and 6). Do you now sit. down with astronomers and 
plan a search of the sky for evidell(:e that black holes truly exist;) No. 
not at alL H you are Oppenheimer, then your interests are in funda
mental physi(~; you may offE."r your ideas toO astronomers, but your Own 

attention is nOw fi.xed l)n the atomic lJucleus--'and on the outbreak of 
Wo.rld War IJ, which soon will embroil you in the deyelopment of the 
atomic bomb. And what of the astronomers; do they take up your idea~ 
No, not at all. There is a conservatism abroad in the astron()mical 
community> except for that "wild mall" Zwicky, pushing his neutron 
stan (Chapter 5). The worldview that re;ected Cllan.dl'ase-khar's ma:\:i
MQm mass for a white-dwarf sta.r (Chapter +) still holds swa:y. 

Imagine yourself as John Archibald Wheeler. It i., 1962; you are 
beginniug to be convinced, after mighty resifltance, that sante massi've 
stats must create black holes when they die (Chaptt"rs 6 and 7). Do you 
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now sit down with astronomers and plan a search for them? No, not at 
all. If you are Wheeler, then your interest is riveted on the fiery mar
riage of general relativity with quantu.m mechanics, a marriage that 
may take place at the center of a black hole (Chapter 13). You are 
preaching to physicists that the endpoint of stellar implosion is a great 
crisis, from which deep new understanding may emerge. You are not 
preaching to astronomers that they should search for black holes, or 
even neutron stars. Of searches for black holes you say nothing; of the 
more promising idea to search for a neutron star, you echo in your 
writings the conservative view of the astronomical community: "Such 
an obje(:t will have a diameter of the order of 50 kilometers .... it will 
cool rapidly .... There is about as little hope of seeing such a faint 
object as there is of seeing a planet belonging to another star" (in other 
words, no hope at all). 

Imagine yourself as Yakov BorisoviC".h Zel'dovich. It is 1964; Mikhail 
Podurets, a member of your old hydrogen bomb design team, has just 
finished his computer simulations of stellar implosion including the 
effe(:ts of pressure, shock waves, heat, radiation, and mass eje(:ti.on 
(Chapter 6). The simulations produced a black hole (or, rather, a com
puter's version of one). You are now fully convinced that some massive 
stars, when they die, must form black holes. Do you next sit down with 
astronomers and plan a search for them? Yes, by all means. If you are 
Zel'dovich, then you have little sympathy for Wheeler's obsession with 
the endpoint of stellar implosion. The endpoint will be hidden by the 
hole's horizon; it will be invisible. By contrast, the horizon itself and 
the hole's influence on its surroundings might well be observable; you 
just need to be clever enough to figure out how. Understanding the 
observab1e part of the Universe is your obsession, if you are Zel'dovich; 
how could you possibly resist the challenge of searching for black 
holes? 

Where should your search begin? Clearly, you should begin in our 
own Milky Way galaxy-·our disk-shaped assemblage of lOla stars. The 
other big galaxy nearest to our own, Andromeda, is 2 million light
years away, 20 times farther than the size ofthe Milky Way; see Figure 
B.1. Thus, any star or gas cloud or other object in Andromeda will 
appear 20 times smaller and 400 times dimmer than a similar one in 
the Milky Way. Therefore, if black holes are hard to detect in the 
Milky Way, they will be 400 times harder to detect in Andromeda
and enormously harder still in the 1 billion or so large galaxies beyond 
Andromeda. 
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Tm:: 
UNlVEl\5c 

8.1 ,It sketch of the structure of our Universe, 

If seaTC'hing nearby is so important, tllen why not search in OlU' own 
solar system, th.e realm stretching from the SUll out to the planet. Pluto? 
Might there be a black hole bert', among the planets. unnoticed be
(;ause of its darkness? No, clearly not. Thl~ gravitational pull of 5uC',h a 
hole would be greater than tha.t of the Sun; it would totany di:inlpt the 
orbits of the planets; 1lO such disruption is set-no The nearest holt', 
therefore. must be far beyond the orbit of Pluto. 

How far beyond Pluto? Y GU can make a rough estimate. If black 
holes are formed by the deaths of massi"e stars, tllen the neal"P..st hole is 
not likely to be much closer t.han the closest massiv-e star, Sirius, at 8 
light-ye-.m; froIn Earth; and it almost certainly won't be closer than the 
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closest of all stars (aside from the Sun), Alpha Centauri, at 4 light-years 
distance. 

How could an astronomer possibly detect a black hole at such a great 
distance? Could an astronomer just watch the sky for a moving, dark 
object which blots out the light from stars behind it? No. With its 
cir(:umference of roughly 50 kilometers and its distance of at least 4 
light-years, the hole's dark disk will subtend an angle no larger than 
10-7 arc second. That is roughly the thickness of a human hair as seen 
from the distance of the Moon, and 10 million times smaller than the 
resolution of the world's best telescopes. The moving dark object would 
be invisibly tiny. 

If one could not see the hole's dark disk as the hole goes in front of a 
star, might one see the hole's gravity act like a lens to magnify the 
star's light (Figure B.2)? Might the star appear dim at first, then 
brighten as the hole moves between Earth and the star, then dim again 
as the hole moves on? No, this method of search also will fail. The 
reason it will fail depends on whether the star and the hole are orbiting 
around each other and thus are close together, or are separated by 

8.2 A black hole's gravity should act Uke a lens to chan~e the apparent size and 
shape of a star as seen from Earth. In this figure the hole is precisely on the line 
between the star and the Earth, so light rays from the star can rf".8ch the Earth 
equally well by going over the top of the hole, or under the bottom, or around the 
front, or around the back. An the light rays l'f'.8ehing Earth move oUlward from 
the star on a diverging cone; as they paIlS the hole they get bent down toward 
Earth; they then arrive at Earth on a converging cone. The resulti~ image of the 
star on the Earth's sky is a tbin ring. This riD8 has far larger surfCK'.e area, and 
hence far larger total brightness, than the star's image would have if the black 
hole were absent. The ring is too small to be resolved by a telescope, but the star's 
total brightness can be incre"clsed by a factor of 10 or 100 Or more. 
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typical interstellar distances. If they are close together, then the tiny 
hole will be like a hand-held magnifying glass pla{'.ed upright on a 
windowsill 011 the eighty-ninth floor of the Empire State Building, and 
then viewed ii'om several kilometers distance. Of course, the tiny mag
nifying glass has no power to magnify the building's appearance, and 
similarly the hole has no effect on the star's appearance. 

If t.he star and the hole are far apart as in Figure 8.2, however, the 
strength of the focusing can be large, an increase of 10 or 100 or more 
in stellar brightness. But interstf'llar distances are so vast that the 
necessary Eart.h-hole-star lineup would be an exceedingly rare event, 
so rare that to search for one would be hopeless. Moreover, even if such 
a lensing were observed. the light rays from star to Earth would pass 
the hole at so large a distance (Figure 8.2) that there would be room for 
an entire star to sit at the hole's location and act as the l~ns. An 
astronomer on Earth thus could not know whethe-c the lens was a black 
hole or mel'ely an ordinary, but dim, star. 

Zel'dovich must have gone through a chain of reasoning much like 
this as he sought a method to observe black holes. His chain led finally 
to a method with some promise (Figure 8.3): Suppose that a black hole 
and a star ar~ in orbit around ea(~h other (they form a binary sys~m). 
When astronomers train their tele8(."()pes on this binary. they will see 
light from on1y the star; the hale will be invisible. However, the star's 
light will give evidence of the hole's presence: & the star mo ... ·es 
around the hole in its orbit, it will travel first toward the Earth and 
then away. When it IS traveling toward us, the Doppler effect should 
shift the star's light toward the blue, and when moving away, toward 
the red. Astronomers can measure such shifts with higll precision, sin(:e 
the star's light, when sent through a spectrograph (a sophisticated form 
of prism), exhibits sharp spectral lines, and a slight chaIlge in the 
wavelength (color) of sllch a line stand~ out clearly. From a measure
ment of the shift in wavelength, astronomers can infer the velocity of 
the star toward or away from Earth, and by monitoring the shift as 
time passes, they can infer how the star's velocity ('-banges with time. 
The magnitude of those changes might typically be somewhere be
tween 10 and toO kilometers per se(.'Ond, and the accura(:y of the mea
surements is typically 0.1 kilometer per second. 

What does one learn from such high·.precision measurements of the 
star's velocity? One learns something about the mass of the hole: The 
more massive is the hole, the stronger is its gravitational pull on the 
star, and thus the stronger must be the centrifugal forces by which. the 
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star resists getting pulled into the hole. To acquire strong centrifugal 
forces, the h"tar must move rapidly in its orbit. Thus, large orbital 

velocity goes hand in hand with large black-hole mass. 
To search for a black hole, then, astronomers should look for a star 

whose spectra show a telltale periodic shift from red to blue to red to 

hlue. Such a shift is an unequivocal sign that the star has a companion. 

The astronomers should measure the star's spectra to infer the velocity 
of the star around its companion, and from that velocity they should 

infer the companion's mass. If the companion is very maliSive and no 

8.~ .zerdovich's proposed method of searching for a blac~ hol"4 (a) The hole and 
a star are in orbit IU'(lUnd each otber. If the hole is heavier than the star, tllen its 
orbit is smaller than the star's as shown (thal is, the hole moves onl} a little while 
the star moves a lot). If the hole were lighter than tlte star, then its orbit would 
be the Jarser one (that is, the star would mOve only a little while lhe hole moves 
a lot). \\1len the star is moving away from Eal'th, as shown, its light is j;hifl:ed 
toward the red (toward longer wavelengtb). (b) The light, upon t"ntering a tele
scope on Earth, is sent tbroU8h a spectrograph to form a spectrum. Here are 
shown two spectra, the top recorded when the star is moving away from Earth. 
the bottom a half orbit latE'.T when the star is movinS toward Earth. The wave
lengths of the sharp lines in the spectra are sblfted relative to .. .adl olher, (e) By 
measuring a sequence or sucb spectra, astronmners can determine how tile 
velocity of the star toward and away from the Earth changes with time, and from 
that changing velocity, they can detennine the mass of the object around which 
the star orbit&. If the mass is larger than about 2 Suns and no light is seen from 
the object, then the obiect might be a black hole. 
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light is seen from it at all, then the companion might weB b~ II black 
hole. This was Zel'dovich's proposal. 

Aithough u'lis method was vastly Stlperioc t.o any previous Oll!:', it 
neycrtheiess is fraught with many pitfans~ ofwhkh J shall discuss just 
two: first, the weighing of the dark companion is not straightforward. 
The star's measured velocity depends not only on the companion's 
mass, but also on the mass of the st~u· itSelf, and on tile inclination of 
the bjuary's orbital plane to our line of sight. "'Yhile the star's mass and 
the incliDation may be inferred from carp-lu1 ob~rvatjons, one CtL."lDot 

do so with ease or with good aecuracy. As a result, one C(11) readily make 
la.rge errors (say, a factor of 9 or 0) in one's estirnatt~ of the mass of the 
dar.k COInIJalllon. Second, biack holes are not the only kind of dark 
(~ompanio£ls that a star might have. for example, a neutron-star com·· 
p~nion would also be dark .. To be <.'erta.ill the cOO1pan.ion i& l':lOt. a 
ll~utr()n star. one needs to b<~ Vel"\! confident that it ill much h~avier . ~ 

than the maximum ll110wed for a neutron star, about 2 solar masses. 
Two neutron stars in a tight orhit around each other could also be dark 
and could weigh a.s mnch as 4 SUIlS. The dark companion might be 
such a system; or it might be two eold white dwarfs in a tight orbit with 
tota1 mass as much ali 3 Suns. A.nd there are other kinds of stars that, 
while not completely dark, (:an be rather massive and abnonnally dim. 
One mllst look vcry (:arefully at. the measured spectra to be ('(main 
there is no sign of tiny amounts of light from s\lch stalli. 

Astronomers had worked hard over the pre(:eding de(:ades to ohs~rve 
and catalog binary star systems, so it was not necessary for Zel'dovieh 
to condu(:t his scaldl directly in thp- sky; h(~ eould seareh the astrOllO

mers' ca.talo~ instead. However, he had neithC!t the time not the pa
tif!n~~ t.o cornb thro12gh the catalogs hi.mself, not did he hav~ the 
e'1(pertise to avoid aU the pitfalls. Therefore, as was his (:ustom ill such a 
situation, he cc)nunandE!ered the tim!! and the talents of someone 
t'lse-- ·in this case, Oktay Guseino .... , all astronomy graduate student 
who already kn~w much ahOltt binary stars. Together, Guseinov a.nd 
Z~l'dovich found five promising black-hole candidatNi among the 
ma.ll)' hundred!l of well·document.ed binary systems in t.he catalogs. 

Over the next few years, astronomers paid littl~ a.ttelltioll to these 
five black· hole candidates. I .. vas rathcl" annoyed at the astrot)(.ttlers' 
iaC'k. of interest, 60 in 1968 J enlisted Virginia Trimble, a Ca.ltech as
tronomer, to help me revise al1d extend the Zel'dl)yich· -Gus.einoV" Jist. 
Trimble, though only months past heT Ph.D., had alrt~ady aC'}l1ited a 
formidable knowledge of the lore of a!c<tTOT!Omy. Sht! knew ail th~ 
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pitfalls we might encounter-those described above and many more'
and she could gauge them ac(:urately. By searching through the cata
logs ourselvfO..5, and by collating all the published data we could find on 
the most promising binaries, we came up with a new list of eight 
black-hole candidates. Unfortunately, ill all eight cases, Trimble could 
invent a semi-reasonable non black-hole explal1ation for why the 
companion was so dark. Today, a quarter ccntury later, nonc of our 
candidates has survived. It now seems likely that none of them is truly 
a black hole. 

Zel'dovich knew, when he conceived it, that this binary star method 
of search was a gamble, by no means assured of success. Fortunately, 
his brainstorming on how to search for black holes produced a second 
idea-an idea conceived simultaneously and independently, in 1964, 
by Edwin Salpeter, an astrophysicist at ('"Qmen U.niversity in hhaca, 
New York. 

Suppose that a black hole is traveling through a doud of gas-or, 
equivalently, as seen by the hole a gas cloud 1S traveling past it (Figure 
8.4). Then streams of gas, accelerated to near the speed of light by the 
hole's gravity, will fly around opposite sides of the hole and (:ome 
crashing together at the hole's rear. The crash, ill the form of a sh()ck 
front (a sudden, large increase in density), will convert the gas's huge 
energy of infall into heat, causing it to radiate strongly. Tn effect, then, 

8.4 The Salpeter-Zel'dovich proposal for how to detect a black hole. 
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the black. hole will serve as a machine for converting some of the mass 
of infaning gas into heat and then radiation. This "machine" could be 
bighly efficient, Zel'dovich and Salpeter deduced-far more efficient, 
for example, than the burning of nuclear fuel. 

Zel'dovich and his team mulled over this idea for two years, looking 
at it first from tbis dire(:tion and then that, searching for ways to make 
it more promising. However, it was but one of dozens of ideas about 
black holes, neutron stars, supernovae, and the origin of the Universe 
that they were pursuing, and it got only a little attention. Then, one 
day in 1966, in an intense d;scussion, Zel'dovich and Novikov together 
realized. they could combine the binary star idea with the in falling gas 
idea (Figure 8.5). 

Strong winds of gas (mostly hydrogen and helium) blow off the 
surfaces of some stars. (The Sun emits such a wind, though only a weak 
one.) Suppose that a black hole and a wind.emittillg star are in orbit 
around each other. The hole will capture some of the wind's gas, heat it 
in a shock front, and force it to radiate. At the one-meter·square black· 

8.5 The Zel'dovich-Novikov proposal of how to search for a black hole. A wind, 
blowing oft' the surface of a companion star, is captured by the hole's gravity. The 
wind's streams of gas swiJl@ around the h6le in opposile directions and collide 
in a sharp shock front, where they are hf'ated to millions of deBrees temperature 
and emit X-rays. Optical telescopes should see the star orbiting around a h~.avy, 
dark companion. X-ray telescopes should see X-rays from the companion 
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board in Zel'dovich's Moscow apartment, he and Novikov estimated 
the temperature of the shocked gas: several million degrees. 

Gas at such a temperature does not emit much light. It emits X-rays 
instead. TIms, Zel'dovich and No\rikov realized, among those black 
holes which orbit around stellar companions, a few (though not most) 
might shine brightly with X-rays. 

To search for black holes, then, one could use a combination of 
optical telescopes and X-ray telescopes. The black-hole candidates 
would be binaries in which one object is an optically bright but X-ray
dark star, and the otber is an optically dark but X-ray-bright object (the 
black hole). Since a neutron star could also capture gas from a compan
ion, heat it in shock fronts, and produce X-rays, the weighing of the 
optically dark but X-ray-bright object would be crucial. One must be 
sure 'It is heavier than 2 Suns and thus not a neutron star. 

There was but one problem with this search strategy. In 1966, X-ray 
telescopes were extremely primitive. 

The Search 

The trouble with X-rays, if you are an astronomer, is that they C.Bllllot 
penetrate the Earth's atmosphere. (If you are a human, that is a virtue, 
since X-rays cause cancer alld mutations.) 

Fortunately, experimental physicists with vision, led by Herbert 
Friedman of the U.S. Naval Researc-.h I.aboratory (NRL), had been 
working since the t940s to lay the groundwork for space-based X-ray 
astronomy. Friedman and his colleagues had begun, soon after \Vorld 
War II, by flying itlstrumE'.Dts to study the Sun on captured German 
V-2 rockets. Friedman has described their first flight, on 28 June 1946, 
which C'Arried in the rocket's nose a spectrograph for studying the Sun's 
far ultraviolet radiation. (Far ultraviolet rays, like X-rays, cannot pene
trate the Earth's atmosphere.) After soaring above the atmosphere 
briefly and collecting data, "the rocket returned to Earth, nose down, in 
streamlined flight and buried itself in an enormous crater some 80 feet 
in diameter and 30 feet deep. Several weeks of digging recovered just a 
small heap of unidentifiable debris; it was as if the rocket had vapo
rized on impact." 

From this inauspicious beginning, the inventiveness, persistence, 
and hard work of Friedman and others brought ultraviolet and X-ray 
astronomy step by step to fruition. By 1949 Friedman and his col
leagues were flying Geiger counters on V-2 rockets to study X-rays 
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from the Sun. By the late 19506, now flying their counters on Ameri
can-made Aerobee rockets, Friedman and colleagues were studying 
ultraviolet radiation not only from the Sun, but also from stars_ X-rays, 
however, were another matter. Each second the Sun dumped 1 million 
X-rays onto a square centimeter of their Geiger counter, so detecting 
the Sun with X-rays was relatively easy. Theoretical estimates, how
ever, suggested that the brightest X-ray stars would be 1 billion times 
fainter than the Sun. To detect so faint a star would require an X-ray 
detector 10 miilion times more sensitive thajl those that Friedman was 
flying in 1958. Such an improvem~nt was a tall order, but not impossi
ble. 

By 1962, the detectors had been improved 10,OOO-fold. With just 
another factor of a thousand to go, other research groups, irnpre.sed by 
Friedman's progress, were beginning to compete with him. One, a 
tt.~am led by R.iccardo Giacconi, would oocome a formidable competi
tor. 

In a pemliar way. Zel'dovich may have sha:red respOI1SibiHty for 
Giacconi's success. In 1961, the Soviet Union unexpectedly abrogated a 
mutual Soviet/American three-year moratorium OIl the t.esting of nu
clear weapons, and tested the most powerful bomb ever exploded by 
humans- a bomb designed by Zel'dovich's and Sakharov's teams at 
the Installation (Chapter 6). Tn panic, the Americans prepared new 
bornb tests of their own. These would be the first American tests in the 
era of Earth-orbiting spacecraft. Por the first time it would be j><lssible 
to measure, from space, the X-rays, gamma rays, and high-energy 
particles emerging from nuclear explosions. Such measurements would. 
be crucial for monitoring future Soviet homb tests. To make such 
measurements on the impending series of' American tests, however, 
would require a crash program. The task of orgauizing and leading it 
W~llt to Giaccor.i, a twenty-eight-year-old experimental physicist at 
American Science and Engineering (a private Cambridge. Massachu
setts, company)_ who had recently begun to design and fly X-·ray detec
tors like Friedman's. The V.S. Air .Force gave Gia(.'coni an the money 
he needed, but little time_ Tn less than a year, he augmented his six
person X-ray astronomy team by seventy new people, designed, buih, 
and tested <l variety of wea.pons-blast monitoring instl'Uments, and flew 
th~m with a 95 percent success rate in twenty-folu rockets and six 
satellitE'S. This experience molded the core members of his group into a 
loyal, dedicated, and highly skilled team, ideally primed to beat all 
competito15 in the creation of X-ray astronomy. 



f..4t: Herbert Friedman, with payload from an Aer().b~~e rocket. in 1968. Right: 
Riccardo Giacconi with the Uhuru X-ray detector, ca. 1970. [Left: (:ourtesy U.S. 
Naval Research Laboratory; right: c:ourtesy R. Giacconi.} 

Giacconi's seasoned team took its first astronomical step with a 
search for X-rays from the !\'-ioon, using a detector patterned after 
Friedman's, and like Friedman, flying it on an Aerobee rocket. Their 
rocket, launched from White Sands, New Mexico, at one minute before 
midnight on 18 June 1962, climbed quickly to an altitude of 230 kilo
meters, then fell back to Earth. For 550 seconds it was high enough 
above the Earth's atmosphere to detect the MOOll'S X-rays. The data, 
telemetered baek to the ground, were puzzling; the X-rays were far 
stronger than expected. ,\Vhen examined more closely, the data were 
even more surprising. The X-rays seemed to be coming not from the 
Moon, but from the (:onstellation Scorpius (Figure 8.6b). For two 
months, Giacconi and his team members (Herbert Gursky, Frank 
Paolini, and Bruno Rossi) sought errors in their data and apparatus. 
When none could be found, they announced their discovery: The fil'st 
X-ray star ever detected, 5000 times brighter than theoretical astrophysi
cists had predicted. Ten months later, Friedman's team confirmed the 
discovery, and the star was given the name Seo X-1 (1 for "the bright
est," X for "X-ray source," SeD for "in the constellation Scorpius"). 
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8.6 The improving tt'.cbnol~ and performance of X·ray astnlnomy's tools, 
1962-1978. (a) Schematic design of the Geiger counter used by Giacconi's learn 
in their' 1962 dlscol·t".ry of the first X-ray star. (b) The data from that Geiger 
countf'.t-, showing that the star was not at the location of the Moon; note the very 
poor angular resolution (large error box), 00 d~. (c) The uno lJhurlJ X-ray 
detector: A vastJy improl'ed O(,jger counter sits inside the box. and in front of the 
counter one sees venetian-blind slats that prevent the counter from detecting an 
X-ray un less it anives nearly perpendiculEll' to the (lOunler's window. (d) lIhuru's 
measurements of X.rays from the black·hole candidate Cygnus X-I. (e) Sche
malic diagram and (f) photograph of the mirrors that focus X·rays in the '978 
X-ray telescope Einstein. (g, h) Photographs made by the EinstE".in telescope of 
two black-hole tandidates, Cygnus X·1 and 88-"33. (lnlli'\'idual drawillg~ and picturt!& 
couttesy 8.. Giacconi.] 
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How had the theorists gone wrong? How had they underestimated 
by a factor of 5000 the strengths of (:osmic X-rays? They had presumed, 
wrongly, that the X-ray sky would be dominated by objects already 
known in the optical sky· objects like the Moon, planets, and ordinary 
stars that are pooe emitters of X-rays. However, Sco X-1 and other 
X-ray stars soon to be discovered were not a type of object anyone had 
ever seen before. They were neutron stars and black holes, capturing 
gas from normal-star companions and heating it to high temperatures 
in the manner soon to be proposed by Zel'dovich and Novikov (Figure 
8.5 above). To dedu(:e that this was indeed the nature of the observed 
X-ray stars, however, would require another decade of hand-in-hand 
hard work by experimenters ]ike Friedman and Giacconi and theorists 
like Zel'dovich and N ovikov. 

Giacconi's 1962 detector was exceedingly simple (F'igure 8.6a): all 
electrified chamber of gas, with a thin window in its top face. When an 
X-ray passed through the window into the chamber, it knocked elec
trons off some of the gas's atoms; and those electrons were pulled by an 
electric field onto a wire, where they created an electric current that 
announced the X-ray's arrival. (Such chambers are sometimes called 
Geiger counters and sometimes proportiolUll counters.) The rocket car
rying the chamber was spinning at two rotations per second and its 
nose slowly swung around from pointing up to pointing down. These 
motions caused the chamber's window to sweep out a wide swath of 
sky, pointing first in one direction and then another. When pointed 
toward the constellation Scorpius, the chamber recorded many X-ray 
counts. When pointed elsewhere, it recorded few. However, because 
X-rays could enter the chamber from a wide range of directions, the 
chamber-'s estimate of the location of Sco X-1 on the sky was highly 
uncertain. It could report only a best-guess location, and a surrounding 
90-degree-wide error box indicating how far wrong the best guess Was 
likely to be (see Figure B.6b). 

To discover that S(:o X-1 and other X-ray stars soon to be found were 
in fact neutron stars and black holes in binary systems would require 
error boxes (uncertainties in position on the sky) a few minutes of arc 
in size or smaller. That was a very tall order: a i OOO-foid improvement 
in angular accuracy. 

The needed improvement, and much more, came step by step over 
the next sixteen years, with several teams (Friedman's, Giacconi's, and 
others) competing at each step of the way. A succession of rocket flights 
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by one team after another with oontinual1y improving detectors was 
followed, in Decembec 1970, by the launch of Uhunl., the first X-cay 
satellite (Figure 8.6(;). 8uilt by Giacconi's team, Uhuru contained a 
gas-filled, X-ray counting chamb('I one hundred times larger than the 
one they new on their 1962 rocket. In front of the chamber's window 
were slats, like venetian blinds, to prevent the chamber from seeing 
X-rays from any direction except a few degrees around the perpendicu
lar (Figure 8.6d). Uhuru, which discovered and cataloged 359 X-ray 
stars, was followed by several other similar but special-purpose X-ray 
satellit.es, built by American, British. and Dutch scientists. Then in 
1978 Giac,coni's team flf>w a grand successor to Uhunl: Einstein, the 
wor1d's first true X-ray telescope. Bec.ause X-rays penetrate right 
through any object that they strike perpendicularly, even a mirror, the 
Einstein telescope used a set of nested mirrors along which tht' X-rays 
slide, iike a tobogan sliding down an icy slope (Figures 8.6e,f). These 
milTors focused the X-rays to make images of the X-ray sky 1 arc 
second in size--images as aCl:urate as those made by the world's best 
optical telescopes (Figures 8.6g,h). 

From Giacconi's locket to the Einstein telescope in just sixteen years 
(1962 to 1978), a 300,OOO-fold improvement of angular accuracy had 
been achieved. and in the process our understanding of the Universe 
had been revolutionized: The X-rays had revealed neutron stars, black
hole candidates, hot diffuse gas that bathes galaxies when they reside 
in huge clusters, hot gas in the remnants of supernovae and in the 
coronas (outer atmospheres) of some types of stars, and particles with 
ultra-high energies in the nuclei of galaxies and quasars. 

Of the severa1 blad-hole candidates discovered by X-ray detectors 
and X-ray telescopes, Cygnus X-1 (Cyg X-1 for short) was one of the 
most believable. Tn 1974, soon after it became a good candidate, Ste
phen Hawking and T made a bel; he wagered that it is not a black hole, 
r that it is. 

Carolee Winstein, whom I married a decade after the bet was made, 
was mortified by the stakes (Penthouse magazine for me if Twin; 
PritJClte Eye magazine for Stephen if he wins). So were my sihlulgs and 
mother. But they didn't need to worry that I would actually win the 
Penthouse subscription (or so I thought in the 1980s); our information 
about the nature of eyg X-1 was improving only very slowly. By 1990, 
in my view, we (:ould be only 95 percent confidellt it was a black hole, 
still not confident enough for Stephen to concede. Evidently Stephen 
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Right: The bet between Stephen Ha\Vkin~ and me as to whether Cygnus X-I is 
a black hole'4 '4: Hawking lecturing at the UniVE'l'Sity of Southern C.llifornia in 
June 1990. just two hours before breaking into my offi(~ lirld signing (Iff on our 
bel ~H«wJring photo t'Uur~esy Irene f .. rtik, UnivP.rSity Qf Southern C4\lifQrnill.] 

read the evidence differently. Late one night in June 1990, while 1 was 
in Moscow working on research with Soviet colleagues, Stephen and an 
entourage of family, nurses, and friends broke into lIly office at Cal
tech, found the framed bet, and wrut.e a concessionary note on it with 
validation by Stephen's thumbprint. 

The eviden('.t~ that Cyg X-l contains a black hole is of just the sort 
that Zel'dovich and Novikov envisioned when they proposed the 
method of search: eyg X-l is a binary made of an optically bright and 
X-ray .. dark star OT.bitil1g around an X-ray-hright and optically dark 
(:ompanion, and the companion has been weighed to make sure it is too 
heavy to be a neutron star and thus is urobably a black hole. 

• • 
The evidence that this is the nature of Cyg X-l was not developed 

easily. It required a. cooperative, massive, worldwide effort carried nut 
in the 1960s and 1970s by hundreds of experimental physicists, theo
retical astrophysicists, and observational astronomers. 

The cxperhnel1tal physicists were people like Herbert Friedman, 
Stuart Bowyer, ErlwaTd Byram, and Talbot Chubb, who diseovered Cyg 



8.7 Left: A negative print of a photograph taken with Ihe 5-meter (200-inch) 
optical telescope at PalODUD" Mounlain by Jerome Kristian in 1971. The black 
rectangle outlines the error box in which 1J1turu's 1911 data say that Cygnus X-1 
lies. The white x mark~ the location of a radio flare, mea8ured by radio tele
scopes, wl)ich coincided with a sudden change in the X-rays from Cyg X·1. The 
X coincides with the opticat star HOE !lg6868, and thus identifies it as a binary 
companion ofCyg X-i.ln 1978 the X-ray telescope Einstein confirmed this identi· 
fi('.ation; see Fi&ure 8.6g. Right: Artist's conception of Cyg X-1 and HDE ~26868, 
bMed on all the optical and X'l"dY data. (Left: photo courtesy lk Jerome Kristian, 
Carnegie Observatories; right: painting by Victor J. Kelley, courtesy the National Geopapliic 
Society.] 

X-l. in a rocket flight in 1964; Harvey Tananbaum, Edwin Kellog. 
Herbert Gursky, Stephen Murray, Ethan Schrier, and Riccardo Giac
coni, who uS(:>.d Uhum in 1971 to produce a 2-arc-rninute-sized error 
box for the position of eyg X-I (Figure 8.7); and many others who 
dis(;overed and studied violent, chaotic flu(.'tuations of the X.rays and 
their energies- -fluctuations that are what One would expect from hot, 
turbulent gas around a black hole. 

The observational astronomers contribut.ing to the worldwid.e effort 
were people like R.obert Hjel1ming, Cam Wade, Luc Brat's, and George 
Miley, who discovered in 1971 a flare of radio waves in Uhuru's eyg 
X-1 error box simultcmeous with a huge, Uhuru·measured change in 
eyg X-l 's X-rays, and thereby pinned down the location of C;yg X-I to 
within 1 second of arc (Figures 8.6d and B.1); Louise We.bstt'r, Paul 
Murdin, and Charles Bolton, who discovered with optical telescopes 
that an optical star, HDE 226868, at the locatioll of the radio flare is 
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orbiting around a massive, optically dark but X-ray-bright companion 
(Cyg X·i); and a hundred or so other optical astronomers who made 
painstaking measurements of HDE 226868 and other stars in its vicin
ity, rneasuremenUi crucial to avoiding severe pitfalls in estimating the 
mass of eyg X-1. 

The theOl"etical astrophysicists cont.ributing to the effort included 
people like Zel'dovich and Novikov, who proposed the method of 
search; Bohdan Paczynski, Y oram Avni, and John Bahcall, who devel
oped complex but reliable ways to circumvent the mass-estimate pit
falls; Geoffrey Burbidge and Kevin Prendergast, who realized that the 
hot, X-ray-emitting gas should form a disk around the hole; and Niko
lai Shakura, Rashid Sunyaev, James Pringle, Martin Rees, Jerry Os
triker, and many others, who developed detailed theoretical models of 
the X-ray-emitting gas and its disk, for oomparison with the X··ray 
observations. 

By 1974 this massive effort had led, with roughly 80 percent confi
dence, to the picture of eyg X-l and its companion star HOE 226868 
that is sholVn in an artist's sketch in the right half of Figure 8.7. It was 
just the kind of picture that Zel'dovich and Novikov had envisioned, 
but with far greater detail: The black hole at the ('enter of Cyg X- t has 
a mass definitely greater than 5 Suns, probably greater than 7 Suns, 
and most likely about 16; its opticaIly bright but X-ray-dal'k companion 
HDE 226868 has a mass probably greater than 20 SUDS and most likely 
about 33, and it is roughly 20 times larger in radius than the Sun; the 
distance from the star's surface to the hole is about 20 solar radii (14-
million kilometers); and the binary is about 6000 light-years from 
Earth. eyg X-l is the second brightest objeL1: in the X-ray sky; HDE 
226868, while very bright in comparison with most stars seen by a 
large telescope, is nevertheless far too dim to be seen by the naked eye. 

In the nearly two decades since 1974, our confidence in this picture 
of eyg X-l has increased from roughly 80 percent to, say, 95 percent. 
(These are my personal estimates.) Our confidence is not 100 percent 
because, despite enormous efforts, no unequiv()(;a} signature of a black 
hole has yet been found in eyg X-1. ~o signal, in X-rays or light, cries 
out at astronomers saying unmistakably, "I come from a black hole." It 
is still possible to devise other, non-black-holp, explanations for all the 
observations, though those explanations are so contorted that. few as
tronomers take them seriously. 

By contrast, SODle neutron stars, called pulsars, produce an unequi"o
cal "1 am a neutron star" cry: Their X-rays, or in some cases radio 
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waves, come in sharp pulses that are very precisely timed, The timing 
is as precise. in some cases, as the ticking of our best atomic docks. 
'fhose pulses cae only be explained as due to beams of radiation shin
ing off a n.eutron star's surface and swinging past Earth as "the star 
rotates--the analogue of a rotating light beacon at a l1lrdl airport or in 
a lighthouse. Why is this the only possible explanation? Such pr:ecise 
timing can carne only from the rot.ation of a ma!lsive object with mas· 
sive inertia and thus mas.~ive resistance to erratic force$ that would 
make- the timing erratic; of all the massive objects ever conc.eived by 
the minds of astrophysicists, Qnly neutron stars and black. holf's ('..all spin 
&t the enormous rates (hundreds of rotations per second) of some pul
sars; and only neutron stars, not black. holes, can pToduce rotating 
hearns, because black holes cannot have "hair." (Any source of such a 
beam, attached to the hole's horizoll, would be an example of the type 
of "hair" that a black hole cannot bang on to.!) 

An uneqnivocal black·-hole signature, analogous to a plJlsar's plllses, 
has bef>.J1 sought by astronomers in Cy g X -1 for twenty years, to no 
avail. All example of such a signature (suggt~sted in 1972 by Rashid 
Sunyaev, a member of Zel'dovich's team) is puh:ar-like pulses of ra.dia
tion produced by a swinging beam dlat originates in a. coherent lump 
of gas orbiting around the hole_ If the lump were close to tl,e hole and 
held itself together for many orbits until it finally began to plunge into 
the horil.on, then the details of its grad.ually shiftizlg illterval between 
pulses might provide a clear and unambiguous "I am a black hole" 
Signature. unfortUnately. such a signature has never heen seen. nlere 
seem to be- several reasons: (t) The h(.t, X-ray-emitting gas moves 
around the blac..\ hole so turbulently and chaotically that coherent 
lumps may hold themselves together for only ODe or a. few orbits, not 
many. (~) If a few lumps do manage to hold themselves together for a 
long time and produce a black-hole signature, the turbulent X-rays 
from the rest of the turbulent gas evidently bury their signature. (3) If 
eyg X-l is indeed a black hole. tht>Jl mathematical simulations show 
that most of the X-rays should come frolD far outside 115 honzon---from 
circumferences roughly 10 times eritical or more, where thf'.re is much 
more volume from which X-rays can be emitted than near the ho·riton. 
At. SUcll large distances from the hole. the gravitational predic.tions of 
general relativity and Newton's tht.'Ory of gravity are approximately 

1. Chap1P.r 7. 'ThE electric £ie~ hair of a charged b1flCk bole if l'venly distrib"t.ed around Ihe 
ho~'s spill llxis a.nd thus (alIne( pl'Oduce II cClIeentr",ted bt-",m. 
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the same, so if there were pulses from orbiting lumps, they would not 
carry a strongly definitive black-hole signature. 

For reasons similar to these, astronomers might never find any kind 
of definitive black-hole signature in any electromagnetic waves pro
duced from the vicinity of a black hole. Fortunately, the prospect.s are 
excellent for a completely different kind of black-hole signature: one 
carried by gravitational radiation. To this we shall return in Chapter 
10. 

"k"k'tl 

The golden age of theoretical black-hole research (Chapter 7) coin
cided with the observational search for black holes and the discovery of 
Cyg X-l and deciphering of its nature. Thus, one might have expected 
the youths who dominated the golden age (Penrose, Hawking, Novi
kov, Carter, Israel, Price, Teukolsky, Press, and others) to play key rol(>.8 
in the black-hole search. Not so, except for Novikov. The talents and 
knowledge that those youths had developed, and the remarkable dis
coveries they were making about black-hole spin, pulsation, and hair
lessness, were irrelevant to the search and to deciphering Cyg X-1. It 
might have been different if Cyg X-1 had had an unequivocal black
hole signature. But there was none. 

These youths and other theoretical physicists like them are some
times called relativists, because they spend so much time working with 
the laws of general relativity. The theorists who did contribute to the 
search (ZePdovich, Paczynski, Sunyaev~ Rees, and others) were a very 
different breed called astrophysicists. For the search, these astrophysi
cists needed to master only a tiny amount of general relativity-just 
enough to be confident that curved spacetime was quite irrelevant, and 
that a Newtonian description of gravity would be quite sufficient for 
modeling an object like eyg X-1. However, they needed enonnous 
amounts of other knowledge, knowledge that is part of the standard 
tool kit of an astrophysicist. They needed a mastery of extensive astro
nomical lore about binary star systems, and about the structures and 
evolutions and spectra of the companion stars of black-hole candidates, 
and about the reddening of starlight by interstellar dust-a key tool in 
determining the distance to Cyg X -1. They also needed to be experts on 
such issues as the flow of hot gas, shock waves formed when streams of 
hot gas collide, turbulence in the gas, frictional forces in the gas caused 
by turbulence and by chaotic magnetic fields, violent breaking and 
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reconnection of magnetic field lines, the formation of X-rays in hot gas, 
the propagation of X-rays through the gas, and much much more. Few 
.people could be masters of all this and, simultaneously, be masters of 
the intricate mathematics of curved spacetime. Human limitations 
forced a split in the community of researchers. Either you specialized in 
the theoretical physics of black holes, in deducing from general relativ
ity the properties that black holes ought to have, or you specialized in 
the astrophysics of binary systems and hot gas falling 011to black holes 
and radiation produced by t.he gas. You were either a relativist or an 
astrophysicist. 

Some of us tried to be both, with onlv modest success. Zel'dovich, the 
consummate astrophysicist, had occasional new insights about the fun
damentals of black holes. I, as a somewhat talented relativist, tried to 
build general relativistic models of flowing gas near the black hole in 
Cyg X-1. But Zel'dovich didn't understand relativity deeply, and I 
didn't understand the astronomical lore very well. The barrier to cross 
over was enormous. Of all the researchers J knew in the golden age, 
only Novikov and Chandrasekhar had one foot firmly planted in astro
physics and the other in relativity. 

Experimental physicists like Giacconi, who designed and flew X-ray 
detectors and satellites, faced a similar barrier. But there was a differ
ence. Relativists were not needed in the search for black holes, whereas 
experimental physicists were essential. Th~ observational astronomers 
and the astrophysicists, with their ma.~ery of the tools for understand
ing binaries, gas flow, and X-ray propagation, could do nothing until 
the experimental physicists gave them detailed X-ray data. The experi
mental physk-ists often tried to decipher what their own data said 
about the gas flow and the possible black hole producing it, before 
turning the data over to the astronomers and astrophysicists, but with 
only modest success. The astronomers and astrophysicists thanked 
them very kindly, took the data, and then interpreted theln in their 
own, more sophisticated and reliable ways. 

This dependence of the astronomers and astrophysicists on the ex
perinlf~ntal physicist8 is but one of lnany interdependencies that were 
crucial to success in the search for black holes. Success, in fact, was a 
product of joint, mutually interdependent efforts by six differt>.nt com
munities of people. Each community played an essential role. Relati
vists deduced.u.sing the laws of general relativity, that black holes must 
exist. Astrophysicists proposed the method of search and gave crucial . 
guidance at several steps along the way. Observational astronomers 
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identified HDE 226868, the companion ofCyg X-1; they used periodi
cally shifting spectral lines from it to weigh Cyg X-1; and they made 
extensive other observations to firm up their estimate of its weight. 
Experimental physici.~ts created the instruments and techniques that 
made possible the search for X-ray stars, and they carried out the 
search that identified eyg X-1. Engineers and mant:Zgers at NASA cre
ated the rockets and spacecraft that carried the X-ray detectors into 
Earth orbit. And, not least in importance, American taxpayers provided 
the funds, several hundreds of millions of dollars, for the rockets, space
craft, X-ray detectors and X-ray telescopes, and the salaries of the 
engineers, managers, and scientists who worked with them. 

Thanks to this remarkable teamwork, we now, in the 1990s, are 
almost 100 percent sure that black holes exist not only in eyg X-l, but 
also in a number of other binaries in our galaxy. 

321 
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Serendipity 

in which astronomers are forced to conclude, 
without any prior predictions, 

that black holes a million/old heavier than the Sun 
inhabit the cores of galaxies (probably) 

Radio Galaxies 

If, in 1962 (when theoretical physicists were just beginning to acc~pt 
the concept of a black hole), anyone had asserted that the Universe 
contains gigantic black holes, lllillions or billions of times heavie1' than 
the Sun, astl'onomers would have laughed. Nevertheless, astronomers 
unknowingly had been observing such gigantic holes sinc:e 19M, using 
radio waves. Or so WI:' strongly suspect today. 

Radio waves are the opposite extreme to X-rays. X-rays are electro
magnetic waves with extremely short wavelengths, typically 10,000 
times shorter than the wavelength of light (Figure P.2 in the Pro
logue).1\.adio waves are alS() electromagnetic, but they have long wave
lengths, typically a few meters from wave crest to wave crt:'.st, which is 
a million times iOflger thall the wavelength of light. X-rays and radio 
waves are also opposites in terms of wave/particle duality (Box 4.1}-
the propensity of electromagnetic waves to bE'have sometirnE>.s like a 
wave and sometimes like a particle (a photon). X-rays typically behave 
like high-energy particles (photons) and thus are most easily detected 
with G-eiger counters in which the X-ray photons hit atoms, knocking 
electrons off them (Chapter 8). ll.adio waves almost always behave like 
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waves of electric and magnetic force, and thus are most easily detected 
with wire or metal antennas in which the waves' oscillating electric 
force pushes electrons up and down, thereby creating oscillating signals 
in a radio receiver attached to the antenna. 

Cosmic radio waves (radio waves coming from outside the Earth) 
were discovered serendipitously in 1932 by Karl Jansky, a radio engi
neer at the Bell Telephone Laboratories in Holmdel, New Jersey. Fresh 
out of college, Jansky had been assigned the task of identifyIng the 
noise that plagued telephone calls to Europe. In those days, telephone 
calls crossed the Atlantic by radio transmission, so Jansky constructed a 
special radio antenna, made of a long array of metal pipes, to search for 
sources of radio static (Figure 9.1 a). Most of the static, he soon discov
ered, came from thunderstorms, but when the storms were gone, there 
remained a faint, hissing static. By 1935 he had identified the sOUrce of 
the hiss; it was coming, mostly, from the central regions of our Milky 
Way galaxy. When the central regions were overhead, the hiss was 
strong; when they sank below the horizon, the hiss weakened but did 
not entirely disappear. 

This was an amazing discovery. Anyone who had ever thought about 
cosmic radio waves had expected the Sun to be the brightest source of 
radio wave.s in the sky, just as it is the brightest source of light. After 
all, the Sun is a billion (109 ) times closer to us than most other stars in 
the Milky Way, so its radio waves ought to be roughly 109 X 109 = 
1018 times brighter than those from other stars. Since there are only 
t012 stars in our galaxy, the Sun should be brighter than all the others 
put together by a factor of roughly l018/tOti = 106 (a million). How 
could this argument fail? How ('.ould the radio waves from the distant 
central regions of the Milky Way be so much brighter than those from 
the nearby Sun? 

As amazing as this mystery might be, it is even more amazing, in 
retrospect, that astronomers paid almost no attention to the mystery. In 
faGt, despite extensive publicity by the Bell Telephone Company, only 
two astronomers seem to have taken any interest at all in Jansky's 
discovery. It was doomed to near oblivion by the same astronomical 
conservatism that Chandrasekhar was encountering with his c1alms 
that no white dwarf can be heavier than 1.4 Suns (Chapter 4). 

The two exceptions to this general lack of interest were a graduate 
student, Jesse Greenstein, and a lecturer, Fred Whipple, in Harvard 
University's astronomy department. Greenstein and Whipple, ponder
ing Jansky's discovery, showed that, if the then-current ideas about 
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how cosmic radio waves might be generated were correct, it was impQ.s
sible for our Milky Way galaxy to produce radio waves as strong as 
Iansky was seeing. DespitE' this apparent impossi.bility, Greenstein and 
Whipple be-lieved JanSky's ob6f.JVations; they were sure th~ pr<lblem 
lay with astrophysical theory, not with Jansky. But with no hints as to 
where the theory was going wrong, and since, as Greenstein recalls, ';1 
never met anybody else (in the 1950s] who had any interest in the 
subject, not one aBtronomer,t' they turned their attention elsewhere. 

By 1955 (about the time that Zwicky was inve-nting the concept of a 
neutron star; Chapter 5), Jansky had learned everything about. the 
galactic hiss that his primitive antenna would allow him to discover. In 
a quest to learn more, he proposed to Bell Telephone LaboratorlE'..8 the 
Ctlnstruction of the world '5 first real radio telescope: a huge metal bow1, 
100 feet (30 meters) in di.ameter, which would reflect iIlcoming radio 
waves up to a radio antenna and receiver in much the same way that an 
optical reflecting telescope reflects light from its mirror up to an eye
piece or a photographic plate. The Bell bureaucracy rejected the pro
posal; there was no profit in it. Jansky, ever the good employee, ac
quiesced. He abandoned his study of the sky, and in the shadow of the 
approach of World War II, turned his efforts toward radio-wave com
munication at shorter wavelengths. 

So uninterested were professional scientists in Jansky's diRCovery that 
the only person to build a radio telescope during the next decade was 
Grote Reber, an eccentric bachelor and ham radio operator in Whea-· 
ton, Illinois, call number W9GFZ. Having read of Jansky's radio hiss in 
the magazine Popu.lar Astronomy, Reber set out to study its details. 
Rebel' had a very poor education ill science, but that was unimjX)rtant. 
What mattered W"olS his good training in engineering and his strong 
practical streak. Using enonnous ingenuity and his own modest sav
ings, he designed and constructed with his own hands, in his mother's 
backyard, the world's first radio telescopt', a 30-foot (that is, 9-lUeter)
diameter dish (Figure 9.1c); and with it, he made radio maps of the &ky 

9.1 (a) Karl Jansky and the antenna with which he diaoovered, in 195.2, cosmic 
radio waves from our galaxy. (b) Grow Reber. ca. 1940. (c) The world's ftrst radio 
telesoope, eonslrUcted by Reber in biB mother8 back.yal'd in Wheaton. Dlinois. (d) 
A map ofradio waves from the sky constructed by l\('ber with his ba<'.kyan{ radio 
tdE'800pe. [(a) Photo by Bel} Telepholle lAboratories, oourte.y AlP Emilio Sfgti Vi~al 
Arr.hive&; (b) and (c) r.ourtety ('n-ote Reber; (d) is adapted from Reber (1944).) 
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(Figure 9.ld). In his maps one can see clearly not only th~ t>entral 
region of our Milky Way galax)", but also two other radio sources,later 
called eyg A and Cas A-A for the "b-nghtest radio sources," Cyg and 
Cas for "in the constellations Cygnus and Cassiopeia." Four decades of 
derective work would ultimately show, with hi.gh probability, that Cyg 
A and many other radio sources discovered in the ensuing years are 
powered 'by gigantic black holes. 

The story of this detective work will be the central thread of this 
(·hapter. I have chosen to devote a whole chapter to the story [or several 
reasons: 

First, this story illustra.tes a mode of astrom)rn.ical discovery quite 
different from that illustrated in Chapter 8. In Chapter S, Zel'dovich 
and Novikov proposed a concrete rn.E'thod to search fOT black holes; 
experimental phySicists, astronome1'S, and astrophysicists implemented 
that method; and it paid off. III this chapter, gigantic black holes are 
already being observed by Reber in 1.939, long before anyant> ever 
thought to look for them, but it will take forty years for the mounting 
observational evidence to force astronomers to the conclusion that 
black holes are what they are seeing. 

Second, Chapter 8 illustrated the powers of a!ltrophysicists and 
r~lativistS; this chapter shows their limitations. The types of bladt holes 
diSCQv~.red in Chapter B were predicted to ex.ist a quartex- century before 
anyone ever went searching for them. They were the Oppenheimer-
Snyder holes: a few times heavier than the Sun and created by the 
implosion of heavy stars. The gigantic black holes of this chapter, "by 
coJltrast, we:re never predicted to ex.ist by any theorist. They are thou
sands Of millions of times heavier than any star that any astronOIl1er 
has ever seen in the sky, so they cannot possibly be crea"ted by the 
implosion of such stars. Any theorist predicting these gigantic holes 
would have tarnished his or ber scientific reputation. The disco\>ery of 
these holes was serendipity in its purest form. 

Third, this chapter's story of discovery will illustrate, even more 
clearly than Chapter B; the complex interactions and interdependencies 
of four communities of scientists: relativists, astrophysicists, astro1l0-
mers, and experimental physicists. 

Fourth, it win tum out, late in this chapter, that the spin ~Uld t.he 
rotational energy of gigantic black holes play central roles in explain
ing the observed radio waves. By contrast, a. hole's spin was of no 
importan~ for the observed properties of the modest-sized holes in 
Chapter 8. 



9. SERENDIPITY 

In 1940, having made his first radio scans of the sky, Reber carefully 
wrote up a technical description of his telescope, his measurements, 
and his map, and mailed it to Subrabmanyan Chandrasekhar, who was 
now the editor of the A.strophysical Journal at the University of 
Chicago's Yerkes ObservatoIY, on the shore of Lake Geneva in Wis
consin. Chandrasekhar circulated Reber's remarkable manuSt."Tipt 
among the Yerkes astronomers. Bemused by the manuscript and skep
tical of this completely unknown amateur, several of the astronomers 
drove down to Wheaton, Illinois, to look at his instrument. They 
returned, impressed. Chandrasekhar approved the paper for publica
tion. 

Jesse Greenstein l who had become an astronomer at Yerkes after 
completing his Harvard graduate studies; made a number of trips down 
to Wheaton over the next few years and became a close friend of 
Reber's. Greenstein describes Reber as "the ideal American inventor. If 
he had not been interested in radio astronomy, he would have made a 
million dollars. 11 

Enthusiastic ab()ut Rebees research, Greenstein tried, after a few 
years, to move hinl to the Ulliversity of Chicago. "The University 
didn't want to spend a dime on radio astronomy," Greenstein recalls. 
Eut Otto Struve, the director of the Universit.y's Yerkes Observatory, 
agreed to a research appointment provided the money to pay Reber 
and support his research came from Washington. Reber, however, "was 
an independent cuss," Greenstein says. He refused to explain to the 
bureaucrats in any detail how the money for new telescopes would be 
spent. The deal feU through. 

In the meantime, World War II had ended, and scientist-Ii who had 
done technical work in the war effort were looking for new challenges. 
Among them were experimental physicists who had developed radar 
for tracking enemy aircraft during the war. Since radar is nothing but 
radio waves that are sent out from a radio-tele6Cope-like transmitter, 
bounce off an airplane, and return back to the transmitter, these exper
imental physicists were ideally poised to give life to the new field of 
radio astronomy-and some of them were eager to do so; the technical 
challenges were great, and the intellectual payoffs promising. Of the 
many who tried their hand at it, three teams quickly came to dominate 
the field: Bernard Lovell's team at JodreU Bank/Manchester University 
in England; Martill Ryle's team at Cambridge University in England; 
and a team put together by J. L. Pawsey and John Bolton in Australia. 

J2'i 
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In America there was little effort of note; Grote l\.eber continued his 
radio astronomy research virtually alone. 

Optical astrollomers (astronomers who study the sky with light,' the 
only kind of astronomer that existed in those days) pajd little attention 
to the experimental physicists' feverish activit),. They would remain 
uninterested lUltil radio telescopes could m~.asure a source's position on 
the sky accurately enough to determine which light-emitting object 
was ·responsible for the radio waves. This would require a tOO-fold 
improvement ill resolution o,·t~r that. achieved by Rebel", that is, a 
100-fold improvement in the accuracy with which the positions, sizes, 
and shapes of the radio sources were measured. 

Such an improvement was a tall order. An optical telescope, or eVe!l 

a naked human eye, can achjev~ a h1gh resolution with ease, becallse 
the waves it works with (light) have v-el"y short waveleugths, less than 
10-6 meter, By contrast, the human ear cannot distinguish very accu
l"ately the dirt'Ction from which a sound comes because sound waves 
have wavelp-l1gths that are long, roughly a metez', Simila.rly, radio 
waves, with their meter-sized wavelengths, give poor resolutiQn---un
le-ss the tE'lescope one uses is enormously larger than a meter. Reber's 
telescope was only modestly larger; hence, its modest resolution, To 
achieve a. iOO-fold improvement in resolution would require a tele
scope 100 times larger, roughly a kUQmeter in size, a.nd/or the use of 
ShQIter .. vavelength radio waves, for example. a few cemir.o!!ters ill
stE'ad of one meter. 

The experimental physicists actually achieved this 100-fold im
provement in 1949, not by brute (orce. but by cleverness. The key to 
their cleverness C'dll be understood by analogy with something very 
simple and familiar, (This js just an analogy; it in fact is a slight cheat, 
but it gives an impression of the generalldea.) 'We htl.mans can see the 
tllree-dimensiollality of th~ world around us using just two eyes, not 
more. The left eye st'e5 al'ound an object a little bit on the left side, and 
the right eye sees around it a bit on the right side. If we turn our heads 
over on their !Sides WI:' can see around the top of the object a bit and 
around the bottom of the object a bit; and if we were to move OU!' eyes 
farther apart (as in effect is done with the pair of r.ameras that make 

1. By ligll~ 1 alwllys D>can in thi'1 bolo!;. III~ trpe of dectl'Ornagnelk, waves thllt tht: human 
eye can see; thai is, opticai radiation, 
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3-D movies with exaggerated three-dimensionality), we would see 
somewhat farther around the object. However, our three-dimensional 
vision would not be improved enormously by having a huge number of 
eyes, covering the entire fronts of OUT faces. We would see things far 
more brightly with all those extra eyes (we would have a higher sensi
tivity), but we would gain only modestly in three-dimensional resolu
tion. 

Now a huge, 1-kilometer radio telescope (left half of Figure 9.2) 
would be somewhat like our face covered with eyes. The telesCope 
would consist of a 1-kilometer-sized bowl covered with metal that 
reflects and focuses the radio waves up to a wire antenna and radio 
receiver. If we were to remove the metal everywhere except for a few 
spots widely scattered over the bowl, it would be like removing most of 
those extra eyes from our face, and keeping only a few. In both cases, 
there is a modest loss of resolution, but a large loss of sensitivity. What 
the experimental physicists wanted most was an improved resolution 

0.2 'lbe principle of a radio interferometer. 14t: In order to achieve good 
angular resolution. one would like to have a huge, say, 1-kilometer, telescope. 
However, it would be sufl'icient if only a few spots (soUd) on the radio-wave
reflecting bowl are actually covered with metal and reflect Ri8h1.: [t is not 
necessary for the radio waves reflected from those spots to be focused to an 
antenna and radio receiver at the h~ bowl's center. Rather, each spot can focus 
its waves to its own antenna and receiver, and the resulting radio signals can 
then be carried by wire from all the receivers to a central receiving station. 
where they are combined in the same manner as they would have been at the 
huge telescope's receiver. The result is a network of small radio telescopes with 
linked and combined outputs, a radio interferometer. 

~~---1 ltilom.et0f' --..,..'" 
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(they wanted to find out where the radio waves were coming from and 
what the shapes oIthe radio Sources were), not an improved sensitivity 
(not an ability to see more, dimmer radio sources--·-at least not for 
now). Therefore, they needed only a spotty bowl, not a flllly covered 
bowL 

A practical way to make such a spotty howl was by constructing a 
network of sma.ll radio telescopes conllected hy wires to a ceotral radio 
receiving sta.tion (right half of Figure 9.2). Each small telescoI'e was 
like a spot of metal on the big bowl, the wires carrying each small 
telescope's radio signal were like radio beams reflected from the big 
bowl's spot.~ and the central receiviItg station which combines the 
sigllals from the wiles was like the big bowl's antenna and receiver, 
which combine the bearns from the bowl's spots. Such networks of 
small telescopes, the cellterpieces of the experimel1tal physicists' ef
forts, were called radio interferom.eters, because the principle behind 
their operation was imeiferofn.etry; By "interfering" the outputs of the 
5ma1l telescopes with each other in a manner we shall meet in Box 10.3 
of Chapter 10, the central receiviog station constructs a radio map or 
picture of the sky. 

Through the late 19405, the 19508, and into the 19605, the three 
teams of experimental physicists (Jodrell Bank, Cambridge, and Aus· 
tralia) competed with each other ill building ever larger and nlore 
sophisticated radio interferomete-rs, with ever improvillg .resolutions. 
The first cru(~ial benchmark, the 100-fold lmprovern.el1t neceflsary to 
begin to stir an interest among optical astronomers, came in 1949, 
when JOhll Bolton. Gordon Stanley, and Bruce Slee of the Australian 
team produced 10-arc--minute-si3ed error bozes for the positions of a 
number of rad.io sources; that is, when they identified to-are-minute
sized regions on the sky in which the radio sources must lie. (Ten arc 
minutes is one-third the diameter of the Sun as seen from Earth, and 
thus much pOOl'er resolution than the human eye can achieve with 
light, but it is a remarkably good resolution when working with radio 
waves.) ,Vhen the e·rrot boxes were examined with optk.al telp..scopes, 
some, including eyg A, showed nothing bright of special note; finer 
radio TE~solution would be needed to reveal which of the plethc)ra of 
optically dim objects "iIi these errOr boxes might be the true sources of 
the radio waves. In three of the error boxes, how~ver. tht>.IC was an 
unusually bright optical objt.'Ct: one remnant of an ancient superllova, 
and two distant galaxies. 
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As difficult as it may have been for astrophysicists to explain the 
radio waves that Jansky had discovered emanating from our own gal
axy, it was even more difficult to understand how distant galaxies 
could emit such strong radio signals. That some of the brightest radio 
sources in the sky might be objects so extremely distant was too incred
ible for belief (though it ultimately would turn out to be true). There
fore, it seemed a good bet (but those who made the bet would lose) that 
each error box's radio signals were coming not from the distant galaxy, 
but rather from one of the plethora of optically dim but nearby stars in 
the error box. Only better resolution could tell for sure. The experi
mental physicists pushed forward, and a few optical astronomers began 
to watch with balf an eye, mildly interested. 

By summer 1951, Ryle's team at Cambridge had achieved a further 
10-fold improvement of resolution, and Graham Smith, a graduate 
student of Ryle's. used it to produce a i-are-minute error box for Cyg 
A-a box small enough that it could contain only a hundred or so 
optical objects (objects seen with light). Smith airmailed his best-guess 
position and its error box to the famous optical astronomer 'Walter 
Baade at the Carnegie Institute in Pasadena. (Baade was the man who 
seventeen years earlier, with Zwicky, had identified supernovae and 
proposed that neutron stars power (hem-Chapter 5.) The Carnegie 
Institute owned the 2.5-meter (IOO-inch) optical telescope on Mount 
Wilson, until recently the world's largest; Caltech, down the street in 
Pasadena, had just finished building the larger 5-meter (200-inch) 
telescope on Palomar Mountain; and the Carnegie and Caltech astrono
mers shared their telescopes with each other. At his next scheduled 
observing session on the Palomar 5-meter (Figure 9.3a), Baade photo
graphed the error box on the sky where Smith said Cyg A lies. (This 
spot on the sky, like most spots, had never before been examined 
through a large optical telescope.) When Baade developed the photo
graph, he could hardly believe his eyes. There, in the error box, was an 
object unlike any ever before seen_ It appeared to be two galaxies 
colliding with each other (center of Figure 9.3d). (We now know, 
thanks to observations with infrared telescopes in the 1980s, that the 
galaxy collision was an optical illusion. Cyg A is actually a single 
galaxy with a band of dust running across its face. The dust absorbs 
light in just such a way as to make the single galaxy look like two 
galaxies in collision.) The whole system, central galaxy plus radio 
source, would later come to be called a radio galaxy. 

Astronomers were convinced for two years that the radio waves were 
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being produced by a galactic collision. Then, in 1953, came another 
surprise. R. C. Jennison and M. K. Das Gupta of Lovell's J odrell Bank 
team studied eyg A using a new interferometer consisting of two 
telescopes, one fixed to the ground and the other moving around the 
countryside on a truck so as to cover, one after another, a number of 
"spots" on the "bowl" of an imaginary 4-kilometer-square telescope 
(see left half of Figure 9.2). Wjth this new interferometer (Figures 
9.3b, c), they discovered that the eyg A radio waves were not coming 
from the "colliding galaxies," but rather from two giant, roughly reC
tangular regions of space, about 200,000 light-years in size and 200,000 
light-years apart, on opposite sides of the "colliding galaxies." These 
radio-emitting regions, or lobes as they are called, are shown as rectan
gles in Figure 9.5d. together with Baade's optical photograph of the 
"colliding galaxies." Also shown in the figure is a more detailed map of 
the lobes' radio emission, constructed sixteen years later using more 
sophisticated interferometers; this map is shown as thin lined contours 
that exhibit the brightness of the radio emission in the same way as the 
contours of a topographic map exhibit the height of the Jand. These 
contours confirm the t 955 conclusion that the radio waves come from 
gigantic lobes of gas on either side of the "colliding galaxies." How 
both of these enormous lobes can be powered by a single, gigantic black 
hole will become a major issue later in this chapter. 

9.3 The discovery that Cyg A is a distant radio galaxy: (a) The 5·me\.er optical 
telescope used in 19tH by Baade to discover that Cyg A is connected with what 
appeared to be two colliding galaxies. (b) The radio interferometer at Jodrell 
Bank used in 1953 by Jennison and Das Gupta to show that the radio waves are 
coming from two giant lobes outside the colliding galaxies. The interferometer's 
two antennas (each an array of wires on a wooden framework) are shown here 
side by side. In the measurements, one was put on a truck and moved around the 
countryside, while the other remained behind, at rest on the ground. (c) Jennison 
and Das Gupta, inspecting the radio data in the control room of their interfer· 
ometer. (d) The two giant lobes of radio emission (rectangles) as revealed in the 
1955 measuremf".nts, shown together with Baade's optical photograph of the 
"collidi~ galaxies." Also shown in (d) is a high· resolution contour map of the 
lobes' radio emission (thin solid contours), produced in 1969 by Byle's group at 
Cambridge. lea) Courtesy Palomar Observatory/California Institute of Technology; (h) and 
(c) courtesy Nuffield Radio Astronomy Laboratories. University of Man,;:hestec; Cd) adapted 
from Mitton and Ryle (1969), Baade and Minkowski (1954). Jennison and Das Gupta (195~).] 

}}} 
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These discoveries were startling enough to generate, at long last, 
strong interest among optical asttonom(>rs. Jesse GreeIlStein was no 
longer the only one paying serious attention. 

For Greenstein himself, these discoveries ,,-ere the final straw. Hav
ing failed to push into radio work right afte"r the war, Americans were 
now bystanders in the gre-atest revolution to hit astronomy since 
Galileo invented the optical telescope. The rewards of the revolution 
were bt'ing reaped in Britain and Australia, and not in America. 

Greenstein was now a professor at Caltech. He had been brought 
then' from Yerkes to build an astronomy program around the new 
5-meter optical telescope, so naturally, he now went to Lee DuBridge, 
the Caltech president, and urged that Caltech build a radio interrer. 
ometeT to be used halld in hand with the 5·meter in exploring distant 
galaxies. DuBridge, having been director of the Ameri<'an radar effort 
during the war, was sympathetic, but cautious. To swing DuBridge into 
action, Greenstein organized an international COllfertmce on ihE:' future 
of radio astronomy in Washlngton. D.C., on 5 and 6 January 195+. 

In Washington, after the representatives from the great British and 
Australian radio observatories had described their remarkable discover
ies, Greenstein po.'ied his question: Must the United States continue as a 
radio astronomy wastelaIJd? The answer was obvious. 

With strong backing from the National Science Foundation, Ameri
can physicists, engineers, and aBtrollomeTS embarked on a crash pl'O

gram to construct a National Radio Astronomy Observatory in GJ-een·" 
bank, Wert Virginia; and DuBridge approved Greenstein's proposal for 
a state-of-the-art Caltech radio inteferoml'ter, to be built in Owens 
Valley, California, just southeast of Yosemite National Park. Since 
nobody at Caltech had the expertise to build such an instrument, 
Greenstein lured J obn Bolton from A.u'tralia to spearhead the effort. 

Quasars 

By the late 19505, the Americans were competitive. Radio telescopes 
at Greenbank were coming into operation, and at Caltech, Tom Math
ews, Per Rugen Maltby, and Alan Moffett on the llew Owens Valley 
radio int.erft-forneter were working hand in haud with Baade, Green
stein, and others on the Palomar 5-meter optical telescope to discover 
and Study large numhers of radio galaxies. 
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In 1960 this effort brought another surprise: Tom Mathews at Cal
tech received word from Henry Palmer that, according to lodrell Bank 
measurements, a radio source named 3C48 (the 48th source in the third 
version of a catalog constructed by Ryle's group at Cambridge) was 
extremely small, no more than 1 arc second in diameter (1/10,000 of 
the angular size of the Sun). So tiny a soun:e would be something quite 
new. However, Palmt>I and his Jodrell Bank colleagues could not pro
vide a: tight error box for the source's location. Mathews, in exquisitely 
beautiful work with Caltech's new radio interferometer, produced an 
error box just 5 seconds of arc in size, and gave it to Allan Sandage, an 
optical astronomer at the Carnegie Institute in Pasadena. On his next 
observing run on the 5-meter optical telescope, Sandage took a photo
graph centered on Mathews's error box and found, to his great surprise, 
not a galaxy, but a single, blue point of light; it looked like a star. "I 
took a spectrum the next night and it was the weirdE>.st spectrnm I'd 
ever seen," Sandage recalls. The wavelengths of the spectral lines were 
not at all like those of stars or of any hot gas ever manufactured on 
Earth; they were unlike anything ever before encountered by astrono
mers or physicists. Sandage could not make any sense at all out of this 
weird object. 

Over the next two years a half-dozen similar objects were discovered 
by the same route, each as puzzling as 3C48. All the optical astronomers 
at Caltech and Carnegie began photographing them, taking spectra, 
struggling to undel'Stand their nature. The answer should have been 
obvious, but it was not. A mental block held sway. These weird objects 
looked so much like stars that the astronomers kept trying to interpret 
them as a type of star in our own galaxy that had never before been 
seen, but the interpretations were horrendously contorted, not really 
bt>lieva ble. 

The mental block was broken by Maarten Schmidt, a thirty-two
year-old Dutch astronomer who had recently joined the Caltech fac
ulty. For months he had struggled to understand a spectrum he had 
taken of 3C273, one of the weird objects. On 5 February 1963, as he sat 
in his Caltech office carefully sketching the spectrum for inclusion in a 
manuscript he was writing, the answer suddenly hit him. The four 
brightest lines in the spectrum were the four standard "Balmer lines" 
produced by hydrogen gas-the most famous of all spectral lines, the 
first lines that college physics students learned about in their courses on 
quantum mechanics. However, these four lines did not have their usual 
wavelengths. Each was shifted to the red by 16 percent. 3C273 must be 

})5 
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an object containing a massive amount of hydrogell gas and moving 
away from the Earth at 16 percent. of the speed of light-·-enormously 
{aster than any star that any astronomer had ever seen. 

Schmidt flew out into the hall, ran into Greenstein., and excitedly 
described his discovery. G.reensteiJl turned, headed back to his o.ffice~ 
pulled o·ut his spectrum of 3(;48, and 'Stared at it for a while. Balmer 
lines were not present at any redshift; but lines erojited by magnesium, 
oxygen, and neon were there staring him in the face, and they had a 
redshift of 37 percent. 3C48 was,. at least. in part, a massive amount of 
gas containin.g magnesium, o"ygen, and neon, and movillg away from 
Earth at 37 percent of the speed of light. 

What was producing thl>Se high speeds? If, as everyone had thought, 
these weird objects (which would later be named quasars) Were some 
typ~ of star in our own Milky Way galaxy, then they must have been 
ejected from. somewhere, perhaps the Milky Way's central nucleus, 
with enormous force. This was too incredihle to believe, and a close 
examination of the quasars' spe(.1ra made it seem extremely unlikely. 

Left: JeI!$e L. Greenstein with a drawil18 of thePa10mar 5-meler optkal tele
scope, ca. 1955. RiRIa: Maarten Schmidt. with an instrument for measuring 
spectra made by the 5-meter telescope, ca. 1963. [C;ourte$Y the At('hives, Celiforni" 
1l1stitllte of Technology.] 
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The only reasonable alternative. Greenstein and Schmidt argued (cor
reedy), was that these quasars are very far away in our Universe, and 
move away from Earth at high speed as a result of the Universe's 
expansion. 

Recall that the expansion of the Universe is like the expansion of the 
surface of a balloon that is being blown up. If a number of ants are 
standing on the balloon's surface, each ant will see all the other ants 
move away from him as a result of the balloon's expansion. The farther 
away another ant is, the faster the first ant will see it move. Similarly, 
the farther away a distant object is from Earth, the faster we on Earth 
will see it move as a result of the Universe's expansion. In other words, 
the object's speed is proportional to its distance. Therefore, from the 
speeds of 3C273 and 301-8, Schmidt and Greenstein could infer their 
distances: 2 billion light-years and 4.5 billion light-years, respective
ly. 

These were enormous distances, nearly the largest distances ever yet 
recorded. This meant that, in order for 3C273 and 3C48 to be as bright 
as they appear in the 5-meter telescope, they had to radiate enormous 
amounts of power: 100 times more power than the most luminous 
galaxies ever seen. 

3C273, in fact, was so bright that, along with many other objects 
near it on the sky, it had been photographed more than 2000 times 
since 1895 using modest-sized telescopes. Upon learning of Schmidt's 
discovery, Harlan Smith of the University of Texas organized a close 
examination of this treasure trove of photographs, archived largely at 
Harvard, and discovered that 3C273 had been fluctuating in brightness 
during the past seventy years. Its light output had changed substan
tially within periods as short as a month. This means that a large 
portion of the light from 3C273 must come from a region smaller than 
the distance light travels in a month, that is, smaller than 1 "light
month." (If the region were larger, then there would he no way that 
any force, traveling, of course, at a speed less than or equal to that of 
light, could make the emitting gas all brighten up or dim out simulta
neously to within an accuracy of a month.) 

The implications were extremely hard to believe. This weird quasar, 
this 3C273, was shining 100 times more brightly than the brightest 
galaxies in the Universe; but whereas galaxies produce their light in 
regions 100,000 light-years in size, 3C273 produces its light in a region 
at least a million times smaller in diameter and lOU' times smaller in 
volume: just a light-month or less. The light must come from a mas-

JJ7 
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sive, compact, gaseous object that is heated by an enormously powerful 
engine. The engine would ultimately turD Ollt t() be, with high but nDt 
complete confidence, a gigantic black hole, but strong evidence for this 
W~ still fifteen years into the future. 

If explaining Jansky's radio wa"'es from our own Milky Way galaxy 
was difficult, and explaining the radio waves from distant radio g'dlax

ies VI'as even more difficult, thell the explanation for radlo waves from 
thes~ superdistant quasars would have to be superdifficult. 

The difficulty, it turned out, was an extreme mental block. Jesse 
Greenstein, l"red Whipple, and all other astronomers of the 19;Os and 
19405 had presumed that <-'OSmic radio waves, lib light from stars, are 
emitted by the heat-induced jiggling of atoms, molecules, and elec· 
trons. Astronomers of the thirtles and forties could not conceh'e of any 
other way for nature to create the observed radio waves, evell though 
their C"dlculations showed llnequivocally that this way can't work. 

Another way, however, had been known to physiclsts since the eaTly 
twentieth century: When an electron, traveling at high speed, enCQu.n· 
ters a maglletic field, the fjeld's magnetic force twists the electron '5 
motion into a spiral. The elet:tron is forced to spiral around and around 
the magnetic field lines (Figure 9.4), and as it spirals, it emitli electro-

9.4 Cosmic radio waves al't' produced by neal"-J~t-speed electrons that spiral 
around and arollnd in magnetic fields. 1'he magnetic field rurces an electron to 
spiral instead of mGl'ing on a straight line, and the electron's spiraling Jnotion 
pj'odu('es the radio waves. 
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magnetic radiation. Physicists in the 1940s began to call this radiation 
synchrotron radiation, because it is produced by spiraling electrons in 
the particle accelerators called "synchrotrons" that they were then 
building. Remarkably, in the 1940s, despite physicists' considerable 
interest in synchrotron radiation, astronomers paid no attention to it. 
The astronomers' mental block held sway. 

In 1950 Karl Otto Kiepenheuer in Chicago and Vitaly Lazarevich 
Ginzburg in Moscow (the same Ginzburg who had invented the LiD 
fuel for the Soviet hydrogen bomb, and who had discovered the first 
hint that black holes have no hairil

) broke the mental block. Building 
on seminal ideas of Hans Alfven and Niwlai Herlofson, Kiepenheuer 
and Ginzburg proposed (correctly) that Jansky's radio waves from our 
own galaxy are synchrotron radiation produced by near-light-speed 
electrons spiraling around magnetic field lines that fill interstellar 
spaL"e (Figure 9.4). 

A few years later, when the giant radio-emitting lobes of radio 
galaxies and thelJ quasars were discovered, it was natural (and correct) 
to conclude that their radio waves were also produced by electrons 
spiraling around magnetic field lines. From the physical laws govern
ing such spiraling and the properties of the observed radio waves, 
Geoffrey Burbidge at the University of California in San Diego com
puted how much energy the lobes' magnetic field and high-speed elec
trons must have. His startling answer: In the most extreme cases, the 
radio-emitting lobes must have about as much magnetic energy and 
high-speed (kinetic) energy as one would get by wnverting all the 
mass of 10 million (101

) Suns into pure energy with 100 percent effi
Clem.-y. 

These energy requirements of quasars and radio galaxies were so 
staggering that they forced astrophysicists, in 1963, to examine all 
conceivable sources of power in search of an explanation. 

Chemical power (the burning of gasoline, oil, (,-Oal, or dynamite), 
which is the basis of human civilization, was clearly inadequate. The 
chemical efficiency for converting mass into energy is only 1 part in 
100 million (1 part in lOS). To energize a quasar's radio-emitting gas 

2. See Figure 7.5. Ginzhurg is hfo.st known not for theae discoveries. but for yet another; his 
de'\·elopment. with l.e\.' Landau, of the "Ginzburg-Landau theory" of liUperconductivity (that 
is, an explanation for how it is that IIOme metals. when made v~y cold, lose all their resistance 
to the flow of electricity). Ginzburg is one of the world's few true "Renaissance physicists," II 

man who has contributed significantly to almost all branches of theoretical physics. 
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would therefore require 10" X 107 =: 1015 solar masses of chemical 
fuel--l0,OOO tirne.~ more fuel than is contained in our en.tire Milky 
Way galaxy. This SeE>.med totall.r unreasonable. 

Nuclear power, the basis of the hydrogen bomb a.nd of the Sun's heat 
and light, looked only marginal as a \vay to energize a quasar. Nuclear 
fuel's efficiency for Illa.ss-to-energy conversion is roughly 1 percent (1 
part in 1O~), so a quasar would need tog X 10" =: lOP (1 billion) solar 
ma8Se6 of nuclear fuel to energize its radio-emitting lobes. And this 1 
billio·n solar masses ,,,,ould bE!' adequate only if the nuclear fuel were 
burned completely and the res,llting energy were converted com
pletely into magnetic fields and kinetic energy of high. speed electrons. 
Complete burning and complete energy conversion seemed highly un
lik.ely. Even with carefully contrived machines, humans rarely achieve 
better than a few percent conversion of fuel energy Ulto useful energy, 
and Ilature without careful designs might well do worse. Thus, 10 
bmion 01' 100 billion solar lIl&SSes of Iludear fuel seemed more reASon
able. Now, this is les;; than the mass of a giant galaxy. bUt not a lot less, 
and how nature might a('nieve the conversion of the fuel's nuclear 
ene-rgy into magnetic and kinetic energy was very ullclear. Thus, nu
clear fuel u'ttr a possibility, but not a likely one. 

The annihilatwn C!l matt.er with antirlUltter could give 100 percent 
conversion of mass to energy, so 10 million solar masses of antimatter 
annillilating with 10 million solar masses of matter could satisfy a 
quasar's energy needs. However, there is no evidence that any antimat
ter exists in our Universe, except tiny bits created artifically by humans 
in particle accelerators a·nd tiny bits created by nature in collisions 
between matter particles. Moreover, even if so much matter and an
timatter were to annihilate ill a quasar, their annihilation energy 
would go into very high energy gamma rays, and not into magnetic 
energy alld electron kinetic energy. Thus, matter/antimatter annihila
tion appeared to be a very unsat.isfactory way to energize a quasar. 

One other possibility remained: grar.,ily. The implosion of a normal 
star to fonn a neutron star or a black hole might, conceivably, convert. 
10 perceDt of the star's mass into magnetic and kinetic energy
though precisely how was unclear_ If it managed to do so, then the 
implosions of 10 X 101 = 10- (100 million) nonna} stars might pro
vide a quasar's Emergy, as would the implosion of a single, hypothetic-aI, 

3. For bacllground, see the entry ~antjplatter" in the gI06aaIy, and Footnote ~ in Gh.lpter 5. 
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superm.assive star 100 million times heavier than the Sun. (The (:orreet 
idea, that the gigantic black hole produced by the implosion of such a 
supermassive star might itself be the engine that powers the quasar, 
did not occur to anybody in 1963. Black holes were but poorly under
stood. Whee1er had not yet coined the phrase "black hole" (Chapter 6). 
Salpeter ano Zel'dovich had not yet realized that gas falling toward a 
black hole could heat and radiate with high efficiency (Chapter 8). 
Penrose had not yet discovered that a black hole can store up to 29 
percent of its mass as rotational energy, and release it (Chapter 7). The 
golden age of black-hole rt>.search had not yet begun.] 

The idea that the implosion of a star to form a black hole might 
energi7.e quasars was a radical departure from tradition. This was the 
first time in history that astronomers and astrophysicists had felt a need 
to appeal to effects of general relativity to explain an object that W9lS 

being observed. Previously, relativists had lived in one world and as
tronomers and astrophysicists in another, hardly communicating. 
Their insularity was about to end. 

To foster dialogue between the relativists and the astronomers and 
astrophysicists, and to catalyze progress in the study of quasars, a con
ference of three hundred scientists was held on 16-18 December 1963, 
in Dallas, Texas. Tn an after-dinner speech at this First Texas Sympo
sium 011 I\.elatlvistic Astrophysics, Thomas Gold of Cornell University 
described the situation, only partially with tongue ill cheek: "[The 
mystery of the quasars.J allows one to suggest that the relativists with 
their sophisticated work are not only magnificent cultural ornaments 
but might actually be usefu1 to science! Everyone is pleased: the relati
vists who feel they are being appreciated and are experts in a field they 
hardly knew existed, the astrophysicists for having enlarged their do
main, their empire, by the annexation of another subject general 
relativity. It is all very pleasing, so let us all hope that it is right. What 
a shame it would be if we had to go and dismiss a11 the relativists 

. " agaIn. 
Lectures went on almost continuously from 8:30 in the morning 

until 6 in the evening with an hour out for lunch, plus 6 P.M. until 
typically 2 A.M. for informal discussions and arguments. Slipped ill 
among the lectures was a short, ten·minute presentation by a young 
New Zealander mathematician, Roy Kerr, who was unknown to the 
otheT participants. Kerr had just discovered his solution of the Einstein 
field equation-· the solution which, one decade later, would turn out to 
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df".5cribe all properties of !!Ipinning black holes, including dleir storage 
and release of rotational energy (Chapters 7 and 11); the solution 
which, as we shall see below, would ultimately become a foundation 
"for explaining the quasars' energy. However, in 1965 KelT's solution 
seemed to most scientists only a mathematical curiosity; nobody even 
knew it described a black hole·-thougb Kerr speculated it might 
somehow give insight into the' implosion of rotating stars. 

The astronomers and a'Jtrophysicists had come to Dallas to discuss 
quasa.rs; they were not at all interested in Kerr's esoteric mathematic-al 
topic. So, as Ke-rr got up to speak, many slipped out of the lecture hall 
and into the foyer to argue with each other about their favorite theories 
of quasars. Others, less polite, remained seated in the hall and argued 
in whispers. Many of the rest catnapped in a fruitless effort to remedy 
their sleep deficits from late-night science. Only a handful of relativists 
listened l with rapt attention. 

This was more than Achilles PapapetrO\l, one oC the world's leading 
relativists, could stand. As Kerr finished. Papapetrou demanded the 
floor, stood up, and with deep feeling explained the importance of 
Kerr's feat. He, Papapetrou, had been trying for thirty years to find 
suc..lt a sohltioIl of Einstein's equation, and had failed, as had many 
other relativisu. The ast.ronomers and astrophysicists nodded politely, 
and then, all the next speaker began to hold forth on a theory of 
quasars, they refocused their attention, and the meeting picked up 
pace. 

The 1960s marked a turning point in the study of radio sources. 
Previously the stlldy was totany dominated by observational astrono
mers--tha.t is, optical a.&tronomf'.ts and the radio-observing experimen
tal physiclst$, who were now being integrated into the atstronomical 
community and called radio astronomers.. Theoretical astl·ophysicists, 
by contrast, had contributed little, because the radio observations were 
not yet detailed enough to guide their theorizing very much. Their 
only contributions had been the realization that the- radio waves are 
produced by high-speed electrom spiraling around magnetic field lines 
in the giant radio-emitting lobes, and their calculation of how much 
magtletic and kinetic energy this entails. 

In the 1960s, as the resolutions of radio telescopes continued to 
improve and optical obse-rvations began to reveal new featur.es of the
radio sources (for example, the till}" sizes of the light-emitting cores of 
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quasars), this growing body of information became grist for the minds 
of astrophysicists. FrOID this rich information, the astrophysicists gen
erated dozens of detailed models to explain radio galaxies and quasars, 
and then one by one their models were disproved by accumulating 
observational data. This, at last, was how science was supposed to work! 

One key piece of information was the radio astronomers' discovery 
that radio galaxies emit radio waves not only from their giant double 
lobes, one on each side of the central galaxy, but also from the core of 
the central galaxy itself. In 1971, this suggested to Martin Rees, a 
recent student of Dennis Sciama's in Cambridge, a radically new idea 
about the powering of the double lobes. Perhaps a single engine in the 
galaxy's core was responsible for all the galaxy's radio waves. Perhaps 
this engine was directly energi~ing the core's radio-emitting electrons 
and magnetic fields. perhaps it was also beaming up power to the giant 
lobes, to energize their electrons and fields, and perhaps this engine in 
the cores of radio galaxie.5 was of the same sort (whatever that might 
be) that powers quasars. 

Rees initially suspected that the beams that carry power from the 
core to the lobes were made of ultra-law-frequency electromagnetic 
waves. However, theoretical calculations soon made it clear that such 
electromagnetic beams cannot penetrate through the galaxy's interstel
lar gas, no matter how hard they try. 

AB is often the case, Rees's not quite correct idea stimulated a correct 
one. Malcolm Longair, Martin Ryle. and Peter Scheuer in Cambridge 
took the idea and modified it in a simple way: They kept Rees's beams, 
but made them of hot, magnetized gas rather than electromagnetic 
waves. Rees quickly agreed that this kind of gas jet would do the job, 
and with his student Roger Blandford he computed the properties that 
the gas jets should have. 

A few years later, thi& prediction, that the radio-emitting lobes are 
powered by jets of gas emerging from a central engine, was spectacu
larly confirmed using huge new radio interferometers in Britain, Hol
land, and America-most notably the American VLA (very large 
array) on the plains of St. Augustin in New Mexico (Figure 9.5). The 
interferometers saw the jets, and the jets had just the predicted proper
ties. They rea.ched from the galaxy's COTe to the two lobes, and they 
could even be seen ramming into gas in the lobes and being slowed to a 
halt. 

The VLA uses the same "spots on the bowl" technique as the radio 
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9.5 Top: The VJ.! radio interferometer on the plains or 51.. Augustin in New 
Mexim. Ilottoln; A picture of the radio emission from the radio gahuy Cygnus A 
made with the \'1.A by R. A. Perley, J.W. Dreyer, and JJ. Cowan. The jet that feeds 
the right-balld l'adjo tobe Is quite clear; the jt't feedihg the left lobe is mucll 
fa·inter. Notice tlu~ euormous improvement III re.'IOlution of this rad;o·wan~ pic. 
IUI"e compare.d with I\c~ber's 1944 contour map wbich did not show tht! double 
lobes at all (Figure 9.hf). and with Jennison and Bas Gupta's 1953 rdwo map 
whkll baTt"Jy re-,.-ea led the existence of the lobes (two rectangles in Figure !J.M), 
and with RyJe's 1969 contour map (Figure 9.3d). {Bnth piC:\IrE'.s COlIrteay NRAO!Al'J .• 
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interferometers of the 1940s and 1950s (Figure 9.2), but its bowl is 
much larger and it uses many more spots (many more linked radio 
telescopes). It achieves resolutions.as good as 1 arc second, about the 
same as the world's best optical telescopes--a tremendous achievement 
when one contemplates the crudeness of Jansky's and Reber's original 
instruments forty years earlier. But the improvements did not stop 
there. By the early 1980s, pictures of the cores of radio galaxies and 
quasars, with resolutions 1000 times better than optical telescopes, 
were being produced by very long baseline interferometers (VLBls) 
composed of radio telescopes on opposite sides of a continent or the 
world. (The output of each telescope in a VLBI is recorded on magnetic 
tape, along with time markings from an atomic clock, and the tapes 
from all the telescopes are then played into a computer where they are 
"interfered" with each other to make the pictures.) 

These VLBI pictures showed, in the early 1980s, that the jets extend 
right into the innennost few light-years of the core of a galaxy or 
quasar--the very region in which resides, in the case of some quasars 
such as 3C273, a brilliantly luminous, light-emitting object no larger 
than a light-month in size. Presumably the central engine is inside the 
light-emitting object, and it is powering not only that object, but also 
the jets, which then feed the radio lobes. 

The jets gave yet another clue to the nature of the central engine. 
Some jets were absolutely straight over distances of a million light
years or more. If the source of such jets were turning. then, like a 
rotating water nozzle on a sprinkler, it would produce bent jets. The 
observed jets' straighmess thus meant that the central engine had been 
firing its jets in precisely the same direction for a very long time. How 
long? Since the jets' gas cannot move faster than the speed of light, and 
since some straight jets were longer than a million light-years. the 
firing direction must have been steady for more than a million years. 
To achieve such steadiness, the engine's "nozzles," which eject the jets, 
must be attached to a superbly steady object-a long-lived gyroscope of 
some sort. (Recall that a gyroscope is a rapidly spinning object that 
holds the direction of its spin axis steadily fixed over a very long time. 
Such gyroscopes are key components of inertial navigation systems for 
airplanes and missiles.) 

Ofthe dozens of ideas that had been proposed by the early 1980s to 

explain the central engine, only one entailed a superb gyroscope with a 
long life, a size less than a light-month, and an ability to generate 
powerful jets. That unique idea was a gigantic, spinning bladt hole. 
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Gigantic Black Holes 

The idea that gigantic black holes might power quasars and radio 
g'dlaxies was con<:eived by F..dwin Salpeter and Yakov Borisovich ZeI'
dovich in 1964 (the first year of the golden age --Chapter 7). This idea 
was an obvious application of the Salpeter·-Zel'dovich discovE'ry that 
gas streams, falling wward a black hole, shouJd collide and radiate (see 
Figure 8.40). 

A JIlore complete and realistic description of the fall of gas streams 
toward a black hole \vas devised in 1969 by Donald Lynden-Bell, a 
British astrophysicist in Cambridge. Lynden-Bell argued, convincingly, 
that after the gas streams collide, they will join together. and then 
centrifugal forces will make them spiral arOUlld and arOUlld the hole 
many times before falling in; and as they spiral, they ,viIl form a 
disk-shaped obje('t, mudl like the rings around the planet Saturn-·all 
accretion disk Lynden-Bell called it, since the gas is "accreting" onto 
the hole. (The right half of Figure 8.7 shows an artist's cOllception of 
such all accretion disk around the lDodest·si~ed hole in Cygnus X·· 1.) In 
the accretion disk~ adjacent gas streams win rub against each other, and 
iIltellSe friction frolD that rubbing will heat the disk to high teIIlpera
tures, 

In the 19805, astrophysicists realized that the brilliant light-emitting 
object at the center of 3C213, the object 1 light-month or less in size, 
was probably Lynden-Bell's f.riction-heatt>d. accretion disk. 

We nonnally think of friction as a poor source of heat . .Recall the 
unfortunate Boy Scout who tries to start a fire by rubbing two sticks 
togetherI Howe·veT, the Boy Scout is limited by his meager musde 
power, while an accretion disk's frict.ion feeds off gravitational energy. 
Since the gravitational energy is enormous, far larger than nuclear 
energy, the friction is easily up to the task of heating the disk and 
making it shint' 100 times more brightly than the most huninolls 
galaxies. 

How can a hlack hole act as a gyroscope? James Bardeen and Jacobus 
Petterson of Yale Univen .. -ity :reali7.ed the answer in 1975: If the black 
hole spins rapidly, then it behaves precisely like a gyroscope. Its spin 
direction remains always firmly fixed and unchanging, and the swir.l of 
space n~ar the hole created by the spin (Ji'igure 7.7) remains always 
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firmly oriented in the same direction. Bardeen and Petterson showed 
by a mathematical calculation that this near-hole swirl of space must 
grab the inner part of the accretion disk and hold it firmly in the hole's 
equatorial plane--and must do so no matter how the disk is oriented 
far from the hole (Figure 9.6). As new gas from interstellar space is 
captured into the distant pan of the disk, it may change the distant 
disk's orientation, but it can never change the disk's orientation near 
the hole. The hole's gyroscopic action prevents it. Near the hole the 
disk remains always in the hole's equatorial plane. 

Without Kerr's solution to the Einstein field equation, this gyro
scopic action would have been unknown, and it might have been im
possible to explain quasars. With Kerr's solution in hand, astrophysi
cists in the mid-1970s were arriving at a clear and elegant explanation. 
For the first time, the concept of a black hole as a dynamical body, 
more than just a "hole in space," was playing a central role in explain
ing astronomers' observations. 

How strong will the swirl of space be near the gigantic hole? In other 
words, how fast will gigantic holes spin? James Bardeen deduced the 
answer: He showed mathematically that gas accreting into the hole 
from its disk should gradually make the hole spin faster and faster. By 

9.6 The spin of a black hole produces a swirl of space around the hole. and that 
swirl holds the inner pal'l of the aeen-lion disk in the hole's equatorial plane. 
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the time the hole has swallowed enough inspiraling gas to double its 
mass, the hole should be spinning at nearly its maximum possible 
rate--the rate beyond which centrifugal forces prevent any further 
speedup (Chapter 7). Thus, gigantic holes should typically have near
maximal spins. 

How can a black hole and its disk produce two oppositely pointed 
jets? Amazingly easily, Blandford, Rees, and Lynden-Bell at Cam
bridge vniversity recognized in the mid-1970s. There are four possible 
ways to produce jets; anyone of them might do the job. 

First, Blandford and Rees realized, the disk may be surrounded by a 
cool gas cloud (Figure 9.7a). A wind blowing off the upper and lower 
faces of the disk (analogous to the wind that blows off the Sun's sur
face) may create a bubble of hot gas inside the cool cloud. The hot gas 
may then punch orifices in the cool cloud's upper and lower faces and 
flow out of them. Just as a nozzle on a garden hose collimates outflow
ing water to form a fast, thin stream, so the orifices in the cool cloud 
should collimate t.lle outflowing hot gas to form thin jets. The direc
tions of the jets will depend on the locations of the orifices. The most 
likely locations, if the cool cloud spins about the same axis as the black 
hole, are along the common spin axis, that is, perpendicular to the 
plane of the inner part of the accretion disk-· and the orifices at these 
locations will produce jets whose direction is anchored to the black 
hole's gyroscopic spin. 

Second, because the disk is so hot, its internal pressure is very high, 
and this pressure might puff the disk up until it becomes very thick 
(Figure 9.7b). In this case, Lynden-Bell pointed out, the orbital motion 
of the disk's gas will produce centrifugal forces that create whirlpool
like funnels in the top and bottom faces of the disk. These funnels are 
precisely analogous to the vortex that sometimes forms when water 
swirls down the drain hole of a bathtub. The black hole is like the 
drainhole, and the disk's gas is like the water. The faces of the vortex
like funnels should be so hot, because of friction in the gas, that they 
blow a strong wind off themselves, and the funnels might then colli
mate this wind into jets, Lynden-Bell reasoned. The jets' directions will 
be the same as the funnels', which in turn are firmly anchored to the 
hole's gyroscopic spin axis. 

Third, Blandford realized, magnetic field lines anchored in the disk 
and sticking out of it will be forced, by the disk's orbital motion, to spin 
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9.7 Four methods by Which a black bole or its accretion disk could power twin 
jets. (a) A wind from the disk blows a bubble in a surrounding, spinning gas 
cloud; the bubble's hot gas punches orifices throush the cloud, along its spin axiS; 
and jets of hot gas shoot out the orifices. (b) Tile disk is puffed up by the pressure 
of its great internal heat. and the surface of the purred, rotating disk fonns two 
funnels that collimate the disk's wind into two jets. (c) Magnetic field Hnes 
anchored in the disli are foreed to spin by the disk's orbital. rotation; as they spin. 
the field lines fling plasma upward and downward, and the plasma, slidin8 along 
the field linf'.8, fOmls two magnetized lets. (d) Maslletic field lines threading 
through the black hole ure forced to spin by the swirl of the hole's space, and a8 
they spin, the field lines fling plasma upward and downward to form two magne
tized jets. 
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around and around (Figure 9.7c). The spinning field lines will assume 
an outward and upward (or outward and downward) spiraling shape. 
Electrical forces should anchor hot gas (plasma) onto the spinning field 
lines; the plasma can slide along the field lines but not across them. As 
the field lines spin, centrifugal forces should fling the plasma outward 
along them to form two magnetized jets, one shooting outward and 
upward, the other outward and downward. Again the jets' directions 
will be firmly anchored to the hole's spin. 

The fourth method of producing jets is more interesting than the 
others and requires more explanation. In this fourth method, the hole 
is threaded by lIlagnetic field lines as shown in Figure 9.7d. As the hole 
spins, it drags the field lines around and around, causing them to fling 
plasma upward and downward in much the same manner as the third 
method, to form two jets. The jets shoot out along the hole's spin axis 
and their direction thus is firmly anchored to the hole's gyroscopic spin. 
This method was conceived of by Blandford soon after he received his 
Ph.D. in Cambridge, together with a Cambridge graduate student, 
Roman Znajek, and it thus is called the Blant!/ord-Znajek process. 

The Blandford-Znajek process is especially interesting, because the 
power that goes into the jets comes from the hole's enormous rotational 
energy. (This should be obvious since it is the hole's spin that causes 
space to swirl, and the swirl of space that causes the magnetic field lines 
to rotate, and the field lines' rotation that flings plasma outward.) 

How is it possible, in this Blandford-Znajek process, for the hole's 
horizon to be threaded by magnetic field lines? Such field lines would 
be a form of "hair" that can be converted into electromagnetic radia
tion and be radiated away, and therefore, according to Price's theorem 
(Chapter 7), they must be radiated away. In fact, Price's theorem is 
correct only if the black hole is sitting alone, far from al1 other objects. 
The hole we are discussing, however, is not alone; it is surrounded by 
an accretion disk. If the field lines of Figure 9.7d pop off the hole, the 
lines going out the hole's northern hemisphere and those going out its 
southern hemisphere will turn out to be continuations of each other, 
and the only way these lines can then escape is by pushing their way 
out through the accretion disk's hot gas. But the hot gas will not let the 
field lines through; it confines thefil firmly into the region of space 
inside the disk's inner face, and since filost of that region is occupied by 
the hole, most of the confined field lines thread through the hole. 

Where do these magnetic field lines come from? From the disk itself. 
All gas in the Universe is magnetized, at least a little bit, and the disk's 
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gas is no exception." As, bit by bit, the disk's gas aecretes into the hole, 
it carries its magnetic field lines with it. UpOll nearing the hole, each 
bit of gas slides down its magnetic field lines and through the horizon, 
leaving the field lines behind, sticking out of the horizon and threading 
it in the manner of Figure 9.7d. These threading field lines, firmly 
confined by the surrounding disk, should then extract the hole's rota
tional energy by the Blandford-Znajek process. 

All four methods of producing jets (orifices in a gas cloud, wind from 
a funnel, whirling field lines anchored in a disk, and the Blandford
Znajek process) probably operate, to varying degrees, in quasars, in 
radio galaxies, and in the peculiar cores of some other types of galaxies 
(cores that are called active galactic nuclei). 

If quasars and radio galaxies are powered by the same k.ind of black.
hole engine, what makes them look so different? Why does the light of 
a quasar appear to come from an intensely luminous, star-like object, 1 
light-month in size or less, while the light of a radio galaxy comes from 
a Milky Way-like assemblage of stars, 100,000 light-years in size? 

It seems almost certain that quasars are not much different from 
radio galaxies; their central engines are also surrounded by a 100,000-
light-year-sized galaxy of stars, However, in a quasar, the central black 
hole is fueled at an especially high rate by accreting gas (Figure 9.8), 
and frictional heating in the disk is correspondingly high. This huge 
heating makes the disk shine so strongly that its optical brilliance is 
hundreds or thousands of times greater than that of all the stars in the 
surrounding galaxy put together. Astronomers, blinded by the bril
liance of the disk, cannot see the galaxy's stars, and thus the object 
looks "quasi-stell81'" (that is, star-like; like a tiny, intense point of light) 
instead of looking like a galaxy.s 

The innermost region of the disk is so hot that it emits X-rays; a 
little farther out, the disk is cooler and emits ultraviolet radiation; still 
farther out it is cooler still and E>.mits optical radiation (light); and in its 
outermost region it is even cooler and emits infrared radiation. The 
light-emitting region is typically about a light-year in si~e. though in 

'1-. The malJlletic fields haw been built up continually over the lite of tb~ Universe by the 
motions of iIlterstellar and stellar gill. and once generated, the magnetic fields are extrr.mely 
hard to g-et rid of. When interstellar gas accumulatea into the aocretion disk, it carries its 
magnetic fields with itself. 

5. The word "quasar" is shorthand for "quasi-stellar." 
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9.8 Our best present undeI'Sl3Dding of the structures of quasars and radio 
galaxies. This detailed model, based on aJI the observational data. has been 
developed by Sterl Pninney of (',altech and others. 
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some cases such as 3C275 it can be a light-month or smaller and thus 
can vary in brightness over periods as short as a month. Much of the 
X-ray radiation and ultraviolet light pouring out of the innermost 
region hits and heats gas clouds several light-years from the disk; it is 
those heated clouds that emit the spectral lines by which the quasars 
were first discovered. A magneti~ed wind blowing off the disk, in some 
quasars but not all, will be strong enough and well enough collimated 
to produce radio-emitting jets. 

In a radio galaxy, by contrast with a quasar, the central a(:cretion 
disk presumably is rather quiescent. Quiesc-.ence means small friction in 
the disk, and thus small heating and low luminosity, so that the disk 
shines much less brightly than the rest of the galaxy. Astronomers thus 
see the galaxy and not the disk through their optical telescopes. How
ever, the disk, the spinning hole, and magnetic fields threading 
through the hole together produce strong jets, probably in the manner 
of Figure 9.7d (the Blandford-Znajek process), and those jets shoot out 
through the galaxy and into intergalactic space, where they feed en
ergy into the galaxy's huge radio-emitting lobes. 

Tht>.se black-hole-based explanations for quasars and radio galaxies 
are so successful that it is tempting to assert they must be right, and a 
galaxy's jets must be a unique signature crying out to us "I come from a 
black hole!" However, astrophysicists are a bit cautious. They would 
like a more ironclad case. It is still possible to explain all the observed 
properties of radio galaxies and quasars using an alternative, non
black-hole engine: a rapidly spinning, magnetized, supermassive star, 
one weighing millions or billions of times as much as the Sun-a type 
of star that has never been seen by astronomers, but that theory sug
gests might form at the centers of galaxies. Such a supermassive star 
would behave much like a hole's accretion disk. By contracting to a 
small size (but a size still larger than its critical circumference), it could 
release a huge amount of gravitational energy; that energy, by way of 
friction, could heat the star so it shines brightly like an accretion disk; 
and magnetic field lines anchored in the star could spin and fling out 
plasma in jets. 

It might be that some radio galaxies or quasars are powered by such 
supermassive stars. However, the laws of physics insist that such a star 
should gradually contract to a smaller and smaller size, and then, as it 
nears its critical circumference, should implode to form a black hole. 
The star's total lifetime before implosion should be much less than the 
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age of the Universe. This suggests that, although the youngest of radio 
galaxies and quasars might be powered by supeTInassive stars. older 
Olles are almost certainly powered, instead, by gigantic holes--almost 
certainly, but 110t absolute(r certainly. These arguments are not iron
clad. 

How common are gigantic black h01es? Evidence, gradually ac
cumulated during the 1980s, S\1ggestS that such holes inhabit not only 
the (,'Or~ of most quasars and radio galaxies, but also the cures of most. 
large, nonnal (non-radio) galaxies such as the Milky Way and An
dromeda, a.nd even the cores of some small galaxies such as An
dromeda's dwarf com.panion. M~2. In nQrmal galaxies (the :Milky Way, 
Andromeda, M32) the black bole presumably is surrounded by no 
accretion disk at all, or by only a tenuous disk that pours out only 
modest amounts of energy. 

The evidence for such a hole in our own Milky Way galaxy (as of 
1993) is s'lggestive, but far from firm. OIle key bit of evidence comes 
from the orbital rnotions of gas clouds neal' the renter of the galaxy. 
Infrared observations of those clouds, by Charles Townes and col
leagues at the University of California at Berkeley, show that they are 
orbiting around an Object which weighs about 3 mi.llion times as much 
as the Sun, and radio observations reveal a 'Very peculiar, though not 
strong, radio source at the position of the central object··-a radio source 
ama~ingly small, no larger than our solar system. These are the types of 
observations One might expect from a quiescent, 3·million-solar-mass 
black hole with oIlly a tenuous accretion disk; but they are also te'd.dily 
expl.ained in other ways. 

The possibility that gigantic black holes might exist and inhabit the 
('.ores of galaxies Caltlt>' as a tremendous surprise to astronomers. In 
retrospect, however, it is easy to understand how such holes might form 
in a galactic core. 

In any galaxy, whenever two stars pass near each other, their gravi
tational forces swing them around each other and then fling them off 
in directions diJferent from their original paths. (This same kind of 
swing and fling changes the orbits of NASA's spacecraft when they 
ellcounte.r planets such as Jupiter.) In the swing and fling, one of the 
stars typically gets flung inward, toward the galaxy's center, wbile the 
other gets flung outwaTd, away from the center. The cumulative effect 
of many such swings and flings is to drive some of the galaxis stars 
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deep down into the galaxy's core. Similarly, it turns out, the cumula
tive effect of friction in the galaxy's interstellar gas is to drive much of 
the gas down into the galaxy's core. 

As more and more gas and stars accumulate in the core, the gravity 
of the agglomerate they form should become stronger and stronger. 
Ultimately, the agglomerate's gravity may become so strong as to over
whelm its internal pressure, and the agglomerate may implode to form 
a gigantic hole. Alternatively, massive stars in the agglomerate may 
implode to form small holes, and those small holes may collide with 
each other and with stars and gas to form ever larger and larger holes, 
until a single gigantic hole dominates the core. Estimates of the time 
required for such implosions, collisions, and coalescences make it seem 
plausible (though not compelling) that most galaxies will have grown 
gigantic black holes in their cores long before now. 

IE astronomical observations did not strongly suggest that the cores 
of galaxies are inhabited by gigantic black holes, astrophysicists e\o'en 
today, in the 1990s, would probably not predict it. However, since the 
observations do suggest gigantic holes, astrophysicists easily accommo
date themselves to the suggestion. This is indicath'e of aUf poor under
standing of what really goes on in the cores of galaxies. 

What of the future? Need we worry that the gigantic hole in our 
Milky Way galaxy might swallow the Earth? A few numbers set one's 
mind at ease. Our galaxy's central hole (if it indeed exists) weighs 
about :3 million timE>.5 what the Sun weighs, and thus has a circumfer
ence of about 50 million kilometers, or 200 light-seconds-·· . about one
tenth the circumference of the Earth's orbit around the Sun. This is 
tiny by comparison with the size of the galaxy itself. Our Earth, along 
with the Sun, is orbiting around the galaxy's center on an orbit with a 
circumference of 200,000 light-years--about 30 billion times larger 
than the circumference of the hole. If the hole were ultimately to 
swallow most of the mass of the galaxy, its circumference would ex
pand only to about 1 light-year, still 200,000 times smaller than the 
circumference of our orbit. 

Of course, in the roughly 1018 years (tOO million times the Uni
verse's present age) that it wiJ) require for our central hole to swallow a 
large fraction of the mass of our gaJaxy, the orbit of the Earth and Sun 
will change substantially. It is not possible to 'predict the details of 
those changes, since we do not know well enough the locations and 
motions of all the other stars that the Sun and Earth may encounter 
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during to,· years. Th\lS, we c-annot predict whether the Earth and Sun 
win wind up, ultimately, inside the galaxy's ceIltl'al hole, ()r vvill be 
filIng out of the galaxy. However, we ('All be confident that, ifthe Earth 
ultimately gets swallowed, its demise is roughly 10i8 years in the fu
ture--so far off that many other catastrophes will almost certainly 
befall the Eanh and hwnanity in the meantime. 



10 

Ripples 
of Curvature 

in which gravitational waVQ carry to Earth 
encoded symphonies of blo,ck holes colliding, 

and physicists devise instruments 
to monitor the waves 
and decipher their symphonies 

Symphonies 

In the core of a far-off galaxy, a billion light-years from Earth and a 
billion years ago, there accumulated a dense agglomerate of gas and 
hundreds of millions of stars. The agglomerate gradually shrank, as 
one star after another was flung out and the remaining 100 million 
stars sank closer to the center. After 100 million years, the agglomerate 
had shrunk to several light-years in size, and small stars began, occa
sionally, to collide and coalesce, forming larger stars. The larger stars 
consumed their fuel and then imploded to form black holes, and pairs 
of holes, flying close to each other, occasionally were captured into 
orbit around each other. 

Figure 10.1 shows an embedding diagram for one such black-hole 
binary. Each hole creates a deep pit (strong spacetime curvature) in the 
embedded surface, and as the holes encircle each other, the orbiting 
pits produce ripples of curvature that propagate outward with the 
speed of light. The ripples form a spiral in the fabric of spacetime 
around the binary, much like the spiraling pattern of water from a 
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10.1 An embedding diagram depicting the curvature of spa(!e in the orbital 
"plane" of a binary systeDl made of two black holes. At the center are two piL~ 
that represent the strong spa~lime curvature around the two holes. TIlese pits 
are the same as encountered in previous black· hole embeddill@ diagrams, for 
example, Figure 7.6. As the holes orbit each other, they cw.ate outward propatlla· 
tin~ ripples of curvature called gl'avitatioTUll waves. ~Co.JI'tP.5y LIGO Projer.t, Califor· 
nia Institllte of Tecllnology.j 

rapidly rotating lawn sprinkler. Just as each drop of water from the 
sprinkler flies nearly radially outward. So each bit of curvature flies 
nearly radially outward; and just as the outward flying drops together 
form a spiraling stream of water, so all the bits of curvature together 
form spiraling ridges and valleys in the fabric of spacetime. 

Since spacetime curvature is the same thing as gravity, these ripples 
of curvature are actually waves of gravity. or gravitational waves. Ein
stein's general theory of relativity predicts. unequivocal1y, that such 
gravitational waves must he produced whe~ever two b)ack holes orbit 
each other··--and also whenever two stars orbit each other. 

As they depart for outer space, the gravitational waves push back on 
the holes in much the same way as a bullet kicks back on the gun that 
fires it. The waves' push drives the holes closer together and up to 
higher speeds; that is, it makes them slowly spiral inward toward each 
other. The inspiral gradually releases gravitational energy, with half of 
the released energy going into the waves and the other half into ill
creasing the holes' orbital speeds. 
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The holes' inspiral is slow at first, but the closer the holes draw to 
each other, the faster they move, the more strongly they radiate their 
ripples of curvature, and the more rapidly they lose energy and spiral 
inward (Figures 10.2a,b). Ultimately, when each hole is moving at 
nearly the speed of light, their horizons touch and merge. Where once 
there were two holes, now there is one--a rapidly spinning, dumbbell
shaped hole (Figure 10.2c). As the horizon spins, its dumbbell shape 
radiates ripples of curvature, and those ripples push back on the hole, 
gradual1y reducing its dumbbell protrusions until they are gone (Fig
ure 10.2d). The spinning hole's horizon is left perfectly smooth and 
circular in equatorial cross section, with precisely the shape described 
by Kerr's solut~on to the Einstein field equation (Chapter 7). 

By examining the final, smooth black hole, one cannot in any way 
discover its past history. One cannot discern whether it was created by 
the coalescence of two smaller holes, or by the direct implosion of a star 
made of matter, or by the direct implosion of a star made of antimatter. 
The black hole has no "hair" from which to decipher its history (Chap
ter 7). 

10.2 Embedding diagrams depicting the curvature of space around a binary 
system made of two black l\oles. The diagrams have been embellished by the 
artist to give a sense of motion. Each successive diagram is at a later moment of 
time, when the two holes have spiraled closer together. In diagrams (a) and (b), 
the holes' horizons are the circles at the bottoms of the pits. The horizons merse 
lust before diagram (c), to fonn a single, dumbbell-shaped hori7..on. The rotating 
dumbbell emits gravitational waves. which carry away it."! deformation, 1eavins 
behind a smooth, spinning, KelT black hole in diagram (d). [Cour~.sy LTGO Project, 
California Tnstitute of Technology.) 

( c ) ( d, ) 
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However, the bistoty is not entirely lost. A recot'd baa been kept: It 
bas been encoded in the ripples of apaoetime curvature that the coalesc
ing holes emitted. Those curvature ripples are much like the sound 
wave, from a symphony. Just 88 the symphony ia encoded in the lOund 
waves~ modulations (1arg~r amplitude here, smaller there; higher fre
quency wiggles here, lower there), 60 the coalescence history is encoded 
in modulation. of the curvature ripple&. And jll$t. as the sound waves 
carry their encoded symphony from the orchestra that produces it to 
the audience, $0 the CUl'Yature ripple. clllTY their encoded history from 
the coalescing holes to the distant Universe. 

The QUVature ripples travel outward in the fabric of spacetime, 
through the agglomerate of atars and gas where the two holes were 
born. The agglomerate absorbs none of the ripples and distorts them 
not at all; the ripples' encoded history remaiO$ perfectly unchanged. On 
outl\vd the ripples propagate, through the agglomerate's parent gal
axy and into intergalactic space, through the cluster of galaxies in 
which the parent gala~y resides, thee onward through one cluster of 
galaxies after another and into our own c1IJster, into our own Milky 
Way galaxy, and into our solar system, through the Eartb, and on out 
toWard other, distant galaxies. 

If we humans are cl~ver enough, we should be able to monitor the 
ripples of spacetime curvature as t.~ey pass. Ottt computers can trans
late thE'Dl froln ripples of curvature to ripples of sound, and we then 
will bear the holes) symphony: a symphony that gradually riaes in pitch 
and intemity as the holes spiral together, then gyrates in a wild way as 
they coalesce into one, defonned hole, then slowly fades with steady 
pitch as the hole's protrusions gradually shrink and disappear. 

If we can decipher it, the ripples' symphony will contain a wealth of 
information: 

1. The symphony will contain a rignature that saya. "I come from a 
pair of black holes that are spiraling together and coalescing." 
This will be the kind of absolutely lUlequivocal black-hole signa. 
ture that astronomers thus far have searched for in vain using 
light and X-rays (Chapter 8) and Tadio waves (Chapter 9). Be· 
ca.use the light, X-rays. and radio waves are p1'Odu<led far outside 
a hole's hori~n. and because they are emitted by a type of mate-. 
rial (hot, high-speed electrons) that is completely different from 
that of which the bole ia made (pure spacetime curvat~), and 
beaUJe they can be strongly distorted by propagating through 
intervening matter. they can bring us but little information about 
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the hole, and no definitive signature. The ripples of curvature 
(gravitational waves), by contrast, are produced very near the 
coalescing holes' horizons, they are made of the same material (a 
warpage of the fabric of spacetime) as the holes, they are not 
distorted at all by propagating through intervening matter-and, 
as a consequence, they can bring us detailed information aheJUt 
the holes and an unequivocal black·hole signahu-e. 

2. The ripples' symphony can tell us just how heavy each of the 
holes was, how fast they were 'Pinning, the shape of their orbit 
(circular? elongated?), where the holes are on our sky, and how 
far they are from F..arth. 

5. The symphony will contain a partial map of the inspiraling holes' 
spacetime curvature. For the first time we will be able to test 
definitively general relativity's black-hole predictions: Does the 
symphony's map agree with Kerr's solution of the 'Einstein field 
equation (Chapter 7)? Does the map show space 5wirling near the 
spinning hole, as KelT'S solution demands? Does the amount of 
swid agree with Kerr's solution? Does the way the swirl changes 
as one approaches the horjzon agree with Kerr's solution? 

4. The symphony will describe the merging of the two holes' hori
zons and the wild vibrations of the newly merged holes--merg
lng and vibration!! of which, today, we have only the vaguest 
understanding. We understand them only vaguely because they 
are governed by a feature of Einstein's general relativity laws 
that we comprehend only poorly: the laws' nonlinearity (Box 
10.1). By "nonlinearity" is meant the propensity of strong cllrva
ture itself to produce more curvature, which in tum produces still 
more curvature--much like the grovtth of an avalanche, where a 
trickle of sliding snow pulls new snow into the flow, which in 
turn grabs more snow until an entire mountainside of snow i$ in 
motion. We understand this nonlinearity in a quiescent black 
hole; there it is responsible for holding the hole together; it is the 
hole's "glue." But we do not understand what the nonlinearity 
does, how it behaves, what its effects are, when the strong curva
ture is violently dynamical. The merger and vibration of two 
holes is a promising "laboratory" ill which to seek such under·· 
standing. The undentanding can come through hand-in-ha.rld 
cooperation between experimental physicists who monitor the 
symphonic ripples from coalescing holes in the distant Universe 
and theoretical physiciSts who simulate the coalescence on super
computers. 
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Nonlinearity and Its Consequences 

A quantity is called linear if its total size is the sum of its parts; otherwise 
it is rwnlirl.ear. 

My fami~y !ncome is linear; It is the sum of my wife's salary and :rny 
own. The amount of money I have in my l'etir~.ment fund is nonlinear: It 
is not the sum of all t.he contrihutions J have invested in the past; rather, it 
is far greater than that sum, because each contribution started earning 
interest when it was im:csted, and each bit of interest in turn earned 
interest of its OWll. 

The volume of wat(.'l' tlowillg in a sewer pipe is linear: It is the sum of 
the con.tributions from an the homes that fp.!ec. into the pipe. The volume 
of snow flowing in an avalanche is nonlinear: A tiny trickl~ of snO\v can 
trigger a whole mountainside of snow to start sliding. 

Linear phenomena are simple, easy to analyze, easy to predict. Nonlin
ear phenomena are complex and ha.rd to predict. I_inear phCJ10memt ex· 
hibit only a fE'W types of behaviors; they are easy to categorize. Nonlinear 
phenomena exhibit great richnt>,ss--a richness that sciclitists and ~ngi·. 
neers have only appreciated ill recent years, as they have begun to COD

frout a type of nOI)linear behavior called clzao.~. (For a beautiful introduc· 
tion to the concept of chaos see Gleick, 1987.) 

When spacetime curvature is weak (as ill the solar syste!Jl), it is very 
nearly linear; for example, the tides on the Earth's ocean.s are the smn of 
the tides produced by the Moon's spacetime curvature (tidal gravity) and 
the tides produced hy the SUli. By contrast, when spacetime curvature is' 

To achieve this understanding will require monitoring the holes' 
symphonic ripples of curvature. How can they be monitored? The key 
is the physical nature of the CUl'Vatur~: Spacetim~ curvature is t..\e same 
thing as tidal gravjty. The spacetime curvat.ure produced by the Moon 
raises tides in the Earth's oceans (Figure 10.3a), and the ripples of 
spacetime curvature in a gravitational wave should similarly raise 
ocean tid~ (F'igure 10.3b). 

General relativity insists, however. that the OCeall tides raised by the 
Moon and those raised by a gra.vitational wave differ in three major 
ways. The first difference is propagation. The gravitational wave's tidal 
forces (curvature ripples) are analogou~ to 11ght waves or radio waves: 
They travel from their source to the Earth at the sp~d of light. oscillat
ing as they trave1. 'The l'vloon's tidal forces, by contrast, are like the 
electric field of a charged body. Just as the electric field IS attached 
firmly to the charged body and the body carries it around, always 



strong (as in the big bang and near a black hole), Einstein's general 
relativistic laws of gravity predict that the curvature should be extremely 
nonlinear--among the most nonlinear phenomena in the Universe. How
ever, as yet we possess almost no experimental or observational data to 
show us the effects of gravitational nonlinearity, and we are so inept at 
solving Einstein's equation that our solutions have taught us about the 
nonlinearity only in simple situations-for example, around a quiescent, 
spinning black hole. 

A quiescent black hole owes its existence to gravitational nonlinearity; 
without the gravitational nonlinearity, the hole could not hold itself to
gether, just as without gaseous nonliflearities, the great red spot on the 
planet J upi ter (,.Guld not hold itsel f together. When the imploding star that 
creates a black hole disappears through the hole's horizon, the star loses its 
ability to influence the hole in any way; most important, the star's gravity 
can no lonbrer hold the hole together. The hole then continues to exist 
solely because of gravitational nonlinearity: The hole's spacetime curva
ture continuously regenerates itself nonlinearly, without the aid of the 
star; and the self-generated curvature acts as a nonlinear "glue" to bind 
itself together. 

The quiescent black hole whets our appetites to learn more. What other 
phenomena can gravitational nonlinearity produce? Some answers may 
come from monitoring and decoding the ripples of spacetime curvature 
prod'lced by coalescing black holes. We there might see chaotic, bizarre 
behaviors that we never anticipated. 

sticking out of itselfJike quills out of a hedgehog, so also the tidal forces 
are attached finnly to the Moon, and the Moon carries them around, 
sticking out of itself in a never-changing way, ready always to grab 
hold of and squeeze and stretch anything that comes into the Moon's 
vicinity. The Moon's tidal forces squee7.e and stretch the Earth's oceans 
in a way that seems to change every few hours only because the Earth 
rotates through them. If the Earth did not rotate, the squeeze and 
stretch would be constant, unchanging. 

The second difference is the direction of the tides (Figures 10.3a,b): 
The Moon produces tidal forces in all spatial directions. It stretches the 
oceans in the longitudinal direction (toward and away from the Moon), 
and it squeezes the oceans in transverse directions (perpendicular to the 
Moon's direction). By contrast, a gravitational wave produces no tidal 
forces at all in the longitudinal direction (along the direction of the 
wave's propagation). However, in the transverse plane, the wave 



364 RL .... CK HOLES A.ND T)ME WARPS 

MOON 
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to.5 The tidal forces produced by the Moon and by a graVitational wave. (a) The 
Moon's tidal Corct'.8 stretth and squeeze the Earth's oeeftllB; the iltretch is l0rWtu
dinal, tbe squeez.e is trabSferse. (b) A gral'1talional wave's tidal forces stretch and 
squeeze the Earth's oceans; the forces are entirely transverse. with a stretch 
along one transverse direction and a squ~ along the other. 

stretches the oceans in one direction (the up-down direction in Figure 
lO.5b) and squeetes alongt.1te other direction (the front-back direction 
in Figure 1 O.3b). This stretch and squeeze is oscillatory. As a crest of the 
wave passes, the stretch is up--down. the squeeze is front-back; as a 
trough of the wave passes, there is a reversal to up-down squeeze and 
front-back stret('.h; as the next crest arrives, there is a reversal again to 
up-down stretch and front-back squeeze. 
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The third difference between the Moon's tides and those of a gravi
tational wave is their size. The Moon produces tides roughly 1 meter in 
size, so the difference between high tide and low tide is about 2 meters. 
By contrast, the gravitational waves from coalescing black holes should 
produce tides in the Earth's oceans no larger than about 10-14 meter, 
which is to-!lI of the size of the Earth (and 1/10,000 the size of a single 
atom, and just 10 times larger than an atom's nucleus). Since tidal 
forces are proportional to the size of the object on which they aet 
(Chapter 2), the waves will tidally distort any object by about 1O-!U of 
its size. In this sense, 10-:21 is the strength o/the waves when they arrive 
at Earth. 

·Why are the waves so weak? Because the coalescing holes are so far 
away. The strength of a gravitational wave, like the strength of a light 
wave, dies out inversely with the distance traveled. When the waves 
are still close to the holes, their strength is roughly 1; that is, they 
squeeze and stretch an object by about as much as the object's size; 
humans would be killed by so strong a stretch and squeeze. However, 
when the waves have reached Earth, their strength is reduced to 
roughly 0/30 of the holes' circumference) / (the distance the waves 
have traveled).1 For holes that weigh about 10 times as much as the 
Sun and are a billion light-years away, this wave strength is 
(t~o) X (180 kilometers for the horizon circumference)/(a billion light
years for the distance to Earth) ~ to-lat. Therefore, the waves distort 
the Earth's oceans by 10-21 X (107 meters for the Earth's si2.e) = 10-14 

meter, or 10 times the diameter of an atomic nucleus. 
It is utterly hopeless to think of measuring such a tiny tide on the 

Earth's turbulent ocean. Not quite so hopeless, howevert are the pros
pects for measuring the gravitational wave's tidal forces on a carefully 
designed laboratory instrument-a gravitational-wa1Je detector. 

Bars 

Joseph Weber was the first person with sufficient insight to reali2.e 
that it is not utterly hopeless to try to detect gravitational waves. A 
graduate of the U.S. Naval Academy in 1940 with a bachelor's degree 

1. The factor Ihll cames from detailed calculations with the Einsteil'l tield equation. It 
inclildes a factor t/(21t), which is approxima1:P.iy lA;, to convert the hole's c.ircumferencc into 
a radius, and all additional factor '/5 that arises from details of the Einstf!in tleld equation. 

1M 



366 BLACK HOLES AND TIME WARPS 

in engineering, Weber served in W orId Wat" II on the aircraft carrier 
Le:~illgton, until it was sunk in t.he Bat.tle of the C.,oral Sea, and then 
became commandi~ otficer of Submarine Chaser No. 690; and he led 
Brigadier General Theodore Roosevelt, Ir., and 1900 R.angers onto the 
beach in the i945 invasion of Italy. After the war he became head of 
the t-lectronic countermeasures section of the Bureau of Ships for the 
U.S. Navy. His reputation for mastery of radio and radar technology 
was so great that in 1948 he- was offered and accepted the position of 
full profE!Ssor of electrical engineering a.t the University of Maryland
full professor at age twenty··nine, and with no more college education 
than a bachelor's degree. 

While teaching electrical engineering at Maryland. Weber prepared 
for a career change: He worked toward, and completed, a Ph.D. in 
physics at Catholic University, in part under the same person as had 
been John Wheeler's Ph.D. advise-r, Karl Herzfeld. From Herzfeld, 
Weber learned enough about the physics of atoIl"lS, molecules, and 
radiation to invent, in 1951, one version of the mechanism by which 
lasers work, but he did not have the resources to demonstrate his 
COT!cept experimentally. While Wt-ber was publishing his concept, t.wo 
other research groups. one at Columbia University led by Charles 
Townes and the other in Moscow led by Nikolai Gennadievich Basov 
and Aleksandr Michailovich Prokharov, independently invented alteT
native venions of the mechanism, and then went on to construct work
ing lasers.9 Though Weber's paper had been the first publication on the 
mechanism, be received hardly any credit; the Nob~l Prize and patents 
went to the Columbia and Moscow scientists. Disappointed, but maizl
tainillg close friendships with Townes and Basov, Weber sought a new 
research direction. 

As part of his search, Weber spent a year in John Wheeler's group, 
became an expert on general rela.tivity, and with Wheeler did theoreti. 
cal research on general relativity's predictions of the properties of 
gravitational waves. By 1957, he had found his new direction. He 
would embark on the world's liM effort to build apparatus for detect
ing and monitCJring gravitational waves. 

Through late 1957, all of 1958, and early !959, Weber struggled to 
invent eW-Ij scheme he could for detecting gravitational waves. This 

2. Tl:.eir 1aJQI8 actua!ly prodllcd micruw.ves {1I.'Jort·."""ve!ength radio wav~) rather than 
light, and thus wp.~ cal.Y IJ'I4W'S rather than "lasenl." "ROllI" Juers, the kind [hat produce 
li~ht, were not 5!(ccegfully (.'Onstruete<i unti! 1!e\'~1ll1 yean later. 
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was a pen, papE'I, and brainpower exercise, not experimental. He filled 
four 300-page notebooks with ideas, possible detector designs, and cal
culations of the expected perfonnance of each design. One idea after 
another he cast aside as not promising. One design after another failed 
to give high sensitivity. But a few held promise; and of them, Weber 
ultimately chose a cylindrical aluminum bar about 2 meters long, a 
half meter in diameter, and a ton in weight, oriented broadside to the 
incoming waves (Figure 10.4 below). 

As the waves' tidal force oscillates, it should first compress, then 
stretch, then compress such a har's en~. The bar has a natural mode of 
vibration which can respond resonandy to this oscillating tidal force, a 
mode in which its ends vibrate in and out relative to its center. That 
natural mode, like the ringing of a bell or tuning fork or wine glass, has 
a well-defined frequency. Just as a bell or tuning fork or wine glass can 
be made to ring sympathetically by sound waves that match its natural 
frequency, so the bar can be made to vibrate sympathetically by oscil
lating tidal forces that match its natural frequency. To use such a bar as 
a gravitational-wave detector, then, one should adjust its size so its nat
ural frequency will match that of the incoming gravitational waves. 

What frequency will that be? In 1959, when Weber embarked on 
this project, few people believed in black holes (Chapter 6), and the 
believers understood only very 1itde about a hole's properties. Nobody 
then imagined that holes could col1ide and coalesce and eject ripples of 
spacetime curvature with encoded histories of their collisions. Nor 
could anyone give much hopeful guidance about other sources of gravi
tational waves. 

So Weber embarked on his effort nearly blind. His sole guide was a 
crude (but correct) argument that the gravitational waves probably 
would have frequencies below about t 0,000 Hertz (10,000 cycles per 
second}--that being the orbital frequency of an object which moves at 
the speed of light (the fastest possible) around the most compact con
ceivable star: one with size near the critical circumference. So Weber 
designed the best detectors he could, letting their resonant frequencies 
fall wherever they might below 10,000 Hertz, and hoped that the 
Universe would provide waves at his chosen frequencies. He was lucky. 
The resonant frequencies of his bars were about 1000 Hertz (1000 
cycles of oscillation per second), and it turns out that some of the waves 
from coalescing black: holes should oscillate at just such frequencies, as 
should some of the waves from supernova explosions and from (:oalesc
ing pairs of neutron stars. 
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The most challenging aspect of Weber's project was to invent a 
sensor for monitoring his bars' yibrations. Those wave-induced vibra
tions, he expected, would be tiny: smaller than the diameter of the 
nucleus of an atom [but he did not know, in the 1960s, how very tiny: 
just 10-21 X (the 2-meter length of his bars) ::: lO-lh meter or one
millionth the diameter of the nucleus of an atom, according to more 
recent estimates). To most physicists of the late 19505 and the 1960s, 
eyen one-tenth of the diameter of an atomic nucleus looked impossibly 

lOA Joseph Weber, demonstraLln« the piezoelectric crystals Slued around the 
middle of his aluminum bar; ca.1975. Gravitational waves should drive the bar's 
end-to-end vibrations, and those vibrations should squee:r..e the crystals in and 
out so they produce oscillating voltages that are detected electronica1ly. i Photo by 
James P. Blair, courteay the National Geoera.phic Society.] 
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difficult to measure. Not so to Weber. He invented a sensor that was up 
to the task. 

Weber's sensor was based on the piezoelectric effect, in which certain 
kinds of materials (certain crystals and ceramics), when squeezed 
slightly, develop electric voltages from one end to the other. Weber 
would have liked to make his bar from such a material, but these 
materials were far too expE>.Ilsive, so he did the next best thing: He 
made his bar from aluminum, and he then glued piezoelectric crystals 
around the bar's middle (Figure 10.4.). As the bar vibrated, its surface 
squeezed and stretched the crystals, each crystal developed an oscillat
ing voltage, and Weber strung the crystals together one after another 
in an electric circuit so their tiny oscillating voltages would add up to a 
large enough voltage for electronic detection, even when the bar's 
vibrations were only one-tenth the diameter of the nucleus of an 
atom. 

In the early 19605, Weber was a lonely figure, the only experimental 
physicist in the world seeking gravitational waves. With his bitter 
aftertaste of laser competition, he enjoyed the loneliness. However, in 
the early 1970s, his impressive sensitivities and evidence that he might 
actually be detecting waves (which, in retrospect, I am convinced he 
was not) attracted dozens of other experimenters, and by the 1980s 
more than a hundred talented experimenters were engaged in a com
petition with him to make gravitational-wave astronomy a reality. 

I first met Weber on a hillside opposite Mont Blanc in the French 
Alps, in the summer of 1963, four years after he embarked on his 
project to detect gravitational waves. I was a graduate student, just 
beginning research in relativity, and along with thirty-five other stu
dents from around the world I had come to the Alps for an intensive 
two-month summer school focusing solely on Einstein's general rela
tivistic laws of gravity. Our teachers were the world's greatest relativity 
experts-John Wheeler, Roger Penrose, Charles Misner, Bryce De
Witt, Jo~ph Weber, and others--and we learned from theTIl in lec
tures and private conversations, with the glisw.ning snows of the Agui 
de Midi and Mont Blanc towering high in the sky above us, belled cows 
grazing in brilliant green pastures around us, and the picturesque vil
lage of Les Houches several hundred meters below us, at the foot of our 
school's hillside. 

In this glorious setting, Weber lectured about gravitational waves 
and his project to detect them, and I listened, fascinated. "Between 
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lectures V\'eber and I conversed about pbysics, life, and mountain 
climbing, and I came to regard him as a kindred soul. We were both 
loners; neither of us enjoyed intense competition or vigorous intellec
tual give-arld-take. We both preferred to wrestle with a. problem Oll our 
own, seeking advice and ideas occasionally from friends, but not being 
buffeted by others who were trying to beat lIS to a new insight or 
discovery. 

Over the next decade, as reseaw.h on black holes heated up and 
entered its golden age (Chapier 7), J began to find black-hole research 
distasteful-too much intensity, too much competition, too much 
rough-and-tumble. So I cast about for .lllotber area of research, one 
with more elbow room, into which I could put most of my effort while 
still working on black holes and other things part time. Inspired by 
W",be.l·, I chose gravitational waves. 

Like Weber, I saw gravitational waves as an illfant research field 
with a bright future. By entering the field in its infancy, 1 could have 
the fun of helping mold it, I could lay foundi!ltions on which others 
later would build, and I could do so without others breathing down my 
neck, since most other relativity theorists were then focusing on black 
holes. 

For Weber, the foundations to be laid were experimental: the inven
tion, construction, and contjnual improvement of detectGrs. For me, 
they were tlleoreti.cal: try to ·understand what Einstein's gravitational 
laws have to say about how gravitational waves are produced, how they 
push back <m their sources as they depart, and how they propagate; try 
to figure out which kinds of astronomical objects will produce the 
Universe's strongest waves, how strong their waves will be, and with 
what frequencies they will oscillate; invent mathematical tools for 
computing the details of the encoded symphonies produced by thest? 
objects, so when Weber and others ultimately detect the waves, theory 
and experiment can be compared. 

In 1969 J spent six weeks in M.oscow, at Zel'dO'\:ich's invitation. Onl;" 
day Zel'dovich took time out from bombarding me and others with 
new ideas (Chapters 7 and 12), and drove me over to Moscow Univer
sity to introduce me to a young experimental physicist, Vladimir Bra
ginsky. Braginsky, stimulated by Weber, had been working for several 
years to develop techniques for gravitational-wave detectioIl; he was 
the first experimenter after Weber to enter the field. He was also in the 
mid8t of other fascinating experiments: a search for quarks (a funda-
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mental building block of protons and neutrons), and an experiment to 
test Einstein's assertion that all objects, no matter what their composi
tion, fall with the same acceleration in a gravitational field (an asser
tion that underlies Einstein's description of gravity as spacetime curva
ture). 

I was impressed. Braginsky was clever, deep, and had excellent taste 
in physics; and he was warm and forthright, as easy to talk to about 
politics as about science. We quickly became close friends and learned 
to respect each other's world views. For me, a liberal Democrat in the 
American spectrum, the freedom of the individual was paralllount over 
all other considerations. No government should have the right to dic
tate how one lives one's life. For Braginsky, a llondoctrinaire Commu
nist, th('! responsibility of the individual to society was paramount. We 
are our brothers' keepers, and well we should be in a world where evil 
people like Joseph Stalin can gain control if we are not vigilant. 

l4t: Joseph Weber, Kip Thorne, and Tony Tyson at a conference on gravitational 
J"ddiation in Warsaw, Poland, September 1973. Right: Vladimir Braginsky and 
Kip Thome, in Pasadena, California, October 1984. [Left: phOLO by :vIarek Holzman, 
courtesy Andrzej Trautman; right: courtesy Valentin X. Rloldenko.] 
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Brd.ginsky had foresight that nobody else possessed. During OUT 1969 
meeting, aDd then again in 1971 and i972, he warm.ad me that the bars 
being used to search for gravitational waves have a fundamental, ulti
mate limitation. That limitation, he told me, comes from the laws of 
quantum mechanics. Although we normally think of quantum me
chanics as governing tiny objects such as electrons, atoms, and mole
cules, if we make sufficiently precise measurements on the vibratioll$ 
of a one-ton bar, we should see those vibrations also behave quantum 
mechanically, and their quantum me('nanical behavior will ultimately 
cause prOblems for gravitational-wave detection. Braginsky had con
vinced himself of this by calculating the ultimate performance of 
Weber's piezoelectric crystals and of several other kinds of sensors that 
one might use to measure a bar's vibrations. 

I didn't understand what Braginsky was talking about; I didn't un
derb1:and his reasoning, I didn't understand his conclusion, I didn't 
understand its importance, and :r didn't pay much attention. Other 
things he was teaching me seemed much more important: From him I 
was Jearning how to think about experiments, how to design experi
mental apparcltus, how to predict the noise that will plague the appara
tus, and how to suppress the noise so the apparatus will succeed in its 
task-and from me, Braginsky was lecu-ning how to think about Ein
stein's laws of gravity, how to identify their predictions. We were 
rapidly becoming a team, each bringing to our joint enterprise his own 
expertise; and over the next two decades, together we would have great 
fun and make a few discoveries. 

Each year in the early and mid-1.970s, when we saw each other in 
Moscow or Pasadena or Copenhagen or Rome or wherever, Braginsky 
repeated his warni.ng about quantum mechani~a1 trouble for gravita
tiooal-wave detectors, and each year I again did not understand. His 
warning was somewhat muddled because he himself did not under
mnd fully what was going OD. However, in 1976, after Braginsky, and 
independently Robin Giffard at Stanford Ulli versity, managed to make 
the warning more clear, I suddenly understood. The warning was seri
OU,s, I finally realized; the ultimate sensitivity of a bar detector is 
severely lim.ited by the uncertaUtty principle. 

The uncertainty principle is a fundamental feature of the laws of 
quantum mechanics. It says that, if you make a highly accurate mea
b1lJ'ement of the position of an object, then ill the process of your 
measurement you will necessarily k.ick the object, thereby perturbing 



Box 10.2 

The Uncertainty Principle and 
Wave/Particle Duality 

The uncertainty principle is intimately related to wave/particle duality 
(Box 4.f )-that is, to the propensity of particles to act sometimes like 
waves and sometimes like particles. 

If you measure the position of a particle (or any other object, for exam
ple, the end of a bar) and learn that it is somewhere inside some error box, 
then regardless of what the particle's wave might have looked like before 
the measurement, during the measurement the measuring apparatus will 
"kick" the wave and thereby confine it inside the error box's interior. The 
wave, thereby, will acquire a confined form something like the following: 

.. nt9.X • 

~ 
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DlSTANCE 

Such 8 confined wave contains many different wavelengths, ranging from 
the size of the box itself (marked rno.z above) to the tiny size of the corners 
at which the wave begins and ends (marked min). More specifically, the 
confined wave can be constructed by adding together, that is, superimpos
ing, the following oscillatory waves, which have wavelengths ranging 
from max down to min: 

+ 

+ 
Now, recall that the shorter the wavelength of the wave's oscillations, 

the larger the energy of the particle, and thus also the larger the particle's 
velocit.y. Since the measurement has given the wave a range of wave
lengths, the particle's energy and velocity might now be anywhere in the 
corresponding ranges; in other words, its enE'sgy and velocity are uncer
tain. 

(continued next page) 

+ 



(Box 1Q2 continued) 

To recapitulate, the measurement confined the particle's wave to the 
error box (first diagram above); this made the. wave consist of a range of 
wavelengths (second diagram); that range of wavelengths oorresponds to a 
range of energy and velocity; and the velocity is therefore uncertain. Xo 
matter how hard you try, you callnot avoid producing this velocity uncer
tainty when Y<JU measure the particle's position. Moreover, when this 
chain of reasoning is examined in greater depth, it predicts that the more 
accurclte your meaSU1.'ement, that is, the smaller yOUl" error box, the larger 
the ranges of wavelengths and velocity, and thus the larger the uncer
tainty in the particle's velocity. 

the object's velocity in a random, unpredictable way. The more accu· 
rate your position measurement is, the mQre strongly and unpredict
ably you must perturb the object's velocity. No matter how clever you 
are in designing your measurement, you cannot circumvent this innate 
uncertainty. (See Box 10.2.) 

The uncertainty principle governs not only measurements of micro
scopic objects such as electrons, atoms, and molecules; it also governs 
measurements of large object.s. However, because a large object has 
large inertia, a measurement's kick wiU perturb its velocity only 
slightly. (The velocity perturbation will be inversely proportional to 
the object's mass.) 

The uncertainty principle, when applied to a gravitational-wave 
detector, says that the more accurately a sensor measureS the position 
of the end or side of a vibrating bar, the more strongly and randomly 
the measurement must kick the bar. 

For an inaccurate sensor, the kick can be tiny and unimportant, but 
because the sensor was inaccurate, you do not know very well the 
amplitude of the bar's vibrations and thus cannot monitor weak gravi
tational waves. 

For an extremely accurate sensor, the kick is so enormous that it 
strongly changes the bar's vibrations. These large, unknowable changes 
thus mask the effects of any gravitational wave you might try to detect. 

Somewhere between these two extremes there is an optimal accu
racy for the sensor: an accuracy neither so poor that you learn little nor 
so great that the unknowable kick is strong. At that optimal accura~y, 
which is now called Braginsky's standard quantum limit, the effect of 
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the kick is just barely as debilitating as the errors made by the sensor. 
No sensor can monitor the bar's vibrations more accurately than this 
standard quantum limit. How small is this limit? For a 2-meter-long, 
1-ton bar, it is about 100,000 times smaller than the nucleus of an 
atom. 

In the 1960s, nobody seriously contemplated the need for such accu
rate measurements, because nobody understood very clearly just how 
weak should be the gravitational waves from black holes and other 
astronomical bodies. But by the mid-1970s, spurred on by Weber's 
experimental project, I and other theorists had begun to figure out how 
strong the strongest waves were likely to be. Roughly 10-21 was the 
answer, and this meant the waves would make a 2-meter bar vibrate 
with an amplitude of only to-21 X (2 meters), or about a millionth the 
diameter of the nucleus of an atom. If these estimates were correct (and 
we knew they were highly uncertain), then the gravitational-wave 
signal would be ten times smaUer than Brag;.nsky's standard quantum 
limit, and therefore could not possibly be detected using a bar and any 
known kind of sensor. 

Though this was extremely worrisome, all was not lost. Braginsky's 
deep intuition told him that, if experimenters were especially clever, 
they ought to be able to circumvent his standard quantum limit. There 
ought to be a new way to design a sensor, he argued, so that its un
knowable and unavoidable kick does not hide the influence of the 
gravitational waves on the bar. To such a sensor Braginsky gave the 
name quantum nondemolition5

; "quantum" because the sensor's kick is 
demanded by the laws of quantum mechanics, "nondemolition" be
cause the sensor would be so configured that the kick would not demol
ish the thing you are trying to meaSUre. the influence of the waves on 
the bar. Braginsky did not have a workable design for a quantum 
non demolition sensor, but his intuition told him that such a sensor 
should be possible. 

This time I listened, carefully; and over the next two years I and my 
group at Ca]tech and Braginsky and his group in Moscow both strug
gled, on and off, to devise a quantum nondemolition sensor. 

We both found the answer simultaneously in the autumn of 1977-
but by very different routes. I remember vividly my excitement when 

3. Bnginsky has & remarkable mastery of the nuances of the English language; he can 
construct an eloquent English phrase to describe a new idea far more readily than most 
Americans or Britons. 

J7f 
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the idea occurred to Carlton Caves and me4 in an intense discussion 
over lunch at the Greasy (Caltech's student cafeteria). And I recall the 
bittersweet taste of learning that Braginsky, Yuri V orontsov, alld FaI'
hid Khalili had had a significant piece of the same idea in Moscow at 
essentiall)" the same time----bitter because 1 get great satisfact~on from 
being the first to discover something new; sweet because I am SO fond 
of Braginsky and thus get pleasure from aharing discoveries with him. 

Our full quantum. nondemolition idea is rather abstract and permits 
a wide variety of sensor designs for circumventing Bragillsky's standard 
quantum limit. The idea's abstractness, however, makes it difficult to 
explain, so here I shall describe just one (not very practical) example of 
a quantum nondemolition sensor.s This example has been called, by 
Braginsky, a stroboscopic sensor. 

A stroboscopic sensor relies on a special property of a bar's vibrations: 
If the bar is given a very sharp, unknown kick, its amplitude of vibra
tion will change, but no matter what that amplitude change is. pre
cisely one period of oscillation after thl' kick the bar's vibrn.ting end 
will return to the same position as it had at the moment of the kick 
(black dots in Figure 10.5). At least this is true if a gravitational wave 
(or some other force) has not squeezed or stretched the bar in the 
meantime. If a wave (OT other force) has squeezed the bar in the 
meantime, then the bar's position one period later will be changed. 

To detect the wave, then, one should build a sensor tha.t makes 
stroboscopic measnrements of the bar's vibrating ends, a sensor that 
measures the position of the bar's ends quickly once each period of 
vibration. Such a sensor will kick the bar in each measurement, but the 
kicks will not change the position of the bar's ends at the times of 
subsequent measurements. If the position is found to have changed, 
then a gravitational wave (or some other force) must have squeezed the 
bar. 

Although quantum nondemolition sensors solved the problE>.l1l of Bra· 
ginsky's standard quantum limit, by the micl-1980s I had become 
rather pessimistic about the prospects for bar detectors to bring gravita
tional-wave astronomy to fmition. My pessimism had two causes. 

+_ A key found.tiop fo .. OUT idea came ftorn a col1eague, William Umuh. at the University 
of British Columbia. The development of the idea and its consequences WiIJl auried out jointly 
by Ca'ge8, me, and three others who were gatllered aroupd the lunch table with UI when we 
ciiscDveroec/ it! RDnald Drever, Vemon Sendberg. and Mark ZinunermllPn_ 

5_ The- full idea is described by eaves et ai. (1980) and by Sraginsky. Voronl5DV, and 
Thorne (19S0). 
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10.5 The principle underlying a stroboscopic quantum nondemolition mea· 
surement Plotted vertically is the position of the end of a vibratin8 'bar; plotted 
horizontally is Ume. If a quick, highly precise measurement of the po8ition is 
made at the time marked KICK, the sensor that makes the measurement will 
8ive the bar a sudden, unknowable kick, thereby chan~ tJle bar's amplitude 
of vibration in an unknown way. However, Ihere will be no cha118fl of the 
position of the bar's end precisely one period after the kick, or two periods, or 
three periods. Those positions will be the same as at the time of the kirK and will 
be completely independent of the kick. 

First, although the bars built by Weber, by Braginsky, and by others 
had achieved far better sensitivities than anyone had dreamed possible 
in the 1950s, they were still only able to detect with confidence waves 
of strength 10-17 or larger. This was 10,000 times too poor for success, if 
I and others had correctly estimated the strengths of the waves arriving 
at Earth. This by itself was not serious, since the march of technology 
has often produced 10,OOO-fold improvements in instruments over 
times of twenty years or less. [One example was the angular resolution 
of the best radio telescopes, which improved from tens of degrees in the 
mid-1940s to a few arc seconds in the mid-1960s (Chapter 9). Another 
was the sensitivity of astronomical X-ray detectors, which improved by 
a factar of 1010 between 1958 and 1978, that is, at an average rate of 
10,000 every eight years (Chapter 8).] However, the rate of improve
ment of the bars was so slow, and projections of the future technology 
and techniques were so modest, that there seemed no reasonable way 
for a 10,OOO-fold improvement to be made in the foreseeable future. 
Success, thus, would likely hinge on the waves being stronger than the 
10-21 estimates-a real possibility, but not one that anybody was happy 
to rely on. 
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Second, even if the bars did suCt'.eed in detecting gravitational waves, 
they would have enormous difficulty in decoding the waves' sym
phonic signals, and in fact would probably fail. The reason was simple: 
Just a.s a tuning fork or wine glass responds sympathetically only to a 
sound whose frequency is close to its natural freqUf>.llcy, so a bftr would 
respond only to gravitational waves whose frequency is near the bar's 
natural frequem:y; in technical language, the bar detector has a narrow 
bandwidth (the bandwidth being the band of frequencies to which it 
responds). But the waves' symphoniC' information should typically be 
encoded in a very wide band of frequencies. To extract the waves' 
information, then, would require a "xylophone" of many bars, each 
covering a different, tiny portion of the signal's frequencies. How many 
baTS in the xylophone? For the types of bars then being planned and 
C'onlStructed, several thousand- -far too many to be practical. In princi
ple .it would be possible to widen the baTS' bandwidths and thereby 
tnanage with, say, a dozen bars, but to do so would require majo)' 
technical advances beyond those for reaching a sensitivity of 10-21

• 

Although I did not say much in public in the 1980s about my pessi
mistic outlook, in private I regarded it a. tragic because of the great 
effort that Weber, Braginsky, and my other friends and colleagues had 
put into bars, and also because I had become convinced that gravita
tional radiation has the potential to produce a revolution in our knowl
edge of the L'niverse. 

LIGO 

To u.nderstand the revolution that the detection and deciphering of 
gravitational waves might bring, let us recall the details of a pTevious 
revolution: the one created. by the development of X-ray and radio 
telescopes (Chapters 8 and 9). 

In the 19308, before the advent of radio astronomy and X-rayastron
omy, Ou)' knowledge of the Universe came almost entirely from light. 
Light showed it to be a serene and quiescent Universe, a Universe 
dominated by stars and planets that wheel smoothly in their orbits, 
shining steadily and requiring millions or hiHions of years to change in 
discernible ways. 

This tranquil view of the Universe was shattered, in the 1950s, 
19605, and 1970s, when radio-wave and X-ray observations showed us 
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our lJniverse's violent side: jets ejected from galactic nuclei, quasars 
with fluctuating luminosities far brighter than our galaxy, pulsars with 
intense beams shining off their surfa(:es and rotating at high speeds. 
The brightest objects seen by optical telescopes were the Sun, the 
planets, and a few nearby, quiescent stars. The brightest objects seen by 
radio telescopes were violent explosions in the cores of distant galaxies, 
powered (presumably) by gigantic black holes. The brightest objects 
seen by X-ray telescopes were small black holes and neutron stars 
accreting hot gas from binary companions. 

What was it ahout radio waves and X-rays that enabled them to 
create such a spectacular revolution? The key was the fact that they 
brought us very different kinds of information than is brought by light: 
Light, with its wavelength of a half micron, was emitted primarily by 
hot atoms residing in the atmospheres of stars and planets, and it thus 
taught us about those atmospheres. The radio waves, with their 10-
million-fold greater wavelengths, were emitted primarily by near
light-speed. electrons spiraling in magnetic fields, and they thus taught 
us about the magnetized jets shooting out of galactic nuclei, about the 
gigantic, magnetized intergalactic lobes that the jets feed, and about 
the magnetized beams of pulsars. The X-rays, with their thousand-fold 
shorter wavelengths than light, were produced mostly by high-speed 
electrons in ultra-hot gas accreting onto black holes and neutron stars, 
and they thus taught us directly about the accreting gas and indirectly 
about the holes and neutron stars. 

The differences between light, on the one hand, and radio waves and 
X-rays, on the other, are pale compared to the differences between the 
electromagnetic waves (light, radio, infrared. ultraviolet, X-ray, and 
gamma ray) of modern astronomy and gravitational waves. C..orre
spondingly, gravitational waves might revolutionize our understand
ing of the Universe even more than did radio waves and X-rays. 
Among the differences between electromagnetic waves and gravita
tional waves, and their consequences, are these': 

• The gravitational waves should be emitted most strongly by large
scale, coherent vibrations of spacetime curvature (for example, the 
collision and coalescence of two black holes) and by large-scale, 

6. These differences, their consequences, and the details of the waves to be expecled from 
various astTophysical soun:es have been elucidated by a number of theorists including. among 
others, Thibault Damour in Paris, Leonid Grishchuk in Moscow, Takashi Xakamura in Kyoto, 
Btreard Schutz ill Wales. Stuart Shapiro ill Ithaca., New York, Clifford Will in St. Louis, and 
me. 
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coherent motions of huge amounts of matter (for example, the 
implosion of the core of a star that triggers a supernova, or the 
inspiral and merger of two neutron stars that are orbiting each 
otht>.r). Therefore, gravitational waves should show us the m.otions 
of huge curvatures and huge masses. By contrast, cosmic electro
magnetic waves are usually emitted individually and separately by 
enormous numbers of individual and separate atoms or electrons; 
and these individual electromagnetic waves, each oscillating in a 
slightly different manner, then superimpose on each other to pro
duce the total wave that an astronomer rneasUl'es. As a result, from 
electromagnetic waves we learn primarily about the temperature, 
density, and magnetic fields experienced. by the emitting atoms 
and electrons. 

• Gravit.ational waves are emitted most strongly in regions of space 
where gravity is so intense that .Newton's description fails and 
must be replaced by Einstein's, and where huge amounts of matter 
or spacetime curvature move or vibrate or swirl at llear the speed 
of light. Examples are t.he big ba~ origin of the Universe, the 
collisions of black holes, and the pulsations of newborn neutron 
stars at the centers of supernova explosions. Since these strong
gravity regions are typically surrounded by thick layers of matter 
that absorb electromagnetic waves (but do not absorb gravitational 
waves), the strong-gravity regions cannot send us electromaglletic 
waves. The electromagnetic waves seen by astronomers come, by 
contrast, almost entirely from weak-gravity, low-velocity regions; 
for example, the surfaces of stars and supernovae. 

These differences suggest that the objects whose symphonies we 
might study with gravitational-wave detectors will be largply invisible 
in light, radio waves, and X-rays; and the objects that astronomers now 
study in light, radio waves, and X-rays will be largely invisible in 
gravitational waves. The gravitational Universe should thus look ex
tremely different from the electromagnetic U nivense; from gravita
tional wa"es we should learn things that we will never It'aI'n elec
tromagnetically. This is why gravitational waves are likely to 
revolutionize our understanding of the Universe. 

It might be argued that our present electromagnetically based un
derstanding of th~ Universe is so complete compared with the optically 
based understanding of the 19508 that a gravitational-wave revolution 
will be far less spectacular than was the radio-wave/X-ray revolution. 
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This seems to me unlikely. I am painfully aware of our lack of under
standing when I contemplate the sorry state of present estimates of the 
gravitational waves bathing the Earth. For each type of gravitational
wave source that has been thought about, with the exception of binary 
stars and their coalescences, either the strength of the source's waves 
for a given distance from Earth is uncertain by several factors of 10, or 
the rate of occurrence of that type of source (and thus also the distance 
to the nearest one) is uncertain by several factors of 10, or the very 
existence of the source is uncertain. 

These uncertainties cause great frustration in the planning and de
sign of gravitational-wave detectors. That is the downside. The upside 
is the fact that, if and when gravitational waves are ultimately detected 
and b1.udied, we may be rewarded with major surprises. 

In 1976 I had not yet become pessimistic about bar detectors. On the 
contrary, I \\Tas highly optimistic. The first generation of bar detectors 
had recently reached fruition and had operated with a sensitivity that 
was remarkable compared to what one might have expected; Braginsky 
and others had invented a number of clever and promising ideas for 
huge future improvements; and I and others were just beginning to 
realize that gravitational waves might revolutionize our understanding 
of the Universe. 

My enthusiasm and optimism drove me, one evening in November 
1976, to wander the streets of Pasadena until late into the night, strug
gling with myself over whether to propose that Caltech create a project 
to detect gravitational waves. The arguments in favor were obvious: for 
science in general, the enormous intellectual payoff if the project suc
ceeded; for Cal tech, the opportunity to get in on the ground floor of an 
exciting new field; for me, the possibility to have a team of experi
menters at my home institution with whom to interact, instead of 
relying primarily on Braginsky and his team on the other side of the 
world, and the possibility to play a more central role than I could 
commuting to Moscow (and thereby have more fun). The argument 
against was also obvious: The project would be risky; to succeed, it 
would require large resources from Caltech and the U.S. National Sci
ence Foundation and enormous time and energy from me and others; 
and after all tlIat investment, it might fail. It was much more risky 
than Caltech's entry into radio astronomy twenty, three years earlier 
(Chapter 9). 

After many hours of introspection, the lure of the payoffs won me 
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over. And after seve.ral months studying the risks and payoff., Caltech's 
physics and astronomy faculty and administration unanimously ap
proved my proposal---$ubject to two conditions. We would have to find 
an outstanding experimental physicist to lead the project, and the pro
ject would have to he large enough and strong enough to have a good 
chance of success. This meant, we believed, much larger and stronger 
than Weber's effort at the University of Maryland or Braginsky's effort 
in Moscow or any of the other gravitational-wave efforts then under 
way. 

Tlle first step was finding a leader. I flew to Moscow to ask Bra
ginsky's advice and feel him out about taking the post. My feeler tore 
him every which way. He was tom between the far better technology 
he would have in America and the greater craftsmanship of the techni
cians in Moscow (for example, intricate glassblowing was almost a lost 
art in America, but not in Moscow). He was torn between the need to 
build a project from scrdtch in America 8l1d the crazy impediments 
that the jnefficient~ bureaucracy-hound Soviet system kept putting in 
the way of his project ill Moscow. He was torn between loyalty to his 
native land and disgust with his native land, and between his feelings 
that life in America is barbaric because of the way we treat our poor 
and Ollr lack of nledical care for everyone and his feelings that life in 
Moscow is miserable because of the power of incompetent officials. He 
was torn between the freedom and wealth of America and fear of KGB 
retribution agaillst farnily and friends and perhaps even himself if he 
"defected." In the end he said no, and recommended instead Ronald 
Drever of Glasgow University. 

Others I consulted were also enthusiastic about Drever. Like Bra
ginsky, he was highly creative, inventive, and tenacious--traits that 
would be E>.ssential for success of the project. The Caltech faculty and 
administration gathered all the information they could about Drever 
and other possible leaders, selected Drever, and invited him to join the 
Caltech faculty and initiate the project. Drever, like Braginsky, was 
tom, but in the end he said yes. We were off and running. 

I had presumed, when proposing the project, that like Weber and 
Braginsky, Caltech would focus on building bar detectors. Fortunately 
(in retrospect) Drever insisted on a radically different direction. In 
Glasgow he had worked with bar detectors for five years, and he could 
see their limitations. Much more promising, he thought, were interfe
rometric gravitational-wave detectors (inte1forometers for short
though they are radically different from the radio interferometers of 
Chapter 9). 
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Intp..rferometers for gravitational-wave detection had first been con
ceived of in primitive form in 1962 by two Russian friends of Bra
ginsky's, Mikhail Gertsenshtein and V.I. Pustovoit, and independently 
in 1964 by Joseph Weber. Unaware of these early ideas, Rainer Weiss 
devised a more mature variant of an interferometric detector in 1969, 

and then he and his MIT group went on to design and build one in the 
early 1970s, as did Robert Forward and colleagues at Hughes R.esearch 
Laboratories in Malibu, California. Forward's detector was the first to 
operate successfully. By the late 1970s, these interferometric detectors 
had become a serious alternative to bars, and Drever had added his own 
clever twists to their design. 

Figure 10.6 shows the basic idea behind an interferometric gravita
tional-wave detector. Three masses hang by wires from overhead sup
ports at the corner and ends of an "L" (Figure 10.6a). When the first 
crest of a gravitational wave enters the laboratory from overhead or 
underfoot, its tidal forces should stretch the masses apart along one arm 
of the "L" while squeezing them together along the other arm. The 
result will be an increase in the length L1 of the first arm (that is, in the 
distance between the arm's two masses) and a decrease in the length L'J. 
of the second arm. When the wave's first crest has passed and its first 
trough axrives, the directions of stretch and squeeze will be changed: L, 
will decrease and Lf}. will increase. By monitoring the arm-length dif
ference, L, - La' one can seek gravitational waves. 

10.6 A laser interferometric gravitational·wave detector. This instrument is 
very similar to the one used by Michelson and Morley in 1887 to search for 
motion of the Earth throu8h the aether (Chapter 1). See the text for a detailed 
explanation. 

._._ .. - .. - '-Li'- - '-. _ .. _. 
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The difference L! - L2 is monitored using interferometry (Fjgure 
10.6b and Box 10.3). A.la..o;er beam shines onto a beam. splitter that rides 
on the corner mass. The beam splitter reflects half of the beam and 
trdrlsmits half, and thereby splits the beam in two. The two beams go 
down the two arms of the interteT()meter and bounce off mirrors that 
ride on the arms' end masses, and then return to the beam splitter. The 
splitter half-transmits and half-reflects each of the bl~Ill.S, SO part of 
each beam's light is combined with part from the other and goes back 
toward the laser, and the othE'r parts of the two beam.s are colubined 
and go toward the photodetector. When no gravitational wa,'e is pre
sent, the contdbutions from the two anns interfere in sllch a way (Box 
10.3) that all the net light goes back toward the laser and none toward 

Box 10.3 

Interference and Interferometry 

\'Vhenever two or more wa\-es F(lpagate through the same region of 
space, they superimpose on each other "linearly" (Box to.l); that is, they 
add. For example, the following dotted wave and dashed wave sup("fim
pose to produce the healY solid wave: 

Notice that at locations such as A where a tJuugh of one wave (dotted) 
superimposes on a crest of the other (dashed), the wavl"S caned, at It'ast in 
pan, to produce a vanishing or weak total wave (solid); and at locations 
such as B where two troughs superimpose or two crests superimpose, the 
waves reinforce each other. One says that the waves are interfering witb 
each other, destructivel}' ill the fjrst, case and cOllstructjvcly in the second. 
Such su.perimposillg and interference occurs in all types of waves--ocean 
""aves, radio waves, light waves, gravitational wan'!s--and such interfer
ence is (''Clltral to the operation of radio interferon1E~ters (Chapter 9) and 
interferometric detectors for gr'd.vitational waves. 

In the interferometric detector of Figure 10.6b, the beam splitter super· 
imposes half the light wave from one arm on half from the other and 
sends them toward the laller, and it superimposes the oth~.r halves and 
sends them toward the photodetectol'. When no gravitati()llal wave or 
other force has Ioo\"ed the masses and their mirrors, the superim~osed 
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the photo detector. If a gravitational wave slightly changes L, - L~, the 
two beams will then travel slightly di fferent distances in their two 
amu; and will interfere slightly differently-a tiny amount of their 
combined light will now go into the photodetector. By monitoring the 
amount uf light reaching the photodetectort one can monitor the ann
length difference Ll - L~, and thereby monitor gravitational waves. 

It is interesting to compare a bar detector with an interferometer. The 
bar detector uses the vibrations of a single, solid cylinder to monitor the 
tidal forces of a gravitational wave. The interferometric detector uses 
the relative motions of masses hung from wires to monitor the tidal 
fort."es. 

light waves have the following forms, where the dashed curve shows the 
wave from arm 1, the dotted curve the wave from arm 2, and the solid 
curve the superimposed, total wave: 

......................... "---_/ 

Toward the photodetector, the waves interfere perfectly destructively, so 
the total, superimposed wave vanishes, which means that the photodetec
tor sees no light at all. When a gravitational wave or other force has 
lengthened one arm slightly and shortened the other, then the beam from 
the one arm arrives at the beam splitter with a slight delay relative to the 
other, and the superimposed waves therefore look like this: 

----, ... -..... we :: :i.... . !' 
...... . :a: " ................. ~~ 

The destructive interference in the photodetector's direction is no longer 
perfect; the photodetector receives some light. The amount it receives is 
proportional to the arm length difference, L1 - L'1.' which in turn is pro
portional to the gravitational-wave signal. 
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The bar detector uses an electrical sensor (for example, piezoelt".!:tric 
crystals squeezed by the bar) to monitor the bar's wave-induced vibra
tions. The interferometric det.ector uses interfering light beams to 

monitor its masses' wave-induced motions. 
The bar responds sympatheticAlly only to gravitational waves over a 

llarrow frequency band, and t.herefore, decoding the waves' symphony 
would require a xylophone of many bars. The interferometer's masst>.s 
wiggle back and forth in :responst' to waves of all frequencies higher 
than about one cycle peT second,7 and therefor(~ the interferomt'ter has 
a wide bandwidth; three Or four interferomet.ers are mflicient to funy 
decode the symphony. 

By lnaking the interferometer's arms a thousand times longer than 
the bar (a few kilometers rather than a few meters), onp. can make the 
waves' tidal forces a thousand times bigger and thus improve the sensi
tivity of the instrument a thousand-fold.s The bar, by contrast, cannot 
be lellgt.hened much. A k.ilometer-Iong bar would have a natural fre
quency less than one cyc1e per sewnd and thus would not operdte at the 
freqaencies where we think the most interesting sources lie. Moreover, 
at such a low frequency, one must launch the bar into space to isolate it. 
from vibrations of the ground and frorn the flu(:tuating gravity of the 
Earth's atmosphere. Putting such a bar in space would be ridiculo\'lsly 
expensIve. 

Becallse it is a thousand times longer than the bar, the interlerome
tel" is a thousand times more immune to the "kick" produced. by the 
measurement process. This immunity means that the interferometer 
does not .need to circumvent thr.- kick with thE> aid of a (difficult t{) 

construct) quantum nondelllolition sensor. The bar, by (:ontrast, can 
detect the expected waves only if it employs quantum nondemolition. 

If the interferometer has sllch great advantages over t.he bar (far 
larger bandwidth and far larger potential sensitivity), then why didn't. 
Braginsky, Weber, and others build interterQIDeten instead of bars? 
When J asked Braginsky in the mid-1970s, he replied that bar detectors 
are simple, while iJlterferc)J1lf.~ters are horrendously complex, A small, 
intimate team like his ill Moscow had" a reasonable chance of making 
bar detectors work well enough to discover gravitational waves. How
ever, to construct, debug, and operate interferometric detectors success-

':'. Hel(>I" about one cycle pet sp.l:ulld, the wil"e;; that I'tlspend the masses pre"L"Ilt theul froul 
wiggling in responae to the wa"\'es. 

8. ACll1ally, the detaiL. of thft improvement are far more ('.(>mpiicar.ed thatl tbis, Qnd the 
:resulting sell'litivity enhl1l1rement is far more dHlicl\lt to a.chicvl' tiuon these ..voros suggest., 
h!l\vever, this descriptiau is ruugb\y L-UCTe.;L 
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fully would require a huge team and large amounts of money-and 
Braginsky doubted whether, even with such a team and such money, so 
complex a detector could succeed. 

Ten years later, as the painful evidence mounted that bars would 
have great difficulty reaching 10-21 sensitivity, Braginsky visited Cal
tech and was impressed with the progress that Drever's team had 
achieved with interferometers. Interferometers, he concluded, will 
probably succeed after all. But the huge team and large money re
quired for success were not to his taste; so upon returning to Moscow, 
he redirected most of his own team's efforts away from gravitational
wave detection. (Elsewhere in the world bars have continued to be 
developed, which is fortunate; they are cheap compared to interferom
eters, for now they are more sensitive, and in the long run they mi.ght 
play special roles at high gravity-wave frequencies.) 

Wherein lies the complexity of interferometric detectors? After all, 
the basic idea, as described in Figure 10.6, looks reasonably simple. 

Tn fact, Figure 10.6 is a gross oversimplification because it ignores an 
enormous number of pitfalls. The tricks required to avoid these pitfalls 
make an interferometer into a very complex instrument. Por example, 
the laser beam must point in precisely the right direction and have 
precisely the right shape and wavelength to fit into the interferometer 
perfectly; and its wavelength and intensity must not fluctuate. After 
the beam is split in half, the two beams must bounce back and forth in 
the two arms not just once as in Figure 10.6, but many times, so as to 
increase their sensitivity to the wiggling masses' motions, and after 
these many bounces, they must meet each other perfeL1:1y back at the 
beam splitter. Each mass must be continually controlled so its mirrors 
point in precisely the right directions and do not swing as a result 
of vibrations of the floor, and this must be done without masking 
the mass's gravitational-wave-induced wiggles. To achieve perfection 
in all these ways, and in many many more, requires continuously 
monitoring many different pieces of the interferometer and its light 
beams, and L'Ontinuously applying feedback forces to keep them per
fect. 

One gets some impression of these comp1ications from a photograph 
(Figure 10.7) of a 40-meter-Iong prototype interferometric detector 
that Drever's team has built at Caltech-a prototype which itself is far 
simpler than the full-scale, several-kilometer-Iong interferometers that 
are required for success. 
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10.7 The. Calteeh 40-meter interferometric prototype gravitational. wa~ detec
tor, ca. 1989. The table In front and the front cased vacuum chamber hold lasers 
and devices toprepsre the lase)' Lipt for el1try into the interferometer. The 
central mass J'esides in tbe second caged vacuuln chamber-the ('.hamber above 
wbicb a dangling rope can be seen faintly. The end masses are 40 meters awa:y, 
do'\tn the two corridors. The two arms'laser beams shine down the larger of the 
two vacuum pipes that extend the lengths of the IlOlrido, •. [CollneS! LIGO Prujec:t, 
California lnstiwte of Technology.] 

During the early 1980s fOUl teams of experimental physicists strug
gled to develop tools and techniquE'S for interferometric detectors: 
Drever's Caltech team, the team he had founded at Glasgow (now led 
by James Hough), R.ainer Weiss's team at MIT, and a team founded by 
I-:lans Billing at the Max Planck Institut in Munich, Germany. The 
teams were small and intimate, and they worked more or less indepen
dently, II pursuing their own approache. to the design of interf~.rometric 
detectors. Within each team the individual scientists had free rein to 
invent new ideas and pursuE' them as they wished and for as long as 
they wl!3hed; coordination was very loose. This is just the kind of (,'Ul
ture that inventive scientists love and thrive on, the culture that Bra-

9. Though with a close link. througll Dre~l'. betWet7(I the Gta.gow ar.d Caltech te'llltS. 
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ginsky craves, a culture in which loners like me are happiest. But it is 
not a culture capable of designing, constructing, debugging, and oper
ating large, complex scientific instruments like the several-kilometer
long interferometers required for success. 

To design in detail the many complex pieces of such interferome
ters, to make them all fit together and work together properly, and to 
keep costs under control and bring the interferometers to completion 
within a reasonable time require a different culture: a culture of tight 
coordination, with subgroups of each team focusing on well-defined 
tasks and a single director making decisions about what tasks will be 
done when and by whom. 

The road from freewheeling independence to tight coordination is a 
painful one. The world's biology community is traveling that road, 
with cries of anguish along the way, as it moves toward sequencing the 
human genome. And we gravitational-wave physicists have been trav
eling that road since 1984, with no less pain and anguish. I am confi
dent, however, that the excitement, pleasure, and scientific payoff of 
detecting the waves and deciphering their symphonies will one day 
make the pain and anguish fade in our memories. 

The first sharp turn on our painful road was a 1984 shotgun mar
riage between the Cal tech and MIT teams--each of which by then had 
about eight members. Richard Isaacson of the C.S. National Science 
Foundation (NSF) held the shotgun and demanded, as the price of the 
taxpayers' financial support, a tight marriage in which Caltech and 
MIT scientists jointly developed the interferometers. Drever (resisting 
like mad) and Weiss (willingly accepting the inevitable) said their 
vows, and I became the marriage counselor, the man with the task of 
forging consensus when Drever pulled in one direction and WeiS$ in 
another. It was a rocky marriage, emotionally draining for all; but 
gradually we began to work together. 

The second sharp turn came in November 1986. A committee of 
eminent physicist~xperts in all the technologies we need and ex
perts in the organization and management of large scientific project:s
spent an entire week with us, scrutinizing our progress and plans, and 
then reported to NSF. OUT progress got high marks, our plans got high 
marks, and our prospects for success-for detecting waves and deci
phering their symphonies-were rated as high. But our culture was 
rated as awful; we were still immersed in the loosely knit, freewheeling 
culture of our birth, and we could never succeed that way, NSF was 
told. Replace the Drever-\YeissThorne troika by a single director, the 
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committee insisted-a director who can mold talented. individualists 
into a tightly knit and effective team and can organize the project and 
make firm. wise decisions at every major juncture. 

Out came the shotgun again. If you want your project to continue, 
NSF's Isaacson told us, you must find that director and learn to work 
with him like a football team works with a great coach or an orchestra 
with a great conductor. 

We were lucky. In the midst of OlIr search, Robbie Vagt got fired. 
Vogt, a brilliant, strong-willed experimental physicist, had directed 

projects to construct and operate scientific instruments on spacecraft, 
had directed the consauction of a huge millimeter-wavelength astro
nomical interferometer, and had reorganized the scientific research 
environment of ~ASA's Jet Propulsion Laboratory (which carries out 

A pol1ion of the Caltech/MIT learn of L1GO scientists in late 1991 Left: Some 
CaItech membp..rs of the team, oounterclock\\oise from upper left: Aaron OiUespit", 
Fred l\aab, Maggie Taylor, Seii1 Kawamura, Robbie Vogl. Ronald Drever, Lisa 
Sievers, Alex Abramo'\oici, Bob Spero, Mike Zucker. Right: Some \tIT members 
of the team, counterclockwise from upper left: Joe Kovalik, Yaron Hefet7., Nergis 
Ma'\o"8lvala. Rainer Wpjss, Da\"id Schumaker, Joe Giaime. [Left: courle$y Ken Rogersl 
Rlack Star; right: courtesy Erik I.. SillllllllflS.] 
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most of the American planetary exploration program)-and he then 
had become Caltech's provost. As provost, though remarkably effective, 
Vogt battled vigorously with Caltech's president, Marvin Goldberger, 
over how to run Caltech-· ·-and after several years of battle, Goldberger 
fired him. Vogt was not temperamentally suited to working under 
others when he disagreed profoundly with their judgments; but on top, 
he was superb. He was just the director, the conductor, the coach that 
we needed. If allybody could mold us into a tightly knit team, he could. 

"It will be painful working with Robbie," a former member of his 
millimeteT team told us. "You will emerge bruised and scarred, but it 
will be worth it. Your project will succeed." 

For several months Drever, Weiss, I, and others pleaded with Vogt 
to take the directorship. He finally accepted; and, as promised, six yea.rs 
later our Caltech/MIT team is bruised and scarred, but effective, pow
erful, tightly knit, and growing rapidly toward the critical size (about 
fifty scientists and engineers) required for success. Success, however, 
will not depend on us alone. linder Vogt's plan important inputs to our 
core effort wiJI cOlne from other scientists10 who, hy being only loosely 
associated with us, can maintain the individualistic, free-wheeling 
style that we have left behind, 

A key to success in our endeavor will be tilE: construction and opera
tion of a national scientific facility called the Laser Inteiferometer 
Gravitational-IVave Observatory, or L1GO The LIGO will consist of 
two L-shaped vacuum systems, one near Hanford, Washington, and 
the other near Livingston, Louisislla, in which physicists will develop 
and operate many successive generations of ever-improving interfe
Tometel"$; see Figure 10.8. 

Why two facilities instead of one? Because Earth-bound gravita
tional-wave detectors always have ill-understood noise that simulates 
gravitational-wave bursts; for example, the wire that suspends a mass 
can creak slightly for no apparent reason, thereby shaking the mass arld 
simulating the tidal force of a wave. However, such noise almost never 
happens simultaneously in two independent detectors, far apart. Thus, 
to be sure that an apparent signal is due to gravitational waves rather 
than noise, one lIlUst verify that it occurs in two such detectors. With 

10. These, a. of 1993, include .Bragillsl!.y's grOlJP in ,MllScow, a group led by Rob Byers ar 
Stanford {;I'.iversity. a VC>'.lp led by Jim Faller at the University of Colorado, a group led by 
PetP.r 5aul&on at Syracuse Universit}" and a group IP.d by Sam Finn at Northwestern tOlliver· 
aity. 
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10.8 Artist's r.onCt".J)tion ofLJOO's l-shaped vaClmm sy61eJll and the experiInP..D
tal facilities at the corner of the l. near Hanford. Washington. iCnultesy LIGO 
Pr()jcct. (;alifornia In8tilute of Technology.] 

only one detector, gravitational waves cannot be detected and moni
t.ored. 

Although two facilities are sufficit>.nt to detect a gnlvitational wave, 
at least three and preferably four are required, at widely separated 
sites, to funy decode the wave's symphony, that is, to extract all the 
information the wave carries. A joint French/Italian team will build 
the third faciiity, named VIRGO," near Pisa., Italy. VIRGO and LIGO 
together wil1 for.m an international network for extracting the full 
information. Teams in Britain, Germany, Japan, and Australia are 
seeking funds to build additional facilities for the network. 

It might seem audacious to construct such an ambitious netwoz·k for 
a type of wave that nobody has ever seen. Actually, it is not audacious 
at all. Gravitational waves have already been proved to exist by astro
nomical observations for which Joseph Taylor and Russell Hulse of 

, I. It is named for tIle Virgo dlJSter of galaxies, iroDI wbic..'iJ wal'af might be detected. 
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Princeton University won the 1995 Nobel Prize. Taylor and Hulse, 
using a radio telescope, found two neutron stars, one of them a pulsar, 
which orbit each other once each 8 hours; and by exquisitely accurate 
radio measurements, they verified that the stars are spiraling together 
at precisely the rate (2.7 parts in a billion per year) that Einstein's laws 
predict they should, due to being continually kic-ked by gravitational 
waves that they emit into the Universe. Nothing else, only tiny gravita
tional-wave kiw, can explain the stars' inspiral. 

What will gravitational-wave astronomy be like in the early 2000s? 
The following scenario is plausible: 

By g007, eight interferometers, each several kilometers long, are in 
full-time operation, scanning the skies for incoming bursts of gravita
tional waves. Two are operdting in the vacuum facility in Pisa, Italy, 
two in Livingston, Louisiana, in the southeastern United States, two in 
Hanford, Washington, in the northwestern United States, and two in 
Japan. Of the two interferometers at each site, one is a "workhorse" 
instrwnent that monitors a wave's oscillations between about 10 cycles 
per second and 1000; the other, only recently developed and installed, 
is an advanced, "specialty" interferometer that zerOE>.s in on oscillations 
between 1000 and 5000 cycles per second. 

A train of gravitational waves sweeps into the solar system from a 
distant, cosmic source. Each wave crest hits the Japanese detectors first, 
then sweeps through the Earth to the Washington detectors, then Lou
isiana, and finally Italy. For roughly a minute, crest is followed by 
trough is followed by crest. The masses in each detector wiggle ever so 
slightly, perturbing their laser beams and hence perturbing the light 
that enters the detector's photodiode. The eight photodiode outputs are 
transmitted by satellite links to a central computer, which alerts a team 
of scientists that another minute-long gravitational-wave burst has 
arrived at Earth, the third one this week. The computer combines the 
eight detectors' outputs to produce four things: a best-guess location for 
the burst's source on the sky; an error box for that best-guess location; 
and two wavefo~two oscillating curves, analogous to the oscillat
ing curve that you obtain if you examine the sounds of a symphony on 
an oscilloscope. The history of the source is encoded in these wave
founs (Figure 10.9). 

There are two waveforms because a gravitational wave has two 
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polarizations. Tf the wave travels vertically through an interferometer, 
one polarization describes tidal forces that llscillate along the ealtt-west 
and north-south directions; the other describes tidal forces oscillating 
along the northeast-southwest and northwest4l0utheast directions. 
Each detector, with its own orientation, feels IIJome combination of 
these two polarizations; and from the eight detector outputs, the com
puter reconstructs the two wavefonns. 

The computer then compares the waveforms with those in a large 
catalog, much as a bird \l'atcher identifies a bird by comparing it with 
pictures in a book. The catalog has been produced by simulations of 
sources on computers, and by five years of previous experience moni
toring gravitational waves from colliding and coalescing black holes, 
colliding and coalescing neutron stars, spinning neutron starS (pulsars), 
and supernova explosions. The identification of this burst is easy (some 
others. for example, from supernovae, are far harder). The waveforms 
show the unmistakable, unique signature of two black holes coalescing. 

10.9 One of the two waveforms produced by the coalescence of two black holes. 
rI'he wave is plotted upward in units of lO-su; lime is plotted horizontally in units 
of seconds. The first graph shows only tb~ last 0.1 second of the inspiral part of 
the W8"Veform; the preceding minuLe of the waveform is similar, with gradually 
increasing amplitude and frequency. The second graph shows the last 0.01 sec· 
ond, on a stretched-out scale. The /nspiral and Ringdcwn segments of the wal'e
form are well understood, in 1993, from solutions of the Einstein field equation. 
The coalescence segment is nol at an understood (the curve shown is my own 
fantasy); future supercomputer sbnulations wUl attempt to compute it. In the 
text these simulations are presumed to have been sUC(~E'..8Sflll in the early twenty
first century. 
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The waveforms have three segments: 

• The minute-long first segment (of which only the last 0.1 second is 
shown in Figure 10.9) has oscillating strains that gradually grow in 
amplitude and frequency; thf'.se are precisely the waveforms ex
pected from the inspiral of two objects in a binary orbit. The fact 
that alternate waves are smaller and larger indicates that the orbit 
is somewhat elliptical rather than circular. 

• The 0.01-second-Iong mi.ddle segment matches almost perfectly 
the waveforms predicted by recent (early twenty-first century) 
supercomputer simulations of the coalescem'e of two black holes to 
form one; according to the simulations. the humps marked "H" 
signal the touching and merging of the holes' horizons. The double 
wiggles marked I'D,'· however, are a new discovery, the first one 
made by the new specialty interferometers. The older, workhorse 
interferometers had never been able to detect these wiggles 'be
cause of their high frequency, and they had never yet been seen in 
any supercomputer simulations. They are a new challenge for 
theorists to explain. They might be the first hints of some previ
ously unsuspected quirk in the nonlinear vibrations of the collid
ing holes' spacetime curvature. Theorists, intrigued by this pros
pect, will go 'back to their simulations and search for signs of such 
doublet wiggles. 

• The 0.03-second-Iong third segment (of which only the beginning 
is shown in Figure 10.9) consists of osclllatiorls with fixed fre
quency and gradually dying amplitude. This is precisely the wave
form expected when a deformed black hole pulsates to shake off its 
deformations, that is, as it rings down like a struck bell. The pulsa
tions consist of two dumbbell-type protrusions that circulate 
around and around the hole's equator and gradually die out as 
ripples of curvature carry away their energy (Figure 10.2 above). 

From the details of the waveforms, the computer extracts not only 
the history of the inspiral, coalescence, and ringdown; it also extracts 
the masses and spin rates of the initial holes and the final hole. The 
initial holes each weighed 25 times what the Sun weighs, and were 
slowly spinning. The final hole weighs 46 times what the Sun weighs 
and is spinning at 97 percent of the maximum allowed rate. Four solar 
masses' worth of energy (2 X 25 - 46 = 4) were converted into ripples 
of curvature and carried away by the waves. The total surface area of 
the initial holes was 136,000 square kilometers. The total surface area 
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of the fillal hole is larger, as demanded by the second law of black-hole 
mechanics (Chapter i2); 144,000 square kilometers. The wavefonns 
also reveal the distance of tlle hole from Earth: 1 billion light-years, a 
result accurate to ahout 20 percent. The waveforms tell us that we on 
Earth were looking down nearly perpendicularly onto the plane of the 
orbit, and are ItOW looking down the north pole of the spinning hole; 
and they show that the holes' orbit had an eccentricity (elollgation) of 
30 percent. 

The computer determines the holes' location on the sky from the 
wave crests' times of arrival in Japan, Washington. Louisiana, and 
Italy. Sint'e Japan was hit first, the holes were more or less overhead in 
Japan, and underfoot in America and Europe. A detailed analysis of the 
arrival times gh'es a best·gtless looation for the source, and an ettor box 
around tha.t IOC'dotion of 1 degree in size. Had the holes been smaller, 
their waveforms would llave ost-illated more rapidly and the error box 
would have been tighter, but for these big holes 1 degree is the best the 
network can do. In another ten years, when an interferometric detector 
is operating OIl the Moon, thE' error boxes will be reduced in size along 
one side by a factor of 100. 

Because the holes' orbit was elongated, the compute-r concludes that 
the two holes were captured into orbit around ear.h other only a few 
hours before they (;oalesced. and emitted the burst. (If they had been 
orbiting each other for longer than a few hOllrs, the push of gravita
tional waves departing from the hinary would have made their orbit 
circular.) Recent capture means the holes were probably in a dense 
cluster of black holt'S and massive stars at the center of some galaxy. 

The computer therefore examines catalogs of opti~l galaxies, radio 
galaxies, and X-ray galaxies, searching for any that reside in the I-de
gree error box, are between 0.8 and 1.2 billion light-years from Earth, 
and hav!.' peculiar cores. Forty candidates are found and turned over to 
astronomers. For the next few years these forty candidates will be 
studied in detail, with radio, millimeter, infrared, optical, ultraviolet, 
X-ray, and gamma-ray telescopes. Gradually it will become clear tllat 
one of the candidate galaxies has a core in which a massive agglomer
ate of gas and stars was beginning, when the light we now S~ left the 
galaJC.Y, a rn.illion-year-1ong phase of violent evolution--an evolution 
that will trigger tlle birth of a gigantic black hole, and then a quasar. 
Thanks to the burst of gravitational waves which identified this spe
cific galaxy as interesting, astronomers can now begin to unravel the 
details of how gigantic black holes are born. 
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What Is Reality? 

in which spacetime is viewed as 
curved on Sundays andflat on Mondays, 

and horizons are madefrom 
vacuum on Sundays and charge on Mondays, 

but Sunday's experiments and Monday's experiments 
agree in all details 

Is spacetime really curved? Isn't it conceivable that spacetime is actu
ally flat, but the clocks and rulers with which we measure it, and which 
we regard as perfect in the sense of Box 11.1, are actually rubbery? 
Might not even the most perfect of clocks slow down or speed up, and 
the most perfect of rulers shrink or expand, as we move them from 
point to point and change their orientations? Wouldn't such distortions 
of our clocks and mlers make a truly flat spacetime appear to be 
curved? 

Yes. 
Figure 11.1 gives a concrete example: the measurement of circumf

erences and radii around a nonspinning black hole. On the left is shown 
an embedding diagram for the hole's curved space. The space is curved 
in this diagram because we have chosen to define distances as though 
our rulers were not mbbery, as though they always hold their lengths 
fixed no matter where we place them and how we orient them. The 
mlers show the hole's horizon to have a circumference of 100 kilome
ters. A circle of twice this circumference, 200 kilometers, is drawn 
around the hole, and the radial distance from the horizon to that circle 
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Box 11.1 

Perfection of Rulers and Clocks 

By "perfect clucks" and "perfect rulers" I shaH mean, in this book, clocks 
and rulers that are perfe(:t in the sense that the world's best clock makers 
and ruler makers understand; Perfection is to be judged by comparison 
with the behaviors of atoms and molecules. 

More specifically, perfect cloch must tick at a uniform rate when com
pared with the oscillations of atoms and molecules. The world's best 
atomic clocks are designed to do just that. Since the oscillat.ions of atoms 
and molecules are controlled by- what I caHed in earlier chapters the "rate 
of now of time," this means that perfect clocks measure the "time" part oC 
Einstein's curved spacetime. 

The markings on perfect rulers must have uniform and standard spac· 
ings when compared to the wavelengths of the light emitted by atoms and 
molecules~ for example, uniform spacings relative to the "21-centimeter
wavelE>.ngth" light emitted by hydrogen molecules. This is equiv~lent to 
requiring that when one holds a ruler at some fixed, standard temperature 
(say, zero degrees Celsius), it contain always the same fixed number of 
atoms along its length between markings; and this, in turn, guaranteE's 
that perfect rulers measure the spatial lengths of Einstein's curved space
time. 

The body of this chapter introduces the concept of "true" times and 
"true" lengths. These are not necessarily the time.<; and lengths measured 
by perfect clocks and perfect rulers, that is, not necessarily the tithes and 
lengths based 011 atomic and molecular standards, that is, not necessarily 
the timp.5 and lengths embodied in Einstein's curved spacetime. 

is measured with a perfect ruler; the result il; 37 kilometers. If space 
were flat, that radial distance would have to be the radius of the outside 
circle, 200/2tr. kilometers, minus the radius of the horizon, tOO/2ft 
kilometers; that is, it would have to be 200/27t - 100/21t = 16 kilome
ters (approximate1y). To accommodate the radial distance's far larger, 
57-kilometer size, the surface must have the cUl"Yed, trumpet-horn 
shape shown in the diagram. 
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If space is actually flat around the black hole, but our perfect rulers 
are rubbery and thereby fool us into thinking space is curved, then the 
true geometry of spaL'e must be as shown on the right in Figure 11.1, 
and the true distance between the horizon and the circle must be 16 
kilometers, as deIIlanded by the flat-geometry laws of Euclid. How
ever, general relativity insists that our perfect rulers not measure this 
true distance. Take a ruler and lay it down circumferentially around 
the hole just outside the horizon (curved thick black strip with ruler 
markings in right part of Figure 11.1). When oriented circumferen
tially like this, it does measure correctly the true distance. Cut the ruler 
off at 37 kilometers length, as shown. It now enCOIIlpasses 37 percent of 
the distance around the hole. Then turn the ruler so it is oriented 
radially (straight thick black strip with ruler markings in Figure 11.1). 
As it is turned, general relativity requires that it shrink. When pointed 

11.1 Length measurements in the vicinity of a black hole from two different 
viewpoints. 14t; Spacetime is l'E'.garded as truly curved, and perfect rulers mea
sure precisely the lengths of the true spacetime. Right: Spacetime is regarded as 
truly flat and perfect rulers are rubbery. A 37·km·long perfect ruler, when 
oriented in a circumferential direction, measures precisely the lengths of the 
true, flat spacetime. However, when oriented radially, it shrinks by an amQunt 
that is greater the nearer it is to the hole, and therefore it reports radial lengths 
that are larger than the true ones (it reports 57 km rather than the true 16 km 
in the case shown). 
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radially, its tme length JTlust have shrunk to 1 {) kilometers, so it will 
reach precisely from the horizon to the outer circle. Howevcl', the st'ale 
on its shrunkcn surface must claim that its length is still 37 ki}ometer.~, 
and lherefore that. the distan("(~ between horizon and circle is 37 kilo
meters. P~ople like Einsteil! who are unaware ()f th(~ ruler's rubbery 
nature, and thus believe its inaccurate measurement, conclude that 
space 18 eun"ed. However, people 11ke you and me, who understand the 
rubbenlwss, know that ttl(~ ruler has shrunk. and that. space is really fiat. 

vVhat cnuld possibly make t.he ru)t~r shrink, when its orientation 
changes;> Gravi~, of course. III th(~ flat. space of the right half of FigurE' 
11.1 there resides a gravit.ational field that. (;o11t1Ols the sizes of funda
mental particles, atomic !luclei, atoms, molecules, everything, and 
forces L'hem all to shrink when laid out radially. The amount of shrink
agt~ is great near a black hole, and smalle! fart.her away, because the 
shrinkage-controlling gr,witational field is gem'rated by t.he hole, and 
its iufiuenl~e declines with distance. 

Tbe shrinkage-COIllrolling gravitational field has other effect.. ... 
When a photon or any other particle flies past t.he hole, this fit'id pulls 
on it and (!ef)ects its trajectory. The trajectory is bent around the hole; 
it is cUlTed. as meoasllred in t.hc holf!'s true, flat spacetime geometry. 
However, people like Einst.f!in, who take seriously the measurements of 
their rubbery rulers and clocks, regard the photon as moving along a 
slraigh~ line through rurve.d spacctimf~. 

'''hat is the real, gt>.nuine truth? Is spacetime really flat, as the above 
paragraphs suggest, or is it really curved? To a physicist like me t.his is 
all u.nillteresting qUf'.5tion because it has no physical consequences. 
Both "iewpoints, curved spacetime and flat, give precisely the same 
predictions for any me&.sur(~ments performed with perfect rulers and 
clocks, and also (it turns Ollt) thf~ same predictions for allY measure· 
ments performed with any kind of physical apparatus whatsoever. For 
example, both viewpoints agree that the radial distanc(~ between the 
hori7.0Il and the circle in Figure 11.1, as meam.red by a peifect ruler; is 
37 kilometers. Onley disagret! as to whether thal measured distance is 
the "real" distance, but SUdl a disagreement is a Tnatter of philosophy, 
not physics. Since the two viewpoints agree on the resulu of all expt~ri· 
rner.ts, they are physically equival{~nt. Which viewpoint tells rhe "real 
truth" is irrelevant for experiments; it is a matter fur philosophers to 
debate, not physicisls. MOTf~()VeT, physicist.s can ond do uSf! the two 
viewpoints interchangeably when tryillg to dt!duce the predic"lions of 
general rt.·lativity. 
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The mental processes by which a theoretical physicist works are 
beautifully described by Thomas Kuhn's concept of a paradigm Kuhn. 
who received his Ph.D. in physics from Harvard in 1949 and then 
became an eminent historian and philosopher of science, introduced 
the concept of a paradigm in his 1962 book The Structure ~f &ienti}ic 
Revolutio~one of the most insightful books T have ever read. 

A paradigm is a complete set of tools that a community of scientists 
uses in its research on some topic, and in communicating the results of 
its research to others. The curved spacetime viewpoint on general rela
tivity is one paradigm; the flat spacetime viewpoint is another. Each of 
these paradigms includes three basic elements: a set of mathematically 
fonnulated laws of physics; a set of pictures (menta) pictures, verbal 
pictures, drawings on paper) which give us insight into the laws and 
help us communicate with each other; and a set of e:r.empla~past 
calculations and solved problems, either in tt>.xtbooks or in published 
scientific articles, which the community of relativity experts agrees 
were correctly done and were interesting, and which we use as patterns 
for our future calculations. 

The curoed spacetime paradigm is based on three sets of mathemati· 
cally formulated laws: Einstein's field equation, which describes how 
matter generates the curvature of spacetime; the laws which tell us that 
perfect rulers and perfect clocks measure the lengths and the times of 
Einstein's curved spacetime; and the laws which tell us how matter and 
fields move through curved spacetime, for example, that freely moving 
bodies travel along straight lines (geodesics). The flat spacetime para
digm is also based on three sets of laws: a law describing how matter, in 
flat spacetime, generates the gravitational field; laws describing how 
that field controls the shrinkage of perfect rulers and the dilation of the 
ticking ratf'.8 of perfect clocks; and laws describing how the gravita
tional field also controls the motions of particles and fields through flat 
spacetime. 

The pictures in the cllrved spacetime paradigm include the embed
ding diagrams drawn in this book (for example, the left half of Figure 
11.1) and the verbal descriptions of spacetime curvature around black 
holes (for example, the "tornado-like swirl of space around a spinning 
black hole"). The pictures in the flat spacetime paradigm include the 
right half of Figure 11. t, with the ruler that shrinks when it turns from 
circumferential orientation to radial, and the verbal description of "a 
gravitational field controlling the shrinkage of rulers." 
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The E'xelnplars of the cL:TVed spacetime paradigm include the c-alcu
latloIl, found in most ~lativily textbooks, by whiC'h one derives 
Schwanschild's solution to tilt' Einstein field e.luation, and the calcula
tions by which Israel, Carter, Hawking, and others deduced that a 
black. hole has no "hair." The l1at spacetime exemplars include text
book. calculations of how the mass of a black hole or other body changes 
when gravita.tional waves are captured by i.t. and calculations by Clif
ford Will, Thibault Damour, and otnf.'rs of how neutron stars orbiting 
each other generate gravitational waves (wal·es of shrinkage-producing 
field). 

Each piece of a paradigm--its Jaws, its picturE'S, and its exemplars-· 
is crucial to my own mental processes when I'm doing research. The 
pictures (mental and verbal as weil as Oll papt'r) act as a general com
pass. They give me intuition as to how the Universe probably behaves; 
I manipulate them, along wit.h mathematical doodlings, ill search of 
interesting new insights. If I find. from tht' pictlues and doodJings, an 
insight worth pursuing (for example, the hoop conjecture in Chapter 
7), I then try to verify or refute it by careful matbematical calculations 
based 0)\ the parad:gm's mathematically fornlulatcd iaw& of physics. 1 
pattern my careful calculations after the paradigm's exemplars. They 
tell me what le .... rJ of calculational precision is likely to be needed for 
reliable result~. (If th«? prt:'Cision is ton poor. t.he results may be wrong; 
if the precision >$ too high, the cak'ulations may eat up valuable time 
unnecessarily.) 'Die (>.xemplars also tell me what kind~ of mathetn ati cal 
manipulations are lik.ely to get me through th(~ morass of mathemati· 
cal symbols t(I my goal. Pictures also guide the calculations; they help 
me fhld shortcuts and avoid blind alleys. If the calculations verify Or at 
least make plausible lIly new insight. I then commUllic.ate the i.nsight 
to relativity experts by a mixture of pictures and (:akuia'tions, and 1 
communicate to others. such as readers of thjs book, sol~l} with pic
tures- verbal picturE'S and drawings. 

The flat spacetime paradigm's laws of physics can be derived, math
el1lutically, from t.he curved spacetime paradigm's laws, and con
versely. This means that the two sets of laws are differt'nt mathematical 
representations of the same physical phenomena, in sumewhat the 
same SeIlse as 0.001 and 1~OOt.l are different. rnatheroatir.,a.) representa
tions of the same number. However. the mathematical formulas fOT the 
laws look very djff~.rent in the two representations, and the pictures 
and ex.emplars that accompany the two set.~ of laws look wry difft:rent. 

As an example, in the curved spacetime patadigm, the verbal picture 
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of Einstein's field equation is the statement that "mass generates the 
curvature of spacetime." V\'llen translated into the language of the flat 
spacetime paradigm, this field equation is described by the verbal pic
tllre "mass generates the gravitational field that governs the shrinkage 
of rulers and the dilation of the ticking of clocks." Although the two 
versions of the Einstein field equation are mathematically equivalent, 
their verbal pictures differ profoundly. 

It is extremely useflll, in relativity research, to have both paradigms 
at one's fingertips. Some problems are solved most easily and quickly 
using the curved spacetime paradigm; oUlers, using flat spacetime. 
Black-hole problems (for example, the discovery that a black hole has 
no hair) are most amenable t.o curved spacetime techniqucs; gravit.a
tional-wave problems (for example, computing the waves produced 
when two neutrOl) stars orbit each other} are most amenable to flat 
spacetime techniques. Theoretical physicists, as they mature, gradually 
build up insight into which paradigm will be best for which situation, 
and they learn to flip their minds back .U}d forth from one paradigm to 
the other, as needed. They may regard spacetime as curved 011 Sunday, 
when thinking about black holes, and as flat on Monday, when think
ing about gravitational waves. This mind-flip is similar to that which 
one experiences when looking at a drawing by M. C. Escher, for exam
ple, Figure 11.2. 

Since the laws that underlie the two paradigms are mathematicaHy 
equivalent, we can be sure that when the same physical situation is 
analyzed using both paradigms, dIe predictions for the results of ex
periments will be identically the same. We thus are free to use the 
paradigm that best suits us in any given situation. 

This freedom carries pow(>.r. That is why physicists were not content 
with Einstein's curved spacetime paradigm, and have developed tll(~ 
flat spacetime paradigm as a supplement to it. 

Newton's descript.ion of gravity is yet another paradigm. It regards 
space and time as absolute, and gravity as a force that act.. .. instantane
ously between t.wo bodies ("action at a distanee," Chapters 1 and 2). 

The Newtonian paradigm for gravity, of C'.oUTSC, is not equivalent to 
Einstein's ~uTved spacetime paradigm; Ule two give different predic
tions for the outcomes of experiments. Thomas Kuhn uses the phrase 
scientifi'c revolutiun to describe the intellectual struggle by which Ein, 
stein invented his paradigm and convinced his colleagues that it gives a 
more nearly correct description of gravity than the l'iewtonian para-
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11.2 A drawing by M. C. Esc-her. One can p..xperience a "und:flip by looking at 
this dr-dwing, first from one point of view (for example, with the flowing 8tream 
at Ihe same height as the waterfall's top) and then from another (with the stream 
at the height of the waterfall's bottom). This mind·flip is somewhat like the one 
a theoretical physicist experiences when switching from the curved spacetime 
paradigm to the flat spacetime paradigm. [@ 1961 M. C. .&scher Foundation Baarn
Hollllnd. All rights reserved. j 
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digm (Chapter 2). Physicists' invention of the flat spacetime paradigm 
was not a scieLltific revolution in this Kuhnian sense, becausc the flat 
spacetime paradigm and the curved spacetime paradigm give precisely 
the same predictions. 

When gravity is weak, the predictions of the Newtonian paradigm 
and Einstein's curved spacetime paradigm are almost identic.al, and 
correspondingly the two paradigms are very nearly mathematically 
equivalent. Thus it is that, when studying gravity in the solar systl'.1n, 
physicists often switch back and forth with impunity between the 
~ewtoniall paradigm, the curved spacetime paradigm, and also the flat 
spacetime paradigm, using at ally time whichever one strikes their 
fancy or seems the more insightful. I 

Sometimes people new to a field of research are more open-minded 
than the old hands. Such was the case in the 19708, when new people 
had insights that led to a new paradigm for black holes, the membrane 

paradigm. 
In 1971 Richard Hanni, an undergraduate at Princeton University, 

together with Remo Ruffini, a postdoc, noticed that a black hole's 
horizon can behave somewhat like an electrically conducting sphere. 
To understand this peculiar behavior, recall that a positive1y charged 
meta1 pellet carries an electric: field which repels protons but attracts 
electrons. The pellet's electric field can be described by field lines, 
analogous to those of a magnetic field. The electric fie1d lines point in 
the direction of the force that the field exerts on a proton (and oppos
itely to the force exerted on an electron), and the density of field lines is 
proportional to the strength of the force. Tf the pellet is alone in flat 
spacetime, its electric field lines point radially outward (Figure t 1.3a). 
Correspondingly, the electric: force on a proton points radially away 
from the pellet, and sim:e the density of fie1d lines decreases inversely 
with the square of the distance from the pellet, the ele<.1:ric fore~ on a 
proton also decreases inversely with the square of the distance. 

l\ow bring the pellet close to a meta] sphere (Figure 11.3b). The 
sphere's metal surfac:e is made of electrons that can move about on the 
sphere freely, and positively charged ions that cannot. The pellet's 
e1ectric field pulls a number of the sphere's electrons illto the pellet's 

1. Compare ,~ith the last ~-ectiOrl of Chapter I, "The Nature of Phy~if:1I1 Law." 
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( h) 

( e) 

11.5 (a) The electric field Iiues produced by a positively charged metal pellet at 
rest, aJone, in tl-dt spacetime. (b) The electric field Jines wben the pt'Jlet is at rest 
just above an electriC'.ally conducting, meta) !Sphere in Oat spacetime. Thl' pellet's 
electric field polarizes the sphere. (c) The electric field lines wh£'.n tlte ~Uet iii 
at rest just above the horizoD of a black. hole. The peUet's electric fteld appears 
to polarize tlJe horizon. 

vicinity, leaving excess ions everywhere else (.Ill the sphere; in other 
words, it polarizes~ the sphere. 

In 1971 Hanni and Ruffini, and independently R.ob~rt Wald of 
Princeton University and Jeff Cohen of the Princeton Institute for 
Advan~d Study, computed the shapes of the electric field lines pro. 
duced by a charged pellet near the horizon of a nonspinnitlg black hole. 

2. '[his is a different usafle of the word "po18!1ZE-" it·om t.hat of "polari7.nl gr-.. witat!l>nai 
waves" and ''polllrizC'.d light" (Chapt.p.r 10). 
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Their computations, based on the standard curved spacetime paradigm, 
revealed that the curvature of spacetime distorts the field lines in the 
manner shown in Figure 11.3c. Hanni and R.uffini, noticing the 
similarity to the field lines in Figure 1 t .3h (look at diagram (c) from 
below, and it will be nearly the same as diagram. (b)], suggested that 
we cem think of a black hole's horizon in the same manner as we think 
of a metal sphere; that is, we can regard the horizon as a thin mem
brane composed of positively and negatively charged particles, a mt'm
brane similar to the sphere'S metal. Normally there are equal numbers 
of positive and negative particles everywhere on the membrane, that is, 
there is no net charge on any region of the membrane. Howeyer, when 
the pellet is brought near the horizon, excess negative particles ,move 
into the region below the pellet, leaving excess positive particles every
where else on the membrane; the horizon's mernbrane thereby gets 
polarized; and the total set of field lines produced by the pellet's 
charges and the ho.rizon's charges takes the form of diagram (c). 

When I, as an old hand at relativity theory, heard this story, I 
thought it ludicrous. General relativity insists that, if one falls into a 
black hole, one will encounter not.~ing at the horizon except spacetime 
curvature. One will see no membrane and no charged particles. Thus, 
the Halmi-Ruffini description of why tlle pellet's electric field lines are 
bent can have no basis in reality. It is pure fiction. The cause of the 
field lines' bending. I was sure, is spacetime curvature and nothing else: 
The field lines bend down toward the horizon in diagram (c) solely 
because tidal gravity pulls on them, and not because they are being 
attracted to some polarized charge in the horizon. The horizon cannot 
possess any such polarized cllarge; I was sure of it. J was wrong. 

Five years later Roger Blandford and a graduate student, Roman 
Znajek, at Cambridge University discovered that magnetic fields can 
extract the spin energy of a black hole and use it to power jets (the 
Blandford Znajek process, Chapter 9 and Figure iiA.a). Blandford and 
Znajek also found by curved spacetime calculations that, as the energy 
is extracted, electric currents flow into the horizon near the hole's poles 
(in the form of positively charged particles falling inward), and cur
rents flow out of the horizon near the equator (in the form of nega
tively charged particles falHng inward). It was as though the black hole 
were part of an electric circuit. 

The calculations showed,moreover, that the hole behaved as though 
it were a voltage generator in the circuit (Figure t 1.4b). This black
hole voltage generator drove current out of the hori7.on's equator, then 
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up magnetic field lines to a large distance from the hole, then through 
plasma (hot, electrically conducting gas) to olher field lines near the 
hole's spin axis, then down those field lines and into the horizon. The 
magnetic field lines were the wires of the electric circuit, the plasma 
was the load that extracts power from the circuit, and the spinning hole 
was the power source. 

From this viewpoint (Figure 1t.4b), it is the power carried by the 
circuit that accelerates the plasma to form jets. FrOID the viewpoint of 

11.4 Two viewpoints on the Blandford-Znaiek PT'OCt,ss by which a spinning, 
magnetized black hole can produce jets. (a) The hole's spin creates a swirl of 
space which forces magnetic flelds threading the hole 1.0 spin. The spinning 
fields' centrifugal forCt>.8 then accelerate plasma to high speeds (compare with 
Figure 9.7d). (b) The nlasnetic fields and the swirl of spaL'C together genemte a 
large voltage dilTerence between the hole's poles and equal.or; in f'ifect, the hole 
becomes a voltage and power gp..np..ralOr. This voltage drives current to flow in a 
cJrcuiL The circuit carries electrical power from the black hole to the plasma, 
and that power a('.celerdtes the plasma to high speeds. 
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Chapter 9 (Figure lVI·a), it is the spinning magnetic field lines, whip
ping around and around, that accelerate the plasma. The two view
points are just different ways of looking at the same thing. The power 
comes ultimately from the hole's spin in both cases. Whether one 
thinks of the power as carried by the circuit or as carried b)" the spin
ning field lines is a matter of taste. 

The electric circuit description. although based on the standard 
curved spacetime laws of physics, was totally unexpected, and the flow 
of current through the black hole-· inward near the poles and outward 
near the equator seemed very peculiar. During 1977 and 1978, Zna· 
jek and, independently, Thibault Damour (also a graduate student, but 
in Paris rather than Cambridge) puzzled over this peculiarity. While 
trying to understand it, they independently translated the curved 
spacetime equations, which describe the spinning hole and its plasma 
and magnetic field, into an unfamiliar form with an intriguing picto· 
rial interpretation: The current, when it reaches the horizon, does not 
enter the hole. Tnstead, it attaches itself to the horizon, where it is 
carried by the kinds of horizon charges previously imagined by Hanni 
and Ruffini. This horizon CUlTent flows from the pole to the equator, 
where it exits up the magnetic field lines. Moreover, Znajek and Da
mour discovered, the laws that govern the hori1.on's charge and current 
are elegant versions of the flat spacetime laws of electricity and mag
netism: They are Gauss's law, Ampere's law, Ohm's law, and the Jaw of 
charge conservation (Figure 11.5). 

Znajek and Damour did not assert that a being who falls into the 
black hole will encounter a membrcme-like horizon with electric 
charges and currents. Rather, they asserted that if one wishes to figure 
out how electricity, magnetism, and plasmas behave outside a black 
hole, it is useful to regard the horizon as a membrane with charges and 
currents. 

When I read the technical articles by Znajek aJ'ld Damour, I sud
denly understood: They, and Hanni and Ruffini before them, were 
discovering the foundations of a new paradigm for black holes. The 
paradigm was fascinating. It captivated me. Unable to resist its allure, I 
spent much of the 19808, together with Richard Price, Douglas Mac
donald, Ian Redmount, Wai-Mo Suen, Ronald Crowley, and others, 
bringing it into a polished form and writing a book on it, Black Holes: 
The Membrane Paradigm. 

The laws of black-hole physics, written in this membrane paradigm, 
are completely equivalent to the corresponding laws of the curved 
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( c ) Oitm:s L'AW 

1'1.5 The laws governing electric charge and cun-ent on a black hole's mem
brane-lil"e horizon: (a) Gauss's law-the horizon has pl'ecisely the right amount 
of sw'face charge to terminate all electric field lines which intersect the horizon, 
so they do not extend into the hole's interior; c.:olllpare with Figure U.3. (b) 
Ampere's law·· ···llle horizon bas precisely the right amount of surfa(:e current to 
temJinate that portion of the maRnetie field which is parallel to the hor·i7..oIl, so 
there is no para1lel field below the hori7.on. (c) Ohm's law-t.he surface cun-ent 
is proportional to the part of the electric field whic:h is tangential to the surface; 
the proportionality COlI.'Iltant is a resistivity of 577 ohms. (d) Charge conserva
tiOIl--1I0 charge is ever lost or created; all positive charge thaL enters the horizon 
from the outside Unh,t>.I'Se becomes attached to the horizon, and mOVf'A'Il around 
on it, until it exits back into the outside Universe (in the form of negathe cbarge 
falling inward to neutrali7..e the positive charRe). 

spacetime paradigm-so long as one restricts attention to the hole's 
exterior. Consequently, the two paradigms give precisely the same 
predic...1:i.ons for the outcomes of all experiments or observations that 
anyone might make outside a black hole--including an astronomical 
observations made from Earth. When thinking about astronomy and 
astrophysies, I find it useful to keep both paradigms at hand, mem
hranc and curved spacetime, and to do K'Ileher-type mind-Hips back and 
forth between them. The curved spacetime paradigm, with its horizons 
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made from curved empty spal:etime, may be useful on Sunday, when I 
am puzzliIlg over the pulsations of black hole.8. The membrane para
digm, with hori7.ons made from electrically charged membranes, may 
be useful On Monday, when I am puzzling over a hlack hole's produc
tion of jets. And since the predict.ions of the two paradigms are guaran
teed to be the same, I can use each day whichever one best suits my 
needs. 

Not so inside a black bole. Any being who falls into a hole will 
discover that the horizon is not a charge·endowed membrane, and that 
inside the hole the membrane paradigm completely loses its power. 
However, infalling beings pay a price to discover this: They cannot. 
publish their discovery in the scientific journals of tht~ outside Uni
verse. 
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Black Holes 
Evaporate 

in which a black-hole Iwrizon 
is clothed in aTI atmosphere 
of radiation and 001 particles 
that slowly evaporate, 

and the hole shrinks 
and then explodes 

Black Holes Grow 

The Idea hit Stephen Hawking one evening in November 19701 as he 
was preparing for bed. It hit with such force that he was left almost 
gasping for air. Never before or since has an idea come to him so 
quickly. 

Preparing for bed was not easy. Hawking's body is afflicted with 
amyotrophic lateral sclerosis (AI.8), a disease that gradually destroys 
the nerves which control the body's muscles and leaves the muscles, 
one after another, to waste away in disuse. He moved slowly, with legs 
wobbling and at least one hand always firmly grasping a countertop or 
bedpost, as he brushed his teeth, disrobed, struggled into his pajamas, 
and climbed into bed. That evening he moved even more slowly than 
usual, since his mind was preoccupied with the Idea. The Idea excited 
him. He was ecstatic, but he didn't tell his wife, Jane; that would have 
made him most unpopular, since he was supposed to be concentrating 
on getting to bed. 

He lay awake for many hours that night. He couldn't sleep. His 
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mind keI)t roaming over thf~ Idea's rnmificatioJls, its cOIJ.necllons to 
other things. 

The Idea had been triggered by a simple question. How much gravi
tational radiation (ripples of spacetime curvature) can two black holes 
produce, when they collide and coalesce to form a .single hole? Hawk·. 
ing had been vaguely aware for some time that the single final hole 
would have to he larger, in so.me sense, than the "sum" of lht, two 
original holes, but ill what sense, and whal could that tell him ahout 
the amount of gravitational radlation produced? 

Then. as lu~ was preparing for bed, it had hit him. Suddenly, a series 
of mental pietures and diagrams had coalesced in his lllind to produce 
the Ides: It was the area of the hole's h()cizon t.hat would be larger. He 
was sure of it; the pictures and diagrams had coalesced into an un
equivocal, mathematical proof. No matter wl1at the masses of the tWO 
original holes might be (the same or vf:ry differellt), and no mat.Ler how 
the holes might spin (in the same dirCl!tiOll or opposite or not at all). 
and 1.10 mattel' how the holes might collide (head-OIl or at a glancing 
angle), lhe area of the final hole s horizun must always he larger thart Ihe 
sum 0/ the areas (!f the original lroles' horizons. So what? So a 10l, 

Hawking realized as his mind roamed over the ramification."! of t.his 
area-increllJe theorem. 

First of all, in order for the final hole's horizon to have a large area, 
the final hule must have a large mass (oc equivalently a large em~rgy), 
whic:h means that not too much cnergy could havc been ejected as 
gravitational radiation. But "not too much" was st.ill quite a bit, By 
combining his new area-increase t.heorem with 8.n equation that de
scr;bes the mass of a black hole in terms of ito; surfa.ce area and spin, 
Hawking deduced thal as much as 50 percent of the mass of dU! two 
original holes could be converted to gravitalional-wave f!nt~rgy, leaving 
as little as 50 percent behind in the mass of t.he final hole. 1 

There were other ramificatioIls Hawkiug realized in the months 
that followed hi~ sleepless November night. Most important, perhaps, 

f. TI might St'CIIl counterintuitive I.hat Hawking's arca-illcrp.aSp. tlu.'oce,n permits (I./"':) of 
the hol<:!S' mass at all to be cmittt,d a~ gravitatiOllal waves. Readers cOlllforlablc with aigebru 
Inay find satlSf.u:lion in tbc example of t"o rloll~pinnin& holf!~ that l:ollles~e t<l pcoduc~ a ~ingle. 
larger [lullspinning hole, The ~l1rfacc <I't'a of a Ilollspilllling hole iSl)roportionai lO (he square of 
its hori'Zoll eiTcumfl·ccm·e. whil'.h in tunl i.. propc.'ltiollal to the !"iua)"", of the hQie'~ mass. Thlls, 
Hawking's thcor~m illSi~T~ thut tllE' sum of the ~qtlal"f!~ of the initial hol .. ~' ma.'llCs musl p.l'cllCtl 
the sqllare of the fin"l boll"s rnas". ,\ little algp.bra shows that this l:lmSlraillt Oll lhl! Ina~ 
permiTS ttw final hole's rnaSl! LO he Ie" thall t.he SUlCI of the initiul holp.~' 111i1S11e$, and tbus 
Jlf'"Diu SOllle or the imtial ma!;.~p.s tr, be ~(roill.p.d as g11lvilal10nal 'V'tve~. 
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was a new answer to the question of how to dt;{ine the concept of a 
hole's horizon when the hole is "dynamical," that is, when it is vibrat
ing wildly (as it must during collisions), or when it is growing rapidly 
(as it will when it is first being created by an imploding star). 

Precise and fruitful definitions are essential to physics research. 
Only after Hermann Minkowski had defined the absolute interval be
tween two events (Box 2.1) could he deduce that, although space and 
time are "relative'" they are unified into an "absolute" spacetime. Only 
after Einstein had defined the trajectories of freely falling particles to 
be straight Hnes (Figure 2.2) could he deduce that spacetime is curved 
(Figure 2.5), and thereby develop his laws of general relativity. And 
only after Hawking had defined the concept of a dynamical hole's 
horizon could he and others explore in detail how black holes change 
when pummeled by collisions or by infalling debris. 

Before November 1970, most physicists, following Roger Penrose's 
lead, had thought of a hole's horizon as "the outermost location where 
photons trying to escape the hole get pulled inward by gravity." This 
old definition of the horizon was an intellectual blind alley, Hawking 
reali7.ed in the ensuing months, and to brand it as such he gave it a 
new, slightly contemptuous name, a name that would stick. He called 
it the apparent horizon. Z 

Hawking's contempt had several roots. First, the apparent horizon is 
a relative concept, not an absolute one. Its location depends on the 
observers' reference frame; observers falling into the hole might see it 
at a different location from observers at rest outside the hole. Second, 
when matter falls into the hole, the apparent horizon can jump sud
denly, without warning, from one location to another--a rather bizarre 
behavior, one not cond.ucive to easy insights. Third and most impor
tant, the apparent horizon had no connection at all to the flash of 
congealing mental pictures and diagrams that had produced Hawk
ing's New Idea. 

Hawking's new definition of the horizon, by contrast, was absolute 
(the same in all reference frames), not relative, so he called it the 
absolute horizon. This absolute horizon is beautiful, Hawking thought. 
It has a beautiful definition: It is "the boundary in spacetime between 
events (outside the horizon) that can send signals to the distallt 'Cni
verse and those (inside the horizon) that cannot." And it has a beautiful 
evolution: When a hole eats matter or collides with another hole or 

2. A more precise definition of the apparent hori~on is given ill Rox 12.1 below. 



Box 12.1 

Absolute and Apparent Horizons for a 
Newborn Black Hole 

The spacetime diagrams shown below describe the implosion of a spheri
cal star to form a. spherical blade. hole; compare with Figure 6.7. The 
dotted curves are outgoing light rays; in other words, they are the world 
lines (trajectories through spacetime) of photons-tbe fa.~test slgn.als that 
can be sent radially outward, toward the distant Universe. For optimal 
escape, the photons are idealized as not being absorbed or scattered at aU 
by the star's matter. 

The apparent horimn (lefi diC'.g:ram) is the outermost location where 
outgoing light rays, trying to es<'.ape the hole, get pulled inward toward 
the singularity (for example, the outgoing rays Wand RR'). The appar
ent horizon is created suddenly, full-sized, at E, wherEl the star's surface 
shrinks through the critic.al circumference. The absolute Iwrizon (right 
diagram) is the boundary between events that can send signals to the 
distant Universe (f()r example, Elvents P and S which send signals along 
the light rays pp' and SS) and. events that Cannot send signals to the 
distant Universe (for example, Q and R). The absolute hori7.on is created 
at the star's center, at the event labeled C, well before the star's surface 
shrinks through the critical circumference. The absolute horizon is just a 
point when created, but it then expands smoothly, like a balloon being 
blown up, and emerges through the star's surface. precisely when the 
surface shrinks through the critical circumference (the circle labeled E). It 
then stops expanding, and thereafter coincides with the suddenly created 
apparent horizon. 

IA·~'p""'u"rt iloril.oJt 
r."" ''''''lIla",,, it 

c:t~"lrli",",-i, 

f" 

01 b!,,> 
l.,j,soiUl1. \\""il.Ofl. 



416 HLA.CK HOLES Al'i n TI~1.~, WAR 11~ 

does anything at a11, its absolut.e horizon changes shape and size in a 
smooth, contimlOUS way, instead uf a sudden, jumping way (Box 12.1). 
Most important, the absolute horizon meshed perfectly with Hawk
ing's ~ew Idea: 

Hawking could see,in his congealed mental pictures and diagrams, 
that the an!as of absolute hori~ons (but not necp,ssarily apparent hori
zons) will increase not only \vhen black holes collide and coalesce, but 
also when they are being born, when matter Of gravitalional waves fall 
into them, wtHm the gravity of other objects in the t.:niverse raises tides 
on th('.lJl, and when rotational energy is being extracted from the swirl 
of sp<u:e just outside their horizons. Indeed, the areas of ailsolute hori
zons will almost always increase, and <:a11 never deerease. The physical 
reason is simple: Ev(~rything that a hole em:ounters sends e.l:lergy in
ward through its absolute horizon, and there is 1)0 way that any energy 
can come back out. Since aU forms of energy produ(..'e gravity, this 
means that the hole's gravity is c.ontillUally being strengthened, and 
correspondingly, its surface area is continually growing. 

Hawking's conclusion, stated more precisely, was this: lit aTlX region 
if space, and at any moment of time (as measured ,:n anyone's reference 
frame), measure tlte areas 0/' all the ab.mlllte ho,.,:zons if all bllu:k Iwtes 
and add th(~ area.5 together to get a total area. Then u;ait hOlJ)evt'" long 
you might wish, and again measure tlte areas qf all the absolute horizuns 
and add them. If no black holes ha'lJe moved out tllrough. the "walls" of 
YOllr region C!f space between the measurement.~ then the lotal horizon 
area cannot h.ave decreased, and it almost alway.~ will have increased, at 
lea.~t a little bit. 

Hawking was well aware thdt the choice of definition of horizon, 
absolute or apparent, could not influence in any way any predictions 
for the outcomes of expcriment.~ that humans or other beings might 
perform; for example, it could not influence predi<-tions of \,he wave
forms of grClvitational radiation produced in black-hole collisions 
(Chapter 10), nor eould it influcll<.:e predictions DC the number of 
X-rays emitted by hot gas falling into and through a black hole's 
horizon (Chapte"r 8). However, the choice of definition could strongly 
influence the ea.se with whieh theoretical physicists dedut".'e, from Ein
stein's general relativistic equations, the properties and behaviors of 
black holes. The chosen definition would become a (;entral tool in the 
paradigm by which theorists guide their research; it would il1f1uence 
their mental piClUrr.-s, their diagrams, the words they say when c:mn
nmnica\.lng with each other, and tll.t~iI int,uit.lve lea})!; of insight, Alld 
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for this purpose, Hawking believed, the new, absolute horizon, with its 
smoothly increasing area, would be superior to the old, apparent hori
zon, with its discontinuous jumps in size. 

Stephen Hawking was not the first physicist to think about absolute 
horizOJls and discover their area increase. R.oger Penrose at Oxford 
University, and Werner Israel at the University of Alberta, Canada, 
had already done so, before Hawking's sleepness November night. Tn 
fact, Hawking's insights were based largely on foundations laid by 
Penrose (Chapter 13). However, neither Penrose nor Israel had recog
nized the importance or the power of the area-increase theorem, so 
neither had published it. Why? Because they were mentally locked into 
regarding the apparent horizon as the hole's surface and the absolute 
horizon as just some rather unimportant auxlliary concept, and there
fore they thought that the increase of the absolute horizon's area was 
not very interesting. Just how terribly wrong they were w\ll become 
clear as this chapter progresses. 

Why were Penrose and Israel so wedded to the apparent horizon? 
Because it had already played a central role in an amazing discovery: 
Penrose's 1964 discovery that the laws of general relativity force every 
black hole to have a singularity at its center.l shall describe Penrose's 
discovery and the nature of singularities in the next chapter. For now, 
the main point is that the apparent horizon had proved its power, and 
Penrose and Israel, blinded by that power, could not conceive of jetti
soning the apparent horizon as the definition of a black hole's surface. 

They especially could not conceive of jettisoning it in favor of the 
absolute horizon. Why? Because the absolute horizon paradoxically, 
it might seem-violates our cherished notion that an effect should not 
precede its cause. When matter falls into a black hole, the absolute 
horizon starts to grow ("effect") before the matter reaches it ("cause"). 
The horizon grows in anticipation that the matter will soon be swal
lowed and will increase the hole's gravitational pull (Box 12.2). 

Penrose and Israel knew the origin of this seeming paradox. The 
very definition of the absolute horizon depends on what will happen in 
the future: on whether or not signals will ultimately escape to the 
distant Universe. In the terminology of philosophers, it is a teleological 
definition (a definition that relies on "final causes"), and it forces the 
horizon's evolution to be teleological. Since teleological viewpoints 
have rarely if ever been useful in modern physics, Penrose and Israel 
were dubious about the merits of the absolute horizon. 
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.Box 1:2.2 

Evolution of an Accreting Hole's Apparent and 
Absolute Horizons 

The sparetimc diagram below illustrates the jerky evolution of t.he appar
ent horizon and the teleological evolution of the ahsolute horizon. At. some 
initial moment. of time (OIl a hori7ontal slice near the bottom of the 
diagram), an old, nonspirming black hole is surrounded by a thin, spheri
cal shell of matter. The shell is like t.he rubbE:'T of a balloon, alld the hole is 
like a pit at the balloon's ccnter. The hole's gravity puJls on the shell (the 
balloon's rubber), forcing it to shrink and ultimately be swallowcd by the 
hole (the pit). The apparertt horizon (the outermost location at which 
outgoing light. rays--shown doUoo--arc being pulled inward) jumps out
ward suddenly, and discontinuously, at the moment when the shrinking 
shell reaches the location of the final hole's critical circumference. The 
absolute horizon (the boundary hetween event_'l that can and cannot send 
outgoing light rays to the distant Gniverse) starts to expand beji)re the 
hole swallows the shell. It. expands in anticipation of swallowing, and then, 
just as the hole swallows, it. comes to rest at. the same locat.ion as the 
jumping apparent horizon. 

5qri.11&h16 t;h\ n. 
shcU ()f :nlv.-t;ter 
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Hawking is a bold thinker. He is far more willing than most physi
cists Lo take olI in radical new directions, if those directions "smell" 
right. '{'he absolute horizon smelled right to him, so despite its radical 
nature, he embraced it, and. his embrace paid oIl'. \Vithin a few months, 
Hawking and James Hartle were able to derive, from Einstein's gen
era! relativity laws, a set of elegant equations that describe how the 
absolute horizon continuously and smoothly expands and changes its 
shape, in anticipation of swallowing infalling debris or gravitational 
waves, or in anticipation of being pulled on by the gravity of other 
bodies. 

III ~ovcmber t970, Stephen Hawking was just beginning to reach full 
stride as a physicist. He had made several important discoveries al
ready, but he was not yet a dominant figure. As we move OIl through 
this chapter, we shall watch him become dominant. 

How, with his severe disability, has Hawking been able to out-think 
and out-intuit his leading colleague-competitors, people like Roger 
Penrose, Werner Israel, and (3.'1 we shall see) Yakov Borisovich Zel'
dovich? They had the use of their hands; they could draw pictures and 
perfoT1T1 many-page-long calculations on paper--calculations in which 
one records many complex intermediate results along the way, and 
then goes back, picks them up one by one, and combines them to get a 
final result; calculations that T cannot conceive of anyone doing in his 
head. By the early 1970s, Hawking's hands were largely paralyzed; he 
could neither draw pictures nor 'write down equations. His research had 
to be done entirely in his head. 

Because the loss of control over his hands was so gradual, Hawking 
has had plenty of time to adapt. lJe has gradually trained his mind 
to think. in a manner different from the minds of other physicists: 
He thinks in new types of intuitive mental pictures and mental equa
tions that, for him, have replaced paper-and-pen drawings and written 
equations. Hawking's mental pictures and mental equations have 
turned out to be more powerful, for some kinds of problems, lhan 
the old paper-and-pen ones, and less powerful for others, and he has 
gradually learned to cOllcentrdte on problems for which his new 
methods give greater power, a pOWf'I that nobody else can begin to 
match. 

Hawking's disability has helped him in other ways. As he himself 
has often commented, it has freed him from the responsibility of lec
turing to university students, and he thus has had far more free time 
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Stephen Hawking with his wife Jane and their son Timothy in ('..ambridge, 
En~land, in 19RO. [Photo by Kip ThBrne.] 

for research than his znore healthy colleagues. More important, per
haps, his disease in some ways has improved his attitude toward life. 

Hawking contracted ALS in 1963, soon after he began graduate 
school at Cambridge University. ALS is a catch-all name for a variety 
of motor neuron diseases, most of which kill fairly quickly. Thinking 
he had only a few years to live, Hawking at first lost his enthusiasm fOT 

life and physics. However, by the winter of 1964--65, it became appar
ent that his was a rare variant of ALS, a variant that saps the celltral 
nervous system's control of muscles over many years' time, not just a 
few. Suddenly life seemed wonderful. He returned to physics with 
greater vigor and enthusiasm than he had ever had as a healthy, devil
may-care undergraduate student; and with his new lease on life, he 
married Jane Wilde, whom he had met shortly after contracting ALS 
and with whom he had fallen in love during the early phases of his 
disease. 

Stephen's marriage to Jane was essential to his success and happiness 
in the 19608 and 1970s and into the 1980&. She made for them a normal 
home and a normal life ill the midst of physical adversity. 

The happiest smile 1 ever saw in my life was Stephen's the evening 
in August 1972 in the F'rencO Alps when Jane, T, Bnd the Hawkings' 
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two oldest children, Robert and Lucy, returned from a day's excursion 
into the mountains. Through foolishness we had missed the last ski lift 
down the mountain, and had been forced to descend about 1(01) meters 
on foot. Stephen, who had fretted. about our tardiness, broke out into an 
enormous smile, and tears came to his eyes, as he saw Janc: Robert, alld 
Lucy enter the dining room where he was pokiJ~ at hi.."l p.vlming meal, 
unable to eat. 

Ha,vking lost the use of his limbs and then his voice very gradually. 
Tn June 1965, when we first met, he walked with a cane and his voice 
was only slightly shaky. Ry 1970 he required a four· legged walker. By 
1972 he was confined to a motorized wheelchair and had largely lost 
the abilit.y to write, bl)t he could still feed himself with some ease, and 
most native E.nglish speakers could still understand his speech, though 
with difficulty. By 1975 he could no longer feed himself, and only 
people accustomed to his speech could understand it. By 1981 even 1 
was having severe diJliculty understanding him unless we were in an 
absolutely quiet room; only people who were with him a lot could 
understand with ease. By 1985 his lungs would not remain clear of 
fluid of their own accord, and hc had to have a tracheostomy so they 
could be cleared regularly by suetioning. The price was high: He com
pletely lost his voice. To c()rnp«~nsate, he acquired a computer-driven 
voice synthesizer with all American accent for whieh ht~ would apolo
gize sheepishly. He controls the computer by a simple switch clutched 
ill one hand, which be squeezes as a menu of words scrolls by on the 
computer screen. Grabbing one word after another from the scrolling 
menu with his switch, he huilds up his sentences. It is painfully slow, 
btlt effeclive; he ean produce no more than one short sentence per 
minute, but his senterwes are enunciated clearly by the synthE'".si7.er, and 
are often pearls. 

As his speech deteriorated, Hawking learned to make every sentence 
couJlt. lIe found ways to express his ideas that were dearer and more 
succinct than the ways he had used. in the early years of his disease. 
With clarity and succ:inctness of expression cam(~ improved clarity of 
thought, and greater irnpaet on his L'Olleagues--but also a tendency to 
seem oracular: When he issues a pronouncement on some deep ques
tion, , .. 'e, his colleagues, sometimes cannot be sure, until after J:nueh 
thought and ealculation of our own: whether he is just speculating or 
has strong evidencE.'. He sometimes doc!Sr. 't tell us, and we occasionally 
wonder whether he, with his absolutely unique insights, is playing 
games with us. He does, after all, still retaill a streak of the impishness 
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that made him popular in his undergraduate days at Oxford, and a 
sense of humor that rarely deserts hjm, even ill times of trial. (Before 
his tracheostomy, when I began to have trouble understanding his 
speech, I sometimes found myself saying over and over again, as many 
as ten times, "Stephen, I still don't understand; please say it again." 
Showing a bit of frustration, he would (:ontinue to repeat himself until 
I suddenly understood: He was telling me a wonderfully funny, off'
the-waH, one-line joke. When I finally caught it, he would grin with 
pleasure.) 

Entropy 

Having extolled Hawking's ability to out-think and out-intuit all his 
colleague-competitors, r lYlUst now confess that he has not managed to 
do so all the time, just most. Among his defeats, perhaps the most 
spectacular was at the hands of one of John Wheeler's graduate stu
dents, Jacob .Bekenstein. But in the midst ofthat defeat, as we shall see, 
Hawking produced a far greater triumph: his discovery that black holes 
can evap<lrate. The tortuous route to that discovery will occupy much 
of the rest of this chapter. 

The playing field on which Hawking was defeated was that of black
hole thermodYTlamics. Thennodynamics is the set of physical laws that 
govern the random, statistical behavior of large numbers of atoms, for 
example, the atoms that make up the air in a room or those that make 
up the entice Sun. The atoms' statistical behavior includes, among 
other things, their random jiggling caused by heat; and correspond
ingly, tIle laws of thermodynamics include, among other things, the 
laws that govern heat. Hence the llame thermodynamics. 

A year before Hawking discovered his area theore-m, Demetrios 
ChristodO'lllou, a nineteen-rear-old graduate student in Wheeler's 
Princeton group, noti<''ed that the equations that desC'..ribe slow changes 
in the properties of black holes (for example, when they slowly Etccrete 
gas) resemble some of the equations of thermodynamics. The resem
blance was remarkahle, but there was no reason to think it anything 
more than a coincidence. 

This resemblance was strengthened by Hawking's area theorem: 
The area theorem closely resembled the second lall) if the17nodynamics. 
Tn faL"!, the area theorem, as expressed ear-1ier in this chapter, becomes 
the second law of thermodyudmi(:l; if we merely replace the phrase 
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"horizon areas" by the word "entropy": In any region 0/ ~pace, and at 
any moment if time (a..~ measured in anyone 3 reference frame), mea.5ure 
the total entropy of everything there. Then wait hOUJelJ€r long you might 
wish, and again mea.,ure ihe total entropy. If rwthing ha.5 moved out 
through the ;'walls" qlyour region if space between the measurem.cnt5, 

then the total entropy cannot ha'Je decreased, and it almo.~t always will 
have increased, at lea.,t a little bit. 

What is this thing ("..aIled "entropy" that increases;' It is the amount 
of "randomness" in the chosen region of space, and t.he increase of 
entropy means that things are continually becoming more and more 
random. 

Stated more precisely (see Box 12.~), entropy is tJ,.e logarithm of the 
'lumber of ways that all the atoms arui molecules in our chosen region 
can be distributed, without changing that region's rnacroscopir. appear
ance. ~ When there are many possible ways for the atoms and molecules 
to be distributed, there is a huge amount of microscopic randomness 
and the en tropy is huge. 

The law of entropy in('Tease (thesec()nd law of thermodynamics) has 
great power. As an example, suppose that we have a room contain~ng 
air and a few crumpled-up newspapers. The air and paper together 
contain less entropy than they would have if the paper were burned in 
the air to form carbon dioxide, water vapor, and a bit of ash. In other 
words, wheLl the room contains the original air alld paper, there are 
fewer ways that its molecules can be randomly distributed than when 
it contains the final air, carbon dioxide, water vapol', and ash. That i$ 
why the paper burns naturally and easily if a spark ignites it, and why 
the burning cannot easily and naturally be reversed. to create paper 
from carbon dioxide, water, ash, and air. Hntropy increases during 
burning; entropy would decrease during un burning; thus, burning oc
curs and un burn ing does not. 

Stephen Hawking noticed. immediately, in ~ovember 1970, the re
markable similarity b(~tween the second law of thermodynamics and 
his law of area increase, but it was obvious to him that the similarity 

~. The laws oj quantum lJu~chanics guarantee that thp. nUlnber of ways to distribule the 
atoms and molecules is alwa'yS finite, aJlrl never intihilc. In defillillg thp. fmtrop)" phy~icists 

o[\en mliltiply the logarithm of this number of ways by a constant Ihal will he irrelevarlt to liS, 

loge 10X~, where log.,' 0 is the "natural lagarithrn" of 1 0, that is, 2.50258 . . . ,alld 1£ is 
"Boltzmann's COllstallt." t.38062 X 10"8 erg per degree (~isius. Throughout this book I shali 
ignot" this constillt. 
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Box 12.3 

Entropy in a Child's 1)la)Toom 

Imagine a square playroom containing 20 toys. The floor of the room is 
made of 100 large tiles (wit.h 10 tiles running along each side), ami a 
father has cleaned the room, throwing all the toys Ol1to the northeruIIlost 
row of ti.l~s. The father cared not one whit which toys landed on which 
tiles, so they are all rclndOlJlly !iCTamhled. One lIleasure of their random, 
ness is t.he number of ways that they could have landed (ear.h of w hieh the 
father considers as equally satisfactory), that i.s, the numher of way!; that. 
the 20 t.oys carl be distributed over the 10 tilt',s of the northern row. This 
number turns (Jut to be 10)( 10 x 10 X ... X 10, with one factor of 10 fur 
each toy; t1mt is, t O'J(). 

This number, to'll), is one dc6cript.ion of t.he amollnt of randomn~ss in 
the toys. However, it is a rather urtwie1Jly description, lJince fO ilU is such a 
big number. More easy to manipulAte is the loga.rithm of lO~o, that is, the 
number of factors of 10 that lrJust be multiplied togethpI to get. 10'~o. The 
logarithm is 20; and tllis logarithm qf the number of ways the wys could he 
scal.;.ered over the tiZe.~ is tIle toys' entropy. 

Now supp<lse that a child comes into thf! room and plays with the toys, 
throwing them around with abandon, and ,.hen Jea\TC!s. Thp. father returns 
and sees a mess. The toys are now far more randomly distributed than 
beforp.. Tht'ir entropy has ill('.re~. TIlt! rathe.· doesn't care just where 
each toy is; all he care!) is tllat they have been scattered random])' through. 
out the 1·00Ill. How many <lillerent ways might they' haye b~en scattered? 
How many wars could the 20 toys be distributed over the lOO tiles? 
100 )( 100 X 100 X ,.. X 1 00, with one factor of 100 for each toy; that is, 
lOOiZ() = t 04() ways. The logarithm of this number is 10, so the child 

illcreased the toys' entropy from 20 to 40. 
"Aha, but then the rather deans up the room arid therehy reduces the 

toys' I:!ntropy back to 20," you might say. "J)oesn't this violate the second 
law of thrrrnodynamir.s?" No, not at all. Thf! toys' entropy rnay be tcdu(.~ed 
by the father's cleaning, but Lhe enlropy in the father's hody and in the 
roo,m's air has increased: It took a lot of energy to throw the toys back ont.o 
the no rt.hernmost tiles, p.nergy t.hat tile father got by "burn ing up" some uf 
his body's fat.. The burning r.onvt'rted neatly orgallized fat. molecilies into 
disorgani7.ed waste prmhu:t.s, for example, the (~arbon dioxide that he ex
haled randomly into the room; and the resulting increllse ill the fat.her's 
and the room's entropy (thc: increase in the number of ways their atoms 
a~ld molecules can be distributed) far more than made up for the decrf!ase 
in the toys' entropy. 
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was a Irlerc coincidence. One would have to be crazy, or at least a littJe 
dim-witted, to claim that the area of a hole's horizon in some sense is 
the hole's entropy, Hawking thought. After all, there is nothing at all 
random about a black hole. A black h01e is just the opposite of random; 
it is simplil:ity incarnate. Once a black hole has settled down into a 
quiescent state (by emitting gravitational waves; Figure 7.4), it is left 
tota])y "hairless": All of its pro}lf~rties are precisely determil1ed by just 
three numbers, its mass, its angular momentum, and its electric charge. 
The hole has no randomness whatsoever. 

Jacob Bekenstein was not persuaded. It seemed likely t.o him that a 
bla.ck hole's area in some deep sense is its entropy-or, more precisely, 
its entropy multiplied by some constant. If not, Bekenstein reasoned, if 
black holes have vanishing entropy (no randomness at all) as Hawking 
claimed, then black holes could be Ilsed to decrease the entropy of the 
Universe and thereby violat.e the second law of thermodynamics. All 
one need do is bundle all the air molecldes from some room into a 
small package and drop them into a black hole. The air molecules and 
an the entropy they carty will disappear from our Universe when the 
package enters the hole, and if the hole's entropy does not increa&e to 
compensate for this loss, then the total entropy of the Universe will 
have been reduced. This violation of the second law of thermodynam
ics would be highly unsatisfactory, Bekellstein argued. To preserve the 
second law, a black hole must possess an entropy that goes up when the 
package falls through its horizon, and the most promising candidate for 
that entropy, it seemed to Bekenstein, was the hole's surface area. 

Not at all, Hawking responded. You can lose air molecules by throw
ingtheI1l down a black hole, and you can also lose entropy. That is just 
the nature of black holes. We will just have to accept this violation of 
the second law of thermodynamics, Hawking argued; the properties of 
black holes require it-and besides, it has no serious consequences at 
all. For example, although under ordinary circumstances a violation of 
the second law of thermodynamics might permit one to make a perpet
ual motion machine, when it is a black hole that causes the violation, 
no perpetual motion machine is possible. The violation is just a tiny 
peculiarity in the laws of physics, one that the laws presumably live 
with quite happily. 

Bekenstein was not convinced. 
AJl the world's black-hole experts lined up on Hawking's side'-' all, 

that is, except Bekenstein's mentor, John Wheeler. "Your idea is just 
crazy enough that it might be right:' \Vheeler told Bekenstein. With 
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this eneoumgement, Bekt.'nstein plowed forward and tightened up his 
conjecture. He (,.stlmated just how mu<!h a hole's entropy would have to 
grow, when a padtage of air is dropped into it, to preserve the second 
law of thermodynamics, and he e@timatt~d bow much the plunging 
packa.ge would increase the horizon's area; and from thesr. rough esti
mates, he deduced a relationship between entropy and area which, he 
thought, mig.ll.t always preserve the second law of thermodynamic-.s: 
The entrop)", he concluded, is approxirnatE'iy the hOl'izon's area divided 
by a famous arl:'a associated with the (as yet ill-understood) laws of 
quanturn gravhy, the Planc"-~Wlteeler area, 2.61 X 1O .. (SCj square C'.enti
lllet.er.4 (We shall learn the significance of the Planck -Wlleeler area in 
the next two chapters.) F'or a 10-solar-mass hole, this cntropy would be 
the hole's area, 11,000 square kilometers, divided by the Pli.mck-· 
Wheeler area, 2.61 X 10-66 square centimeter, which is roughly 1070. 

This is an enorm()us amount of entropy. It represents a huge amount 
of randomness. Where does this randomness reside? Inside the hole, 
Bekenstein conje(;tured_ The hole's interior must contain a huge num
ber of atoms or molecules or something, an randomly distributee!,. and 
the total number of ways they could be dL~tributed must be5 1010 . 

Nonsense, responded most of the leading black-hole physicists, in
cluding Hawking and rne. The hole's interior C',IlIltalllS a singularity, 
not atoms or molecules. 

Nevertheless, the similarity between the laws of thermodynamics 
and the properties of bJack holes was impressive. 

In August 1972, with the golden age of black~h(}le research in full 
swing, the world's leading black-hole experts and about fifty studcnts 
congregated i.n the Frenc.h Alps for an intense month of lectures and 
joint research. The site was the same Les Houche.s summer school, on 
the same green hillside opposite Mont lUane, at which nine years 
earlier (1963) I had bren taught the intricacies of general relativity 
(Chapter 10). In f 963 1 had been a student. Now, ill 1972, J was 
supposed to be an expert_ In the mornill~ we "experts" lectured to 

4. This Planr:k tvh~lcr an.a is gtVCI! by the limllula (~lil'·. wllere 0 = 6.6;0 x 10-~ 
dyne'centime!erjgraln2 is J\p.wtull'S gn",itation oont't(lnt, Ii = 1.055 X 10'" ccg second is 
Plilllck's quanlum rn"challi<'.al con5tant, and c = 2.99/i X 10'0 cp.ntiJlletP."jsecond ;~ I.he spl'.~d of 
light. Fur rell.ltc:d issu,~s. sec Footnote 2 ill Ghaptf.'r 13, Footm.1.e (i in <:tlapl~r 14, and the 
assoc.iatl"d discu8$ions in the tekt of th.-. chapr.p.rs. 

5. Thp. !ogarithm of 10'010 ill Hi'" (Kr.kl"llstp.;II·s ('Onjectureo} elll.roll.f)' NutE' that 10'0" i~ a i 
.... ith 10" ZC1"<JeS after it, that is, with Ilcariy as many zeroes as tbere at'!! a!orn~ in tile 1 :nive~se. 



12. BI.ACK HOLES EVAPORAT~ 

each other and the students about the discoveries we had made during 
the past five years and about our current struggles toward new insights. 
During most afterlloons we continued our current struggles: Igor Novi
kov and J closeted ourselves in a small log cabin a.nd struggled to 
discover the laws that govern gas as it ae<;retes into black holes and 
emits X-rays (Chapter 8), while OIl couches in the school's lounge lIly 

students Sill Press and Saul 'feukolsky sought ways to discover 
whether a spinning black hole is stable against smal1 perturbations 
(Chapter 7), and fifty meters above me on the hi11side, James Bardeen, 
Brandon Carter, and Stephen Hawk.ing joined forces to try to ded1lce 
from gillstein's general. relativity equations the fun set of laws that 
govern the evolution of black holes. The setting was idyllic, Lhe physi(.'S 
delicious. 

By the end 0.£ the month, Bardeen, Carter, and HawkiJlg had COIl

solidated their insights into a set. of laws if black-hole mechanics that 
bore an amazing resemblance to the laws of thermodynamics. Each 
black-hole law, ill fact, turneci. out to beidentic-..al to a thermodynamieal 
law, jf one only replaced the phrase "horizon area" by "entropy," and 
the phrase "llOrizon surface gravj~y" by "temperature." (TIle surface 
gravity, Toughly speaking, is the strength of gravity's pull as felt by 
somebody at rest just above the horizon.) 

Whell Bek.enstcin (who was one of dle fifty sLudents at the school) 
saw this perfect fit between the two sets of laws, he became more 
convinced than ever that the horizoll area i.~ the hole's entropy. Bar
decn, Carter, Hawking, T, and the other experts, by contrast, saw in this 
fit a firm proof that the horizon area cannot be the hole's entropy in 
disguise. If it were, then similarly the surface gravity would have to be 
the hole's temperature in disguise, and that temperature would not be 
zero. However, the laws of thermodynamics insist that any and every 
object with a nonzero Lemperatllr{! must emil radiation, at least a little 
bit (that is how the radiators that warm some homes work), and every
body knew that black holes cannot. ~mit anyLhing. Radiation can fa.ll 
into a black. hole, but none can ever come out. 

If Bekenstein had followed his intuition to iLs logical conclusion, he 
would have asserted that somehow a blaCK hole must have a fillit.e 
temperature and must emit radiation, and we today would look back 011 

him as UIl astounding prophet. But Rekensteul wa!iled. He conceded 
that it was obvious a black hole cannot radiate, but he clung tena
ciously to his fait.h in black-hole entropy. 
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Black Holes Radiate 

The first hint that black holes, in fact, can radiate came from Yakov 
Borisovich Zel'dovich, in June 1971, fourteen months before the Les 
Houches summer school. lIowe\"~t, nobody was paying any attention, 
and for this I bare the brunt of Lite shame since I wa~ Zel'dovich's 
confidant a.nd foil as he groped toward a radical new insight. 

Zel'dovich had brought me to Moscow for my second several-week 
stint as a mt-mber of his research group. On my first stint, two years 
earlier, he had commandeered for me, in the midst of Moscow's hous
ing crunch, a spacious private apartment on Shabolovka Street, near 
October Square. While some of my friends shared one-Toom apart
ments with their spouses, children, and a set of parents-· 'one room, not 
ont) bedroom- .. 1 had had an to myself an apartment with bedroom, 
living room, kitchell, television, and elegant china. On this second stint 
I lived more modestly, in a single room at a hotel owned by the Soviet 
Academy of Sci~nces, down the street from myoId apartment. 

A.t 6:30 one morning, I was roused from my s]eep by a phone call 
from Zel'dovich. "Come to my flat, Kip! I have a new idea ab01.1t 
spinning black holes!" Knowing that coffee, tea, and piruzhki (pastries 
cODtaining ground beef, fish, cabbage, jam, or eggs) would be waiting, I 
sloshed cold water on my face, threw on my clothes, grabbed my 
briefcase, dasbed down five flights of stairs into the street, grabbed a 
crowded teoBey, transferred to a trolley bus, and alighted at Number 
2B Vorobyevskoye Shosse in the Lenin Hill", 10 kilometers south of the 
Kremlin. Number 4, next door, Was the residence of Alexei K08ygin, 
the Premier of the U.S.S.R.6 

J walked through an open gate in the eight-foot-high iron fence and 
entered a four-acre, forested yard surrounding the massive, squat apart
ment house Number 2B and its twin Number 2A, with their peeling 
yellow paint. As one reward for his contributions to Soviet nuclear 
might (Chapter 6), Zel'dovich had been given one of 2B's eight apart
ments: the southwest quarter of the second noor. The apartment was 

6. Yorohyevskoye Shoase has ILince been renamed Kosygin Street, and its buildings h"v~ 
been renumbered. Ln the late 19805 Mikhail Gorbachev had a lu.me at Number to, several 
dO()I"II west of Zel"dovich. 
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enormous by Moscow standards, 1500 square feet; he shared it with his 
wife, Varvara Pavlova, one daughter, and a son-in-law. 

Zcl'dovich met me at the apartment door, with a warm grin OIl his 
faL'e and the sounds of his hustling family emerging from back rooms. 1 
removed my shoes, put on slippers from the pile beside the door, and 
followed him into the shabby but comfortable living/dining room, 
with its overstuffed <:ouch and chairs. On one wall was a map of the 
world, with colored pins identifying all the plm:('-s to which Zel'dovich 
had been invited (London, Princeton, Beijing, Bombay, Tokyo, and 
many mote), and which the Soviet state, in its paranoid fear of losing 
nuclear secrets, had forbade him \.0 visit. 

Zel'dovich, his eyes dancing, sat me down at the long dining table 
dominating the room's center, and announced, "A spinning black hole 
must radiale. The departing radiation will kick back at the hole and 
gradually slow its spin, and then halt it. With the spin gone, the 
radiation will stop, and the hole will live forever thereafter in a per· 
feL1:ly spherical, nonspinning state." 

"That's one of the r.l"'dziest things I've ever heard," T asserted. (Open 
<:onfrontation is Ilot my style, but Zel'dovich thrived on it. (Ie wanted 
it, he expected it, and he had brought me to ;\los<:ow in part to serve as 
a sparring partner, an opponent. against whom to test ideas.) "How can 
you make such a crazy claim?" T asked. "Everyone knows that radiation 
can flow into a hole, but nothing, not evell radiation, ('.an come out." 

Zel'dovich e~plained his reasoning: "A spinning metal sphere emits 
electromagnetic radiation, and so, similarly, a spinning black hole 
should emit gravitational waves." 

A typical Zel'dovich proof, I thought to myself. Pure physical intui
tion, based on nothing more than analogy. Zel'dovich doesn't under
stand geJ1eral relativity wen enough to compute what a black hole 
should do, so instead he computes the behavior of a spinning metal 
sphere, he then asserts that a black hole will behave analogously: and 
he wakes me up at 6:3() A.M. to lest his assertion. 

However, 1 had already seen Zel'dovich make discoveries with little 
more basis than this; for example, his 1965 daim that when a mOUJl
tainous star implodes, it produces a perfectly spherical black hole 
(Chapter 7): a claim that turned out to be right and that. foretold the 
hairlessness of holes. I thus proceeded. cautiously. "1 had no idea that a 
spinning metal sphere emits electromaglletie radiation. How?" 

"The radiation is so weak," Zel'dovieh explained, "that nobody has 
ever observed it, nor predicted it before. However, it must occur. The 
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metal sphere will radiale when electromagnetic vaclium fluctuation.s 
tickle it. Similarly, a black hole will radiate when gravitational vac
uum tluctuations graze its horizon." 

I was too dumb in 1971 to realize the deep signific.ance of this 
re:rnark, btlt several years later it would become dear. All previous 
theoretical studies of black holes ha.d been based on Einstein's general 
relativistic 1aws, and those studies were unequivocal: A black hole 
cannot radiate. However, we theorists knew tbat general relativity is 

only an approximat.ion to the t.rue laws of gravity·· an approximation 
that should be excellent when dealing with black holes. we thought, 
but an approximation nonetheless.7 ThE:' true laws, we were sure, must 

7. SeethE' last sectiurl ()fChap~r 1, KThe :-'aturc ufPhysical La~·." 

Box 12.4 

Vacuum Fluctuations 

Vacuum fluctuations are, for electromagnetic and gravitational waves, 
what "claustrophobic degeneracy motions" are fcr electTons. 

R.ecall (Chapter 4) that if one confines an electron to a slIlall region of 
space, then no matter how hard one tries to slow it to a stop. the laws of 
q!HmtUIn mechanics force the electron to continue moving r'dIldomly, 
unpredictably. This is the claustropl1obic degeneracy mot.ion that pro
duces the pressure by which white-dwarf stars support themselves against 
their OW11 grdvitational squeeze. 

Similarly, if one tries to remove all electroma.gIletic Qr gravitational 
oSCillations from some region of space, one will never succeed. The la.ws of 
quantum mechanics insist that there always remain some random, unpre
dictable oscillations. that is, some random, unpredictable electromagnetic 
and gravitational waves. These are the vacuum fh.l.ct.uations that (accord
ing to Zel'dovich) will "tickle" a spinning metal sphere or black hole and 
cause it to radiate. 

Thf>-Se vacuum nuctuat.ions cannot be stopped by rew()ving their elt
ergy. because uJey contain, on average, no energy at all. A.t some locations 
and some fflOinents of time they have positive energy that has been "bor
rowed" from other locations, and those other locations, a..~ a result, have 
negative energy. Just as banks will not let customers maintain negative 
bank balances for long, so the laws of physics force the regions of negative 
energy to quickly suck energy out of their positive· energy neighbors, 
thereby restoring themselves to a lot-.ro or positive balance. This continual. 
raudom, borrowing and returning of energy is what drives the vacuum 
fl uct.\Jations. 

Just as an electron's degeneracy rrmtions become more \-igorous when 
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be quantum mechanical, so we called them the laws of quantum grav
ity. Although those quantum gravity laws were only vaguely under
stood at best, John Wheeler had deduced in the 195()s that they must 
entail gravitational vacuum fluctuations, tiny, unpredietable fluctua
tions in the L'Urvature of spacetime, fluctuations that remain even 
when spacetime is completely empty of an matter and one tries to 
remove all gravitational waves from it. that is, when it is a perfect 
vaCUum (Box 12.4). Zel'dovich was claiming to foresee, from his elec
tromagnetic analogy, that these gravitational vacuum fluctuations 
would cause spinning black holes to radiate. "But how?" Tasked, puz
~led. 

Zel'dovich bounded to his feet, strode to a one-meter-square black
board on the wall opposite his map. and began drawing a sketch and 

oIle confines the electron to a smaller and smaller region (Chapter 4), so 
also the vacuum fluctuations of electromagnetic and gravitational waves 
are more vigorous in small regions than in large. that is, more vigorolls for 
small wavelengths than for large. This, as we shaH see in Chapter 13, has 
profound consequences for the nature of the singularities at the centers of 
black holes. 

11:lectromagnetic vacuum fluct.uations are well understood and are a 
common feature of everyday physics. For example, t.hey playa key role in 
the operation of a fluorescent light tube. An electrical discharge excites 
mercury vapor atoms in the tube, and then random electromagnetic vac
uum fluctuations tickle each excited atom, causing it, at some random 
time, to emit some of its excitation energy as an electromagnetic wave (a 
photon).· This emission is caned spontaneous because, when it was first 
identified as a physical effect, physicists did not realize it was being trig
gered by vacuum fluctuations. As another example, inside a laser, random 
electromagnetic vacuum fluct.uations int.erfere with the coherent laser 
light (interference in the sense of Box 10.3). thereby modulating the laser 
light in unpredictable ways. This causes the photons emerging fi-om the 
laser to come out at random, unpredictable times, iJlstead of uniformly 
one after another--a phenomenon called photon shot noise. 

Gravitational vacuum flU(.:tuations, by contrast with electromagnetic, 
have never yet been seen cxperirnental1y. Technology of the 1990s, wit.h 
great effort, should be able to detect highly energetic gravitational waves 
from black-hole collisions (Chapter 10), but not the waves' far weaker 
vacuum tluctuations. 

"Thi~ "primary" photon gets l\bsorbed by a phosphor coal.ing on the tube's walls, which ill 
turn emits "secolldluy" photolls that we sec as light. 

431 



4}2 rn .A.CK H <) LES A:'ol n T 1 :VIE WARPS 

V",-ctno11 fluetiu.",;tio11.5 
';\.u:l!:tlj~.tlhed. hy ~ 

\V'ilcve 

A :1'Y\eli{l.J sri)€f.'8 0\:: hl~Jz 
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J2.1 7..eI'dovich's mechanism by which vacuum fluctuations r..ause a spinning 
body to radiate. 

talking at the same time. His sketch (Figure 12.1) showed a wave 
fl()wing toward a spinning object, skimming around its surface for a 
while, and then flowing away. The wave might be electromagnetic: and 
the spinning body a meta) sphere, Zel'dovich explained, or the wave 
mighL be gravitational and the body a black hole. 

The incoming wave is not a "real" wave, Zel'dovich explainEXl, bUL 

rather a vacuum fluctuation. As tllis nuctuational wave sweeps around 
the spinning body, it behaves like a hne of ice skaters making it turn: 
The outer skaters must whip around at. high speed whilt" the inner ones 
move much Illore slowly; similarly, the wave's outer parts move at a 
very high spp-ed, the spC{~d of light, while it.., inner parts move much 
more slowly than light and, in fact, more slowly than the body's surface 
is lIpinning.8 In such a situaLion, Zel'dovich asserted, the rapidly spin
ning body will grab hold of Ihe fluctualional wave and accelerate it, 
much like a small boy accelerating a slingshot as he swings it fast.er and 
faster. 'fhe acceleratioll feeds some of the bod.y's spin (~Ilergy into tIle 
wave, ampli~yi!lg it. The 1IeW', amplified portioll of the wave is a "rea) 
wave" with positive total energy, while the original, unamplified por· 
tion remains a vacuum fluctuation with 7.~~ro total en(~rgy (Box 12.4). 
The spinning body has thus used the vacuum fluctuatiun as a sort of 
catal:yst for creating a real wave, and as a template for the shape of the 

~. In tedmical langllalll" th .. oul~T parts arE' ill the "radi"l:oll zone" whil~ thl' inuer parts 
are in the u lll'UC wne.') 
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real wave. This is similar, Zel'dovich pointed out, to the manner in 
which vacuum fluctuations cause a vibrating molecule to "spontane
ously" emit light (Box 12.4). 

Zel'dovich told me he had proved that a spinning metal sphere 
radiates in this waYi his proof was based on the laws of quantum 
electrodynamic~~that is, the well-known laws that arise from a mar
riage of quantum mechanics with Maxwell's laws of electromagnetism. 
Though he did not have a similar proof that a spinning black hole wiU 
radiate, he was quite sure by analogy that it must. In fact, he asserted, a 
spinning hole will radiate not only gravitational waves, but also elec
tromagnetic waves (photons9), neutrinos, and an other forms of radia
tion that can exist in nature. 

I was quite sure that Zel'dovich was ""'rong. Several hOUTS later, with 
no agreement in sight, Zel'dovich offered me a wager. In the novels of 
Ernest Hemingway, Zel'dovich had read of 'White Horse scotch, an 
elegant and esoteric brand of whisky. If detailed calculations with t.he 
laws of physics showed that a spinning black hole radiates, then I was 
to bring Zel'dovich a bottle of VVhite Horse scotch from America. If the 
calculations showed that there is no such radiation, Zel'dovich would 
give me a bottle of fine Georgian cognac. 

I accepted the wager, but 1 knew it would not be settled quickly. To 
settle it would require understanding the marriage of general relativity 
and quantum mechanics far more deeply than anyone did in 1971. 

Having made the wager, I soon forgot it. J have a lousy memory, and 
my own research was concentrated elsewhere. Zel'dovich, however, did 
not forget; several weeks after arguing with me, he wrote down his 
argument and submitted it for publication. The referee probably would 
have rejected his manuscript had it come from somebody else; his 
argument was too heuristic for acceptance. But Ze1'dovich's reputation 
carried the day; his paper was published-and hardly anyone paid any 
attention. Black-hole radiation just seemed horribly implausible. 

A year later, at the Les Houches summer school, we "experts" were 
still ignoring Zel'dovich's idea. I don't recall it being mentioned even 
once. to 

9. Recall that photons and electromagnetic wavl'.$ are different aspects of ,.he 5ame thing; 
see the dist.ussion of wave/particle duali ty ill Box 4.1. 

10. l'hi5 lack of interest was all the more remarkable because in the lIU~·ollltime. Charles 
Misner in America bad sh01l\'n that real waves (as opposed to Zel'dovich's \'acuum fluctuations) 
can be amplified by a spinning hole ill a manner analogous to Figure 12.2, and !.his amp
lification to Wflicll Misner gave the name "supetradiance"---was generating great int.P.1'P."t. 
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In Sept.ember 1973, I was back in !\tloscow once again, this time ac
companying Sleph(!n 1 Jawking and his wife Jane. This was Stephen's 
firsl trip to Moscow since his student days. He, Jane, and Zcl'dovich 
(our Soviet host), uneasy about how to eope in Moscow wit.h Stephen's 
special nC!cus, thought it best that. I, heing familiar with Moscow and a 
dose friend. of Stephell's and. Jane's, act as their companion, translator 
for physies eOllversatioJlS. and guioE!. 

We sl.ayed at the Hotel Hossiyu, just off l\ed S<luare ncar the Krem· 
hn. Although we ventured out neatly every day to give lectures at one 
institute or another, or to visit a museum or the opera or ballet., our 
interactions with Soviet physicisls oecurred for the most part ill the 
Hawkings' two-room hOlel suite, with its view of St. Basil's Cathedral. 
One after <mother, thE:' Sovi(!t l;nioll's leading theoretical physicists 
erulle to [he hot.el to pay homage to Hawking and to converse. 

Among the physicists who mau(! repeated trips to l1awking's hot(~l 
room wert! Zel'dovieh and his graduate stltdent Alex! Starobinsky. 
Hawking fou.ad :t,el'u()vich and Starobinsky as fascinating as thc'y did 
him.Ou onc visit, Starobinsky described Zel'dovic;h's conj~cture that a 

i..c,/r: Stf'l)hen Hawking IMf'.nj~ to a lecture at the I..es Houchp.s summer Mdlool 
in sUlTIrne,' 1972. Right: Yakov Rm'i8Q,icil Zel'dovich at the blackboard jn his 
a»al1.ment in \ioscow in Slimmer 1971. l .. hoM by KIp Thom~.1 
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splnning black hole should radiate, described a partial marriage of 
quantum mechanics with general relativity that he and Zel'dovich had 
developed (based on earlier, pioneering work by Hryce De\Vitt, LeoIl
ard Parker, and others), acld then described a proof, using this partial 
marriage, that a spinning hole does, indeed, radiate. Zel'dovich was 
well on his way toward winning his bet with me. 

Of an the things Hawking learned from his conversations in Mos
cow, this one intrigued him most. However, he was skeptical of the 
marmer in which Zel'dovich and Starobinsky had combined the laws of 
general relativity with Lhe laws of quantum mecharlics, so, after re
turning to Cambrldge, he began to develop his OW11 partial marriage of 
quantum mechanics and general relativity and use it. to tf".st ZeI'
dovich's claim that spinning holes should radiate. 

In the meantime, several other physicists in America were doing t.he 
same thing, among them William {;nruh (a recent student of 
Wheeler's) and Don Page (a student of mine). By early 1974 l;nruh 
alld Page, each in his own way, had tentatively confirmed Zel'dovich's 
prediction: A spinning hole should emit radiatioll ulltil all of its spin 
energy has been used up and ils emission stops. I would have to con
cede my bet. 

Black Holes Shrink and Explode 

Then came a bombshell. Stephen Hawking, first at a conference In 
England and then in a brief technical artic1e in the journal Nature, 
announced an outrageous prediction, a prediction that conflicted with 
Zel'dovich, Starobinsky, Page, and 'Lnruh. Hawking's calculations coIl
firmed that a spinning blaek hole must radiate and slow its spin. How
ever, they also predicted that., when the hole stops spinning, its radia
tion does not SLOp, With no spin left, and no spin energy left, the hole 
keeps on emitting radiation of all sorts (gravitational, electromagnetic, 
neutrino), and as it emits, it keeps on losing energy. \Vhereas the spin 
energy was stored in the swirl of space outside the horizon, the energy 
now being lost could come from only one place: from the hole's inte
rior! 

Equally arnazing, Hawking's calculations predicted that the spec
trum of the radiation (that is, the amount of energy radiated at each 
wavelength) is precisely like the spectrum of thermal radiat.ion from a 
hot. body. III other words, a black hole behaves precisely as though ils 
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horizon has a finite temperature, and that temperature, Hawking con
cluded, is proportional to the hole's surface gravity. This (if Hawking 
was right) was incontrovertible proof that the Bardeen-Carter--Hawk
ing laws of black-hole mechanics are the laws of thermodynamics in 
disguise, and that, as Bekenstein had claimed two years earlier, a black 
hole has an entropy proportional to its surface area. 

Hawking's calculations said mote. Once the hole's spin has slowed, 
its entropy and the area of its horizon are proportional to its mass 
squared, while its tempe"rature and surface gravity are propoTtional to 

its mass divided by its area, which means inversdy proportional to its 
mass. Therefore, as the hole continues to emit radiation, converting 
mass into outflowing energy, its mass goes down, its entropy and area 
go doVl-'l1, and its temperature and surface gravity go up. The hole 
shrinks and becomes hotter. In effect, the hole is eva"porating. 

A hole that has recently formed by stellar implosion (and that thus 
has a mass larger than about 2 Suns) has a very low temperature: less 
than 5 X to-'I degree above absolute zero (0.03 microkelvin). Therefore, 
the evaporation at first is very slow; so slow that the hole will require 
longer than 1067 years (1()57 tirnes the present age of the Universe) to 
shrink appreciably. However, as the hole shrinks and lleat~ up, it will 
radiate more strongly and its e\"apuration will quicken. Finally, when 
the hole's mass has been reduced to somewhere between a thousand 
tons and 100 million tons (we a-re not sure where), and its horizon has 
shrunk to a fraction the size of an atomic nucleus, the hole will be so 
extremely hot (between a trillion and 100,000 trillion degrees) that it 
will explode violently, in a fraction of a second. 

The world's dozen experts on the partial marriage of general relativ
ity with quantum theory were quite sure that Hawking had made a 
mistake_ His conclusion violated everything then known about black 
holes. Perhaps his partial marriage, which differed from other people's, 
was wrong; or perhaps he h.ad the right marriage, but had made a 
mistake in his calculations. 

For the next several years the experts minutely examined Hawk
ing's version of the partial marriage and their own versions, Hawking's 
calculations of the waves from black holes and their own calculations. 
Gradually one expert after another carne to agree with Hawking, and 
in the process they firmed up the partial marriage, producing a new set 
of physical laws. The new laws are called the laws ofquantumfields in 
curved spacetime because they come from a partial marriage in which 
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the black hole is regarded as a non-quantum mechaniC'.aI, general rela
tivistic~ curved spacetime object, while the gravitational waves~ electro
magnetic waves, and other types of rad ia6011 are regarded as quantum 
fields· in other words: as waves that are subject to the laws of quan
tum mechanics and that therefore behave sometimes like waves and 
sometimes like particles (see Box 4. t). [A full marriage of general 
relativity and quantum theory, that is, the fully correct laws of quan
tum gravity, would treat everything, including the hole's curved space
time, as quantum mechanical, that is, as subject to the uncertainty 
principle (Box 10.2), to wave/particle duality (Box 4.1), and to vacuum 
fluctuatioIls (Box 12.4). We shall meet this full marriage and some of 
its implications in the next chapter.] 

How was it possible to reach agreement on the fundamental laws of 
quantum fields in curved spacetime without. any experiments to guide 
the choice of the laws? How could the experts claim near certainty that 
Hawking was right without. experiments to check their daims? Their 
near certainly came from the requirement that the laws of quantum 
fields and the laws of curved spacetime be meshed in a tota]]y consist
ent way. (If the meshing were not totally consistent, then the laws of 
physics, when manipulated in one manner, might make one prediction~ 
for example, that black holes never radiate, and when manipulated in 
another manner, might make a different prediction, for example, that 
black holes mUl>1: always radiate. The poor physicists, not knowing 
what to believe, might be put out of business.) 

The new, meshed laws had to be consistent with general relat.ivity's 
laws of (:urved spacetime ill the absence of quantum fields and with the 
laws of quantum fields in the absence of spacetime curvature. This and 
the demand for a perfect mesh, analogous to the demand that the rows 
and eolunlllS of a crossword puzzle mesh perfectly, turned out to deter
mine the form of the new laws almostl1 completely. If the laws could 
be m(~shcd consistently at all (and they must be, if the physicists' 
approaeh to understanding the Universe makes any sense), then they 
could be meshed only in the manner described by the new, agreed
upon laws of quantum fields in curved spacetime. 

11. The "almost" takes care of certain ambigu itil's in a prucl-dUrt.' calle..! "cellorlllulizutioll," 
by whidl Olle computl'S thl' nl't l'lIerg,y l"trried by "ill:lIUn! fluctuations. These amhiguities, 
which wert: iuentifil'd alldl,odiried b,' Robt'rt \Valr! (a rocrner student of Wheeler's), do not .' 
influellce a blaC'k hole's evaporaliotl, ann they probably will nof. be resolved until the full 
qllanl.um theory or gravity is in hand. 
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The requirement that the laws of physics mesh consistently is often 
used as a tool In the search for new laws. Howeyert this consistenLj' 
requirement has rarely exhibited such grC:!at power as here, ill the arena 
of quantum fields in curved spacetime. }1'or example, when Einstein 
was developing his laws of general relativity (Chapter 2), considera
tions of consistency could not and did not tell him his starting premise, 
that grdvity is due to a curvature of spacetime; this starting premise 
came largely from Einstein's intuition. However, with this premise in 
hand, the requirement that the flew general relativistic laws mesh 
consistently with Newton's laws of gravity when gravity is weak, and 
with the laws of special relativity when there is 110 gravity at all, 
determined the forms of the new laws almost uniquely; for example, it 
was the key to Einstein's discovery of his field equation. 

In September 1975, 1 returned to Moscow for my fifth visit, bearing a 
bottle of 'White Horse scotch for Zel'dovich. To my surprise, I discov-. 
ered that, although all the WestC:!rn experts by now had agreed that 
Hawking was right and black holes can evaporate, nobody in Moscow 
believed Hawking's calculations or conclusions. Although several COll

firm.ations of Hawking's claims, derived by new, c(}mpletely different 
methods, had been published during 1974 and 1975, those confirma
tions had had little impact in the U.S.S.R. Why? Because Zel'dovlch 
and Starobinsky, the greatest Soviet experts, were disbelievers: They 
continued to maintain that, after a radiating black hole has lost an its 
spin, it must stop radiating, and it therefore cannot evaporate com
pletely. 1 argued with Zel'dovich and Starobinsky, to no avail; they 
knew so much more about quantum fields in curved spacetirne than 1 
that although (as usual) I was quite sure J had truth on my side, I L'Ould 
not counter their arguments. 

My return flight to America was scheduled for Tuesday, 23 Septem.
ber. On Monday evening, as 1 was packing my bags in my tiny room at 
the Cniversity Htltel, the telephone rang. It was Zel'dovich: "Come to 
my flat, Kip! I want to talk about black-hole evaporation!" Tight for 
time, I sought a taxi in front of the hotel. None was in sight, so in 
standard Muscovite fashion 1 flagged down a passing motorist and 
offered him five rubles to take me to Number 2B Vorobyevskoye 
Shosse. He nodded agreement and we were off, down back. streets I had 
never traveled, My fear of being lost abated whell we swung onto 
Vorobyevskoye Shossc. With a grateful "Spasihol" I alighted in front of 
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2B, jogged through the gate and forested grounds, into the bu.ilding, 
and up the stairs to the 8eL'Oud floor, southwest corner. 

Zel'dovich and Starobinsky greeted. me at the door, grins on their 
faces and their hands above theiT heads. "W(~ give up; Hawking is 
right; we were wrong!" For the next hour they described to me how 
their version of the laws of quantum fields in a black hole's curved 
spacetime, while seemingly different from Hawking's, was reaUy com
pletely equivaiellt. They had conc1uded black holes cannot evaporate 
becau.se of an enor in their cak'Ulations, not because of wrong laws. 
\Vith the error corrected, they now agreed. There is no escape. The 
laws require that black holes evapo:rate. 

There are several different ways to piL1:Ure black-hole evaporation, 
corresponding to the several different ways to formulate the laws of 
quantum fields in a black hole's curved spacetime. However, all the 
ways aCknowledge vacuum fluctuations as the ultimate source of the 
outflowing radiation. Perhaps the simple.st pictorial description is one 
based on particles rather than waves: 

VaL'l.lUm fluctuations, like "real," positive-energy waves, aTe subject 
to the laws of wave/particle duality (Box 4.1); that is, they have both 
wave aspects and particle aspects. The wave aspects we have met al
ready (Box 12.4): The waves flu(..1:uate randomly and unpredictably, 
with positive energy momentarily here, negative energy momentarily 
there, and zero energy on average. The particle aspect is embodied in 
the concept of virtual parlides, that is, particles that flash into existence 
in pairs (two particles at a time), living mQmcntarily on fluL'tuational 
energy borrowed from neighboring regions of space, and that thell 
annihilate and disappear, giving their energy back to the neighboring 
regions. For electromagnetic vacuum fluctuations, the virtual particles 
are virtual photons; for gravitational vacuum fluctuations, they are vir
tual {Jravitons. t;) 

12. Some readers may already be farliihar with these con~pts ill the COIltP.xt of UiaLter and 
antimatter, for example, an cle<;troll (which is a particle of matter) and a positroll (its antiparti. 
cle). Just a8 the eip.ctrnUlagnetic fl@ld is the field aspect of a photon, so also rllerp. exists all 

eleluon tleld y,Thicil is the field ~pect of the elp.ctron ami the positron. At k'Clltions where the 
elect.ron field's vacuum fluct1!'oltions are momentarily larjp!, a virtual eler.trnn and a vil"tua\ 
positron arc likely to flash ima existence, a.~ a pair; ",hell the fip.ld fluctuates dl>wn, the electron 
and positron are likely to annihd'tte ea("h other ilIld disappear. The photon is its OW!I ant.iparti. 
de, ~o virtual phot.ons flash in and 01;[ of existence 1" pairs, and si:nilarly for grdvitons. 
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12.2 Tile mechanism of black-hole evaporation, as view~d by someone who is 
falling into the hoJe. I-eft: A black hole's tidaJ gra"ity pulls a pair of virtual 
photons apart, thereby feeding ener~y into them.lliglll.· The \'irtual photons ha \'e 
a(!quired enough energy from tidal gravity lo maleriali7.c. permanently, into rcal 
photons, one or which escapes from the hole while the othe.' falls toward the 
hole's cent~r. 

The manner III which vacuum fluctuations cause black holes to 
evaporate is depicted in Figure 12.2. On the left is shown a pair of 
virtual photons m~ar a blaek hole's horizon, as viewed in the rderence 
frame of someone who is falling into the hole. The virtual photons can 
separate from each other easily, so long as they both remain in a region 
where the electromagnetic Held has momentarily acquired positive 
energy. That region can hav~ any size froIIl tiny to.huge, since Vacuum 
l1uctuations occur OIl all length scal~s; however, the region's size will 
always be about the same as the wavelength of its fluctuating electro
magnetic wave, so the virtual photons can move apart by only about 
one wavelength. If the wavelength happens to be about the same as the 
hole's circumference, then tbe virtual photons can easily separate from 
each other by a quarter of the circumferenc:e, as shown in the figure. 

Tidal gravity near the hori7.0n is very strong; it pulls the virtual 
photons apart with a huge force, thereby feeding great energy into 
them, as seen by the infalling observer who is halfway between the 
photons. The increase in photon energy is sufficient, by the time the 
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photons are a quarter of a horizon circumference apart, to convert them 
into real long-lived photons (right half of Figure 12.2), and have 
enough energy left over to give back to the neighboring, negative
energy regions of space. The photons, now real, are liberated from each 
other. One is inside the horizon and lost forever from the external 
Univel''Se. The other escapes from the hole, carrying away the energy 
(that is, the mass 1l1i

) that the hole's tidal gravity gave to it. The hole, 
with its mass reduced, shrinks a bit. 

This mechanism of emitting particiE'-s does not depend at all on the 
fact that the particles were photons, and their associated waves were 
electromagIletic, The mechanism will work equally well for all other 
forms of particle/wave (that is, for all other types of radiation-gravi
tational, neutrino, and so forth), and therefore a black 11o1e radiates all 
types of radiation. 

Before the virtual particles have materialized into rea] particles, 
they must stay closer together than roughly the wavelength of their 
waves. To acquire enough energy from the hole's tidal gravity to mate
rialize, however, they must get as far apart as about a quarter of the 
circumference of the hole. This means that the wavelengths of the 
particle/waves that the hole emits will be about one-fourtll the hole's 
circumference in size, and larger. 

A black hole with mass twice as large as the Sun has a circumference 
of about 35 kilometers, and thus the particle/waves that it emits have 
wavelengths of about 9 kilometers and larger. These are enormous 
wavelengths compared to light or ordinary radio waves, but not much 
different from the lengths of the gravitational waves that the hole 
would emit if it were to collide with another hole. 

During the early years of his career, Hawking tried to be very careful 
and rigorous in his research. He never asserted things to be true unless 
he could give a nearly airtight proof ofthem. However, by 1974 he had 
changed his attitude: "I would rather be right than rigorous," he told 
me firmly. Achieving high rigor requires much time. By 1974 Hawk· 
ing had set for himself goals of understanding the full marriage of 
general relativity with quantum mechanics, and understanding the 
origin of the Universe-goals that to achieve would require enOrmous 
amounts of time and concentration. Perhaps feeling more finite than 

B. Recall that, since mJIBS and energy are totally convertible into each other, they are 
really just different Ilames for the same concepL 
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other people feel because of his life-shortening disease, Hawking felt 
he could not afford to dally with his dis(.'overies long enough to achieve 
high rigor, nor could he afford to explore all the important features of 
his discoveries. He must push on at high speed. 

'rhus it was that Hawking, in 1974, having proved firmly that a 
black hole radiates as though it had a tcrnperdture proportional to its 
surface gravity, went on to assert, without real proof, that all of the 
other similarities between the laws of black-hole me<:hanics and the 
laws of thermodynamics were more than a coincidence: The black-hole 
laws are the same th.ing as the thermodynamic laws, but in disguise. 
From this assertion and his firmly proved relat.ionship between temper
ature and surface gravity, Hawking inferred a precise relationship be
tween the hole's entropy and its surface area: The! entropy is 0.10857 ... 
timesf1. the surface area, divided by the Planck· 'Wheeler area. In other 
words, a to-solar-mass, nonspinning hole has an entropy of 4.6 X 1078

, 

which is approximately the same as Rekenstein's c:onjecture. 
Bekenstei.n, of course, was sure Hawking was right, and he glowed 

with pleasure. By the end of 1975, Zel'dovich, Starobinsky~ I, and 
Hawking's other colleagues were also strongly inclined to agree. How
ever, we would not feel fully satisfied until we understood the precise 
nature of a blac:k hole's enormous randomness, There must be 1 04.6x 10" 

ways to dist.ribute ,wmething inside the black hole, without changing 
its external appearance (its mass, angular momentum, and charge), but 
what was that something? And how, in simple physical terms, could 
one understand the thermal behavior of a black hole the fact tbat the 
hole behaves just like an ordinary body with temperature? As Hawking 
moved on Lo research on quantum gravity and the origin of the Uni
verse, Paul Davies, Bill Unruh, Robt!rt VVald, James York, I, and many 
others of his col1eagues 7.crocd in on these issues. Gradually over the 
next ten years we arrived at the new understanding embodied in Fig
ure 12.3 . 

.Figure 12.oa depicts a black hole's vacuum fluc:tuatioIls, as viewed by 
observers falling inward through the horizon. The vacuum fluctuations 
consist of pairs of viTtual particles. Occasionally tidal gravity Inanages 
to give one of the plethora of pairs sufficient energy for its two virtual 
particles to become real, and for one of them to escape from the hole. 

140. The peculiar fa~tor 0.10857 ... is actually 1/(41og,10), wheee log.10= 2.302.')8 ... 
r~1I1ts from my choice of "normalization'" of the l'l1tCOpy; sec FOOll10le 3 on page 42.'\. 
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This was the viewpoint on vacuum fluctuations and black hole ('vapo-
. d' _.1' F" 1 (l 2 ration lSCUSSt:u in 19ure ;0:;,. • 

figure 12.3b depicts a diff(!rent viewpoint on the hole's vacuum 
l1uctuations, the viewpoint of observers who reside just above th(~ hole's 
horizon and are forever at rest rdative lo the horizon. To pn!vent. 
themsehoes from being swallowed by the hole, such observe:-s must 
aec:elerate hard, relative to falling observers using a rocket. engine or 
hang.ing by a rope. For this reason, these observers' viewpoint. is called 
the "accelerated viewpoint." 1L is also the viewpoint of the "memhrane 
paradigm" (Chapt.er 11). 

Surprisingly, from the accelerated viewpoint, the vacuum fluctua
tions consist not of virtual particles flashing in amI out of existem:e, l:mL 
nther of real particles with positive energies and long lives; ~ee Box 
12.5. The real particles form a hot atmosphere aT0llI1d the hole, much 
like the atmosphen! of the Sun. Assoc:iated with t.lwse real partides are 

12.5 (a) Obse.rvers falling into a black hole (the two little men in space suits) Sf'e 

vu(!uum fluctuations near the holes hOl'izon to consist of I)ail's of \irt.ufll Imrli
dt'~'4. (b) As viewed by observers just abovc the horizon and at "est rr.lmive to lhe 
horizon (tlle Iittlc man hanging by a rope and the lillie man blastin~ his rockel 
engine), the vacuum flucluations consist of a hot atmoSI)here of l·t'.al particles: 
this is the "acrelerated viewpoint," (e) The atmosphere's partide~ in the acceler
ated liewpoinl, appear 10 be emitted by a hot, membrane-like horizon. TIley fly 
upward short distances. and most are Uaen I)ulled hm:k into Ule hOl'i7.on. I low
ever, a few of the I)artides manage to esc.ape the hole's grip and cvapomte into 
outer space. 

( '0\. ) ( b ) ( c ) 
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Box 1~.5 

Acceleration Radiation 

In 1975, Wheeler's recent student William Lnruh, and independently 
Paul Davies at King's College, London, discovered (using the laws of 
quantum fields in curved spacetime) that accelerated observers just above 
a black hole's horizon must see the vacuum flU(:tuations there not as 
virtual pairs of particles but rather as an atmosphere of real particles, an 
atmosphere that Cnruh called "acce}p..ration radiation." 

This startling discovery revealed that tile concept (1" a real particle is 
relative, not absolute; that is, it depends on one's reference frame. Observ
ers in freely falling frames who p]ur1bre through the hole's horizon see no 
real particles outside the hori~on, only virtual ones. Observers in acceler
at.ed framf'-S who, by their acceleration, remain always above the horizon 
see a plethora of real particles. 

How is this possihle? How can one observer claim that the horizon is 
surrounded by an atmosphE>xe of real particles and the other that it is not? 
The answer lies in the fact that the virtual particles' vacuum fluctuational 
waves are not confined solely to the region above the horizon; part of each 
fluctuational wave is inside the hori~on and part is outside. 

• The freely falling observers, who plunge through the horizon, can see 
both parts of the vacuum Ouctuational wave, the part inside the 
hori7.0n and the part outside; so such observers are well aware (by 
their measurements) that the wave is a mere vacuum fluctuation and 
correspondingly that its particles aTe virtual, not real. 

• The accelerated observers, who remain always outside the horizon, 
can see only the outside part of the vacuum fluctuational wave, not 
the inside part; and correspondingly, by their measurements they are 
unable to discern that the wave is a mere vacuum fluctuation accom· 
panied by virtual particles. Seeing only a part of the Ouctuational 
wave, they mistake it for "the real thing"-a real wave accompanied 
by real particles, and as a result their measurements reveal all around 
the horizon an atmosphere of rea] particles. 

That this atmosphere's real particles can gradually evaporate and fly 
off into the external Universe (Figure 12.5c) is an indication that the 
viewpoint of the accelerated observers is just as correct, that is, just as 
valid, as that of the freely falling observers: What the freely falling 
observers see as virtual pairs converted into real particles by tidal grav
ity, followed by evaporation of one of the real particles, the accelerated 
observers see simply as the evaporation of one of the particles that was 
always real and always populated the black hole's atmosphere. Both 
viewpoints are correct; they are the same physical situation, seen from 
two different reference frames. 
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real wa\-°es. As a particle moves upward through the atmosphere, grav
ity pulls on it, Teducing its energy of motion; correspondingly, a<; a 
wave moVes upward, it becomes gravitational1y rcdshifted to longer 
and longer wavelengths (Figure 12.3b). 

Figum 12.3c shows the motion of a ft"!w of the particles in a black
hole atmo.'1phere, from the acc:eieraled viewpoint. The particles appear 
to be emitted by the horizon; most fly upward a short distance and are 
then pulled back down to the horilon by the hole's strong gravity, but a 
few manage to escape the hole's grip. The escaping particles are the 
same ones as the infalling observers see materialize from virtual pairs 
(Figure 12.~a). They are Ha\vking's evaporating particles. 

From the accelerated viewpoinL, the horizon behavcs like a high
LemperatuTf~, membrane-like surface; it is the membrane of the "mem
brane paradigm" described in Chapter 11. Just as the Sun's hot surface 
emits particles (for example, the phot.ons that make daylight on Earth), 
so the horizon's hot membrane emits particles: the particles that make 
up the hole's atmosphere, and the few that evaporate. The gravita
tional redshift reduces the particlcs' energy as t.hey fly upward from the 
membrane, so altllOugh the membrane itself is extremely hot, the 
evaporating radiation is much cooler. 

The acc.elerated viewpoint not only explains the sense in which a 
black hole is hot., it also accounts for the hole's enormous randomness. 
The following thought experiment (invented by me and my postdoc, 
Wojciech Zurek) explains how. 

Throw into a black hole's atmosphere a small BIrlOunt of material 
containing some small amount of encrgy (or, equivalently, mass), an
gular momentum (spin), and electric charge. From the atmosphere this 
material will continue on down through the horizon and into the hole. 
Once the material has entered Lhe hole, it is impossible by examining 
the hole from outside to learn the nature of the injected material 
(whether it consisted of maW~r or of antimatter, of photons and heavy 
atoms, or of elecLrons and positrons), and it is impossible to learn just 
where the malerial was injeL'ted. RecRuse a black .hole has no "hair," all 
one can dis(.'Over, by examining the hole from outside, are the tot.al 
amount.s of mass, angular momenlum, and charge that entered the 
atmosphere. 

Ask how many ways those amounts of Inuss, angular momentum, 
and charg(~ could have been injected into the hole's hot atmosphere. 
This question is analogous to asking how many ways the child's toys 
could have becn distributed over the tiles in t.llc playroom of Box 12.3, 

#5 
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and correspondingly, the logarithm of the number of ways to inject 
must be the increase in the atmosphere's entropy, as described by the 
standard laws of thermodynamics. By a fairly simple calculat.ion, Zurek 
and T were able to show that this increase in thermodynamic entropy is 
precisely equal to ~ times the increase in the horizon's area, divided by 
the Planck-Wheeler area; that is, it is precisely the increase in the 
horizon's area in disguise, the same disguise that Hawking inferred, in 
1974, from the mathematical similarity of the laws of black-hole me
chanics and the laws of thermodynamic-.8. 

The outcome of this thought experiment can be expressed succinctly 
as follows: A black hole~~ entropy i.~ the logarithm if the number if ways 
that the hole could have been made. This meanS that there are 10U )( 10'" 

different ways to make a to-solar-mass black hole whose entropy is 
4.6 x 1078• This explanation of the entropy was originally conjectured 
by Bekenstein in 1972, and a highly abstract proof was given by Hawk
ing and his former student, Gary Gibbons, ill 1977. 

The thought experiment also shows the second law of thermody
namics in action. The energy, angular IIlOInentuln, and (:harge that one 
throws into the hole's atmosphere r.an have any form at all; for exam
ple, they might be the roomful of air wrapped up in a hag, which we 
met earlier in this chapter while puzzling over the second law. When 
the bag is thrown into the hole's atmosphere, the entropy of the exter
Ilal universe is reduced by the amount of entropy (randomness) in the 
bag. However, the entropy of the hole's atmosphere, and thence of the 
hole, goes up by more than the bag's entropy, so the total entropy of 
hole plus external Universe goes up. The second law of thennodynaOl
ics is obeyed. 

Similarly, it tunIS out, when the black hole evaporates some parti
cles, its own surface area and entropy typically go down; but the parti
cles get distributed randomly in the external Universe, increasing its 
entropy by more than the hole's entropy Joss. Again the second law is 
obeyed. 

How long does it take for a black hole to evaporate and disappear? 
The answer depends on the hole's mass. The larger the hole, the lower 
its temperature, and thus the more weakly it emits particles and the 
more slowly it evaporatf".s. The total lifetime, as worked out by Don 
Page in 1975 when he was jointly my student and Hawking's, is 
1.2 X tOG7 vears if the hole's mass is twice that of the Sun. The lifetime 

J 

is proportional to the cube of the hole's mass, so a 20·solar·mass hole 
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has a life of 1.2 x 1010 years. These lifetimes are so enormous compared 
to the present age of the Universe, about 1 x 1010 years, that the evapo
ration is totally irrelevant for astrophysics. l'evertheless, the evapora
tion has been very important for our understanding of the marriage 
between general relativity and quantum mechanics; the struggle to 
understand the evaporation taught us the laws of quantum fields in 
curved spacetime. 

Holes far less massive than 2 Suns, if they could exist, would evapo
rate far more rapidly than 10.7 years. Such small holes cannot be 
formed in the Universe today beC.aIlSC degeneracy pressures and nu
clear pressures prevent small masses from imploding, even if one 
squeezes them with all the force the present-day Universe can must~r 
(Chapters 4 and 5). However, such holes might have formed in the big 
bang, w'here matter experienced densities and pressures and gravita
tional squeezes that were enormously higher than in any modern-day star. 

Detaned calculations by Hawking, Zel'dovich, ~ovikov, and others 
have shown that tiny lumps in the matter emerging from the big b<lIlg 
could have produced tiny black holt~s, if the lumps' matter had a rather 
soft equation of state (that is, had only small increases of pressure when 
squee-"ed). Powerful squeezing by other, adjacent matter in the very 
early "Cniverse, like the squeezing of carbon in the jaws of a powerful 
anvil to form diamond, could have made the tiny lumps implode to 

produce tiny holes. 
/\. promising way to search for such tiny primordial black holes is by 

searching for the particles they produce when they evaporate. Black 
holes weighing less than about 500 billion kilograms (5 X 1014 grams, 
the weight of a modest mountain) should have evaporat.ed completely 
away by now, and black holes a few times heavier than this should still 
be evaporating strongly. Such black holes have horizons about the size 
of an atomic nucleus. 

A large portion of the energy emitted in the evaporation of such 
holes should now be in the form of gamma rays (high-energy photons) 
traveling randornly through the Universe. Such gamma rays do exist, 
but in alIlounts and with properties that are readily explained in other 
ways. The absence of excess gamma rays tells us (according to calcula-. 
tions by Hawking and Page) that there now are no more than about 
300 tiny, strongly evaporating black holes in each cubic light-year of 
space; and this, in turn, tells us that matter in the big bang caIlIlot have 
had an extremely soft equation of state. 

Skeptics will argue that the absence of excess gamma rays might 
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have aJlOther interpretation: Perhaps many small black holes were 
formed in the big bang, but we physicists understand quantum fields in 
curved spacetime far less well than we think we do, and thus we are 
misleading ourselves when we believe that black holes evaporate. 1 and 
my colleagues resist such skepticism bec.all5e of the seeming perfection 
with which the standard laws of curved spacetime and the standard 
laws of quantum fields mesh to give us a nearly uniqu.e set. of laws for 
quantum fields in curved spacetime. ~evertheless, we would teel 
rather mOTe comfortable if astronomers could find observational evi
dence of black-hole evaporation. 



13 

Inside 
Black Holes 

in which physicists, wrestling with Einstein ~ equation, 
seek the secret o/what is inside a black hole: 

a route into another universe? 
a singularity with inJinite tidal gravity? 
the end o/space and time, and birth 0/ quantum/oam? 

Singularities and Other Universes 

What is inside a black hole? 
How can we know, and why should we care? No signal can ever 

emerge from the hole to tell us the answer. No intrepid explorer who 
might enter the hole to find out can ever come back and tell us, or ever 
transmit the answer to us. Whatever may be in the hole's core can 
never reach out and influence our Universe in any way. 

Human curiosity is hardly satisfied by such replies. Especially not 
when we have tools that can tell us the answer: the laws of physics. 

John Archibald Wheeler taught us the importance of the quest to 
understand a black hole's core. In the t 950s he posed "the issue of the 
final state" of gravitational implosion as a holy grail for theoretical 
physics, one that might teach us details of the "fiery marriage" of 
general relativity with quantum mechanics. When J. Robert Oppen
heimer insisted that the final state is hidden from view by a horizon, 
Wheeler resisted (Chapter 6)-not least, I suspect, because of his an
guish at losing the possibility to see the fiery marriage in action from 
outside the horizon. 
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A ft.er accepting the horizon, Wheeler retained his conviction that 
understanding the hole's core was a holy grail worth pursuing. Just as 
struggling to understand the evaporation of black holes has helped us 
to disco~·er a partial marriage of quantum mechanics with general 
relativity (Chapter 12), so struggling \{) understand a black hole's core 
might help us to discover the full marriage; it might h~ad us to t.he full 
laws of quantum gravity. And perhaps the nature of the cure will hold 
the keys to other mysteries of the Universe: There is a similarity be
tween the "big crunch" implosion in which, eOrl .. ' hence, Ollr l;l1iverse 
might die, and the implosion of the star that c.reates a block hole's core. 
By (;oming to grips with the one, we might learn about the other. 

For thirty-five years physicists have pursued Wheeler's hoJy grail, 
but with only modest success. 'Ve do not yet know for certain what 
illhabits a hole's core, and the struggle to undersumd has not yet taught 
us with clarity the laws of quantum gravity. But we have learned 
much ··-not least that whatever is inside a black hole's core is indeed 
imimaLely connected with the laws of quantum gravity. 

This chaptp.r describE'.8 a few of th .. ~ more jnter~~sting t\vists ilnd turns 
in the quest for Wheeler's holy grail, and where the quest has led thus 
far. 

r-rhe first, tentative aIlsw~r to "What is inside a black hole?" came 
from J. Robert Oppenheimer and Hartland Snyder, in their classic 
1939 calculation of the implosion of a spheriC-All star (Chapter 6). Al
though the answer was ,~ontained in the equlltions they published, 
Oppenheimer and Snyder chose not to discuss it .. Perhaps they feared it 
would only add fuel to the cOlltroversy over their predicLion that the 
imploding star "(..'Uts itseH Qff from the rest of the Universe" (that is, 
forms a black hole). Perhaps Oppenheimer's imlare scientific conserva
tism, his unwillingness to spcmlate, kept them quiet. Whatever the 
reason, tlley said nothing. But dlt~ir equations spoke. 

After creating a black-hole horiu>n around itself, their equations 
said, the spheriCal star continues imploding, inexorably, to infinite 
density and zero volume, whereupon it creates and merges into a space

time singularity. 
A singularity is a region where--according to the laws of general 

reJativity-the curvature of spa(:etime hC(:omes infi.nitely large, and 
spacetime ceases to exist. Since tidal gravity is a manifestation of space
time curvature (Chapter g), a singularity is alliO a regioIl of infinite 
tidal gravity, that is, a region where gravity stretches all objects infi-
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nitely along some directions and squee7R.s them infinitely along others. 
One can conceive of a variety of di1TereIlt kinds of spacetime sin

gularities, each with its own peculiar form of tidal stret<:h and squeeze, 
and we shall meet several different kinds in this chapter. 

The singularity predicted by the Oppenheimer·· Snyder calculations 
is a veT)' simple one. Its tidal gravity has essential1y the same form as 
the Rarth's or Moon's or Sun's; that is, the same form as the tidal 
gravity that creates the tides on the Earth's oceans (Box 2.5): The 
singularity stretches all objects radially (in the direction toward and 
away from itself), and squeezes all objects transversely. 

Imagine an astronaut falling feet first into the kind of black hole 
dE'.scribed by Oppenheimer and Snyder's equations. The larger the 
hole, the longer he can survive, so for maximum longevity, let the hole 
be among the largest that inhabit the cores of quasars (Chapter 9): 10 
billion solar masses. Then the falling astronaut crosses the horizon and 
enters the hole about 20 hours before his final death: but as he enters, 
he is still too far from the singularity to feel its tidal gravity. As he 
continues to fall faster and faster, coming closer and closer to the 
singularity, the tidal gravity grows stronger and stroI1ger until, just 1 
second before the singularity, he begins to feel!t stretching his feet and 
head apart and squeezing him from the sides (bottom pil:ture in Figure 
13.1). At first, the stretch and squeeze are only mildly annoying, but 
they cotltinue to grow until, a few hundredths of a second before the 
singularity (middle picture), they get so strong that his bones and llesh 
can no longer resist. His body eom.es apart and he dies. In the last 
hundredtll second, die stretch and squeeze continue mounting, and as 
he reaches the singularity, they become infinitely strong, first at his 
feet, then at his trunk, then at his head; his body gets infinitely dis
tended; and then, according to general relativity, he merges with and 
becomes part of the singularity. 

It is utterly impossible for the astronaut to move on through the 
singularity and come out the other side bee-.ause, according to gem~ral 

I .. l . "th 'd" S . d . re atlvlty, t lere IS no 0 er Sl e. '. pace, tIme, an spacetIme cease to 
exist at the singularity. The singularity is a sharp edge, much like the 
edge of a sheet of paper. There is no paper beyond its edge; there is no 
spacetime beyond the singularity. But there the similarity ends. An ant 
OIl the paper can go right up to the edge and then back away, but 
nothing can back away from the singularity; all astronauts, particles, 
waves, whatever, that hit it are instantaneously destroyed, according to 
Einstein's general relativistic laws. 
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1~.1 Spat'.etime diagr.un depicting the feet-first fall of an astronaut into the 
singularity at a black hole's center, according to the Oppenheimer-Snyder calcu
lations. As in ali previous spacetime diagrams (for example, Figure 6.7), one 
spatial dimension is missing; that is why the astronaut looks two-dimensional 
rather than three-dimensIonal. The singularity is tilted in this diagram, in con
trast to its vertical position in "~igure 6.7 and Box 1:2.1, because the time plotted 

. upward and the space plotted horizontally here are dit'l'erent from there. Here 
they are the astronaut's own lbne and space; there they were "'inkelstein's. 

The mechanism of' destruction is Dot fully clear in Figure 13.1, 
because the figure ignores the curvature of space_ In fact, as the astro
naut's body reaches the singularity, it gets stretched out to truly infinite 
length and squashed transversely to truly zel'O size. The extreme curva
ture of space near the singularity permits him to become infinitely 
long without shoving his head out through the hole's horizon. His head 
and feet are both pulled into the singularity, but they are p\lUed in 
infinitely far apart. 

Not only is an astronaut stretched and squeezed infinitely at the 
singularity, according to the Oppenheimer-Snyder equations; all forms 
of matter are infinitely stretched and squeezed- even an individual 
atom; even the electrons, protons, and neutrons that make up atoms; 
even the quarks that make up protons and neutrons. 

Is there any way for the astronaut to escape this infinite stretch and 
squeeze? ~o, not after he has crossed dle horizon. Everywhere inside 
the llOrizon, according to the Oppenheimer-Snyder equations, gravitJ' 
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is so strong (spacetime is so st.rongly warped) that time itself (every
one's time) flows into the singularity.' Since the astronaut, like anyone 
else, must move inexorably forward in time, he is driven with the flow 
of time into the singularity. No matter what he does, no matter how he 
blasts his rocket engines, the astronaut cannot avoid t.he singularity's 
infinite stretch and S<luceze. 

Whenever we physicists s~ our equations predict something infi
nite, we become suspicious of the equations. Almost nothing in the real 
Universe ever gets truly infinit.e (we think). Therefore, an infinity is 
almost always a sign of a mistake. 

The singularity's infinite stretch and squeeze was no exception. 
Those few physicists who studied Oppenheimer and Snyder's publica
tion during the 1950s and early 1960s agreed unanimously that some
thing was wrong. Rut there the unanimity stopped. 

One group, led vigorously by John Wheeler, identified the infinite 
stretch and squeeze as an unequivocal message that general relativity 
fails inside a black hole, at the endpoint of stellar implosion. Quantum 
mechanics should prevent tidal gravity from becoming truly infinite 
there, Wheeler asserted; but how? To learn the answer, Wheeler ar
gued, w()uld require marrying the laws of quantum meehanics with tbe 
laws oftidal gravity, that is, with Einstein's general relativistic laws of 
curved spac:etirne. The progeny of that marriage, the laws of quantum 
gravity, must govern the singularity, Wheeler claimed; and these new 
laws might c:reate new physical phenomena inside the black hole, phe
nomena unlike any we have ever met. 

A second group, led by Isaac: Markovich Khalatnikov and Evgeny 
!\.1ichailovich I,ifshitz (members of Lev Landau's :vtoscow research 
group), saw the infinite stretch and squeeze as a warning that Oppen
heimer and Snyder's ideali7.ed model of an imploding star could not be 
trusted. Recall that Oppenheimer and Snyder required, as a foundation 
for their calculations, that the star be precisely spherical and nonspin
ning and have uniform density, zero pressure, 110 shock \vaves, no 
ejected matter, and no outpouring radiation (Figure 13.2). These ex
treme idealizations were responsible for the singularity, Khalatnikov 
and Lifshitz argued. Every real st.ar has tiny, random deformations 
(tiny, random nonuniformities in its shape, vdocity, density, and pres· 
sure), and as the star implodes, they claimed, these deformations will 

1. TIl lechllicai jargon, WI! say that the singularity is "8pal~like." 
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grow large and halt the implosion before a Ji.ngularity can form. Simi
larly, Khalatnikov and Lifshitz nsserted, random deformati.ons will halt 
the big crunch implosion of our entire Universe eons hence, and 
thereby save the Universe fr.om destruction in a singularity. 

K.halatnikov and Lifshitz came to these views in 1961 bJ asking 
themselves whether, according t.o Einstein's general relativistic laws, 
singularities are stable against small perturbations. In other words, they 
posed the same question for singulatities as we met in Chapter 7 for 
black holes: If, in solving Einstehl's field equation, we aller, in small 
but random ways, the shape of the imploding star or Universe and the 
velocity and density and pressure of its material, and if we insert into 
the material tiny but random amounts of gravitational radiation, how 
will thE'.se changes (these perturbatwns) affect the implosion's predicted 
endpoint? 

For the black hole's horizon, as we saw in Chapter 7, the perturba
tions make no difference. The perturbE:d, imploding stat" still fonns a 
horizon, and although the horizon is deformed at first, all its defonna
tions quickly get radiated away, leaving behirld a completely "hairless" 
black hole. In other words, the horizon is stable against small perturba
tions. 

15.2 (Same as I<'igure 6.~.) T A'ft: Physi<'.aJ phenomena in a realistic, in! ploding 
slar. Right: The idea1i7.ations which Op~nheill1er and Snyder made in order 10 
compute stellar implosion. For a detailed discussion see Ghaplel' 6. 
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Not so for the singularity at t.he hole's (;euter or in the Universe's 
final crunch, Khalatnikov and Lifshitz concluded.. .Their calculations 
seemed to show that tiny, random perturbations will grow large when 
the imploding matter attempts to create a singularity; they will grow so 
large, in fact, that they will prevent the singularity from forming. 
Presumably (though the calcuiations could not say for sure), the per
turbations will halt the implosion and trallsfonn it into an explosi.on. 

How could perturbations possibly reverse the implosion? The physi
cal mechanism was not at all clear in the Khalatnikov-Lifsbitz calcula
tions. However, other calculations using )J"c~1:0n's laws of gravity, 
which are far easier than calculations using Einstein's laws, give hints. 
For example (sec Figure 13.3), if gravity were weak enough inside an 
imploding star for Newton's laws to be accurate, and if the star's pres
sure were too small to be important, then small perturbations would 
cause different atoms to implode toward slightly different points near 
the star's center. Most of the imploding atoms would miss the center by 
some small amount and would swing around the center and fly back 
out, thereby converting the implosion into an explosion. It seemed 
conceivable that, ever. though Newton's laws of gravity fail inside a 
black hole, some mechanism analogous to this might convert the im
plosi.on into an explosion. 

15.3 One mechanism for conve111ng a star's implosion into an eXI,losion, when 
gravity is weak enough that Newtoll's laws are accurate, and when internal 
pressure is weak enough to he unimportant If the implodin~ star is slightly 
deformed (''perturbed''), its atoms implode towanl slightly different points,swing 
around each other, and then ny back out 
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I joined John Wheeler's T.esearch group as a graduate student in 1962, 
shortly after Khalatnikov and Lifshitz had published their calr.ulatiol1, 
and shortly after Lifshitz together with Landau had enshrined the 
calculation and its "no singularity" (:onclusion in a famous lextbook, 
The Classical Theory III Fields. 1 re<'.<.\ll vividly Wheeler en,;ouraging 
his research group to study the calculation. If it is right, its conse
quences are profound, he t.old us. Unfortunately. the calculation was 
e"tremely long and complicated, and the published details werE' t.oo 
sketchy to perrnit ·us tt) dleck them -and Khalatniko\" and I ,ifshitl. 
wt'.te confined within the Soviet [nio()'s iron curtain, so we could not 
sit dOWll with them and discuss the details. 

Nevertheless, we began to contemplate the possibility that the im
ploding l':niverse, upon reaching some very small size, might "bounce" 
and reexplodc hl a uew "hig bang," and similarly that an imploding 
stOlt, after sinkillg inside its horizon, might. bounce and reexplode. 

But where could the star go if it ree:xplodes'~ It surely could not 
explode back out through the hole's hori7.on. Einstein's laws of gravity 
forbid unything (f',xcept virtual pi.U'ticles) to fly out of the hOlizon. 
There was anothf'I possibility, how~ver: The star might manage to 
e~pl()de in.to some other region of OUT lJnitJer.,·e, or even into another 
unirJerse. 

Figure 13.4 depiL1s sudl an implosion and reexplosion using a se
quence of embedding diagrams. (Embedding diagrams, which are 
quite different from spacetime diagrams, were introduced in Figures 
3.2 and 0.3.) 

Each diagram in Ii'igure 13.4 depicts our l!niverse's curved space, 
and the curved space of another universe, as two-dimensi()nal surfaces 
embedded tn a higher. dimensional h..rperspace. :necaH that hyperspace 
is a figment of the physiciSt.s' imagination: We, a .. humans. are (;011-

fined always to live in the space of Ollr own Universe (or, if we can get 
there, tbe space uf the other universe); we (:an never get ()ut of those 
spa(;es into the liurroulldirlg higher-dimensional hyperspace, (lOr can 
we ever receive lIignals or information from hypl"rs.pace. The .hyper
spacE' serves only as an aid in visualizing the curvature of space around 
the imploding star and its black hole, and in visualizing the manlIer in 
which the star can implode in our Universe and t.hen reexplode into 
another universe .. ] 

In Figure 13.4, the 1'wo universes are like separate islanrili; in an 
ocean and the hyperspace is like the ocean's water. Just as there is no 
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land connection between the islands, so there is no spa(.'e connection 
between dle universes. 

The sequence of diagrams in Figure 13.4 depicts the star's evolution. 

The star, in our Universe, is beginning to implode in diagram (a). In 
(b) the star has formed a black-hole horizon around itself and is contin

uing to implode. In (c) and (d) the star's highly compressed matter 
curves space up tightly around the star, forming a little, closed universe 
that resembles the surface of a balloon; and this new, little universe 

13.4 Embedding diagrams depicting a cQnceivable (though. as it turns out later 
in this chap leI', a very llnlikdy) fate of the star that implodes to fonn a black hole. 
The eight diagrams. (a) through (h). are a sequence of IInal).."hots showing tile 
evolution of the star and the geometry of space. The star implodt'.8 in our lIni· 
verse (a), and forms a black-hole horizon around itself (b). Then deep inside the 
hole the region of space containing the star pinches off from our Universe and 
forms a small, closed universe with no connection to anything else (c). That 
closed universe then moves through hyperspace (d, e) and alLachf'~'1 itself to 
another large uni\'er8e (I); alld the star dum explodes outward inlo that other 
universe (g. h). 

( e ) 
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pinche.'! off from onr Univcrse and moves, alone, out into hyperspace. 
(This is somewhat analogous to natives on one of the islaruis building a 
little boat and setting sail across t.he ocean.) In (d) and (e) the little 
universe, with the star inside, moves through h)11erspace from our big 
Univene to the other big universe (like the boat sailing from one island 
to another). Tn (f) the littlf~ univp.r5e attaches itself to the other large 
universe (like the boat landing at the other island), and continues to 
expand, disgorging the star. In (g) and (h) the star e""piodes into the 
other universe. 

I am uncomfortably aware that this scenario sounds like pure science 
fictioll. H<.lwever, just as black holes were a natural outgrowth of 
Schwan.schild's solution to the Einstein field equation (Chapter 3), S(I 

also thi.s s('''enario is a nat\lral outgrowth of another solution to t.he 
Einstein cquat.ioll, a solution found in 1916 ttl by Hans Reissner and 
Gunnar Nordstrom but not fully understood by them. In 1960 two of 
Wheeler's students, Dieter BriB <lnd John Graves, deciphered the phys
ical meaning of the Reissner-iliordstrom SO]utioll, and it soon became 
obvious that, with modest changes, the Rt-issner-Nordstrorn solution 
would describe the imploding/t.>xploding star of lo'igure 13.4. This star 
would differ from that of Oppenheirnel" arld Snydel" in just one funda
mental way: It would contain within itself enough clectrir, charge to 
produce a strong electric field when it gets highly compacted, and that 
electric field seemed in some way to be responsible for the star's reex
plosion into another universe. 

Let Us take stock of where things stood in 1964, in the quest for 
Wheeler's holy grail-the quest to understand the ultimate fate of a 
star that implodes to form a black hole: 

1. We knew one wlution of Einstein's equation (the 0ppenhejmer
Snyder solution) whi[:h predicts that, if the star has a highly 
ideali7.ed form, including a perfectly spherieal shape, Lhen it will 
create a singularity with infinite tidal gravity at the htlle's Clm

ter--a singularity that captures, destroys, alld swallows every
thing that falls illto the holp-. 

2. VVe knew another solution of J!:instein's equation (an extension of 
the Reissner-Nordstrom solution) which predil.'ts that, if the star 
has a somewhat diffm-ent highly idealized form, including a 
spherical shape and elc(;tric c:hargc, then deep inside the black 
hole the star will pinch off from our linjverse, attach itself to 
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arlO!.hec universe (or to a distant region of our own 17niversc), and 
there reexplode. 

3. It was far from dear which, if either, of these solutions was 
"stable against small, random perturbations" and thus was a ean
didate for oceurring in the real Universe. 

4. Khalatnikov and Lifshitz had claimed to prove, however, that 
singularities are alUJay~' unstable against small perturbations and 
thus never occur, and therefore the Oppenheimer-Snyder singu
larity eouid never oCCur ill ollr real Universe. 

:5. In Princcton, at least, there was some skepticism about the Kha
latnikov-Lifshitz claim. This skepticism may have been driven 
in part by \Vheeler's desire for singularities, since they would be 
a "marry:ng" place for general relativity and quantum meehan
ics. 

Kineteen sixty-four was a watershed year. It was 'the year that Roger 
Penrose revolutioni7..ed the mathematical tools that we use to analyze 
the properties of spacetime. ! lis revolution was so important, and had 
such great impact on the quest for Wheeler's holy grail, that. T shan 
digress for a few pages to describe his revolution alld describe Penrose 
himself. . 

Penrose's Revolution 

Roger Penrose grew up in a British medical family; his mother was a 
physician, his father was an eminent professor of human genetics at 
University College in London, and his parents wanted at least one of 
their four children to follow in their footsteps with a medical career. 
Roger's older brother Oliver was a dead loss; from an early age he was 
intent on a career ill physics (and in fact would go on to become oIle of 
the world's leading researchers in st.atistical physics-the st.udy of the 
behaviors of huge numbers of interacting atoms). Roger's younger 
brother Jonathon was also a dead loss; all he wanted to do was play 
chess (and in fact he would go on to become the British chess champion 
for seven years running). Roger's little sil>1:er Shirley was much too 
young, ",,"hen I\oger was choosing a career, to show inclinations in allY 
direction (!.hough she ultimately would delight her parents by beeorn
ing a physician). That left lloger as his parents' greatest hope. 
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At age sixteen Roger, like all the others in his class, was interviewed 
by the school's headmaster. It was time to decide the topics for his last 
two years of pre··col1egc: study. "I'd like to do mathematics, chemistry, 
and biology:' he told the headmaster. "No. Impossihle. You cannot 
combine biolog"v with mathematics. It mllst be one or the other," the 
headmaster proclaimed. Mathematics was more precious to Roger than 
biology. "All right, I'll do mathematiC'.s, chemistry, and physics," he 
said. When R.oger got home that evening his parents were furious. 
They accused R.oger of keeping bad company. Biology was essential to 
a medical career; how could he give it up? 

Two years later came the decision of what to study in college. "I 
proposed to go to University College, London, and study for a mathe
ntatics degree," Roger recalls. "My father didn't approve at aU. Mathe
matics might be all right for people who couldn't do anything else, but 
it wasn't the right thing to make a real career of," Roger was insistent, 
SO his father arranged for one of the College's mathematicians to give 
him a special test. The mathematicial1 invited Rogel' to take all day on 
the test, and warned him that he probably would be able to SC)lve only 
one or two of the problems. When Roger solved aU twelve problems 
cQrrectly in a few hours, his father capitulated. Roger could study 
mathematics. 

Roger initially had no intention of applying his mathematics to 
physics. It was pure math that interested him. But he got seduced. 

The seduction began in 1952, when Roger as a fourth-year univer
sity student in London listened to a series of radio talks on cosmology 
by Fred Hoyle. The talks were fascinating, stimulating--and a bit 
Confusing. A few of the things Hoyle said didn't quite make sense. One 
day Roger took the train up to Cambridge to visit his brothel' Oliver, 
who was studying physics there. At the end of the day, over dinner at 
dle Killgswood restaurant, Roger discover ... d that Dennis Sciama, Oli
ver's officemate, was studying the Bondi-Gold-Hoyle steady-state the· 
ory of the Uniyerse. How wonderful! Maybe Sciama could resolve 
Roger's confusion. "Hoyle says that according to the steady-state theory 
the expansion of the Universe will drive a distant galaxy out of sight; 
the galaxy will move out of the observable part of our Universe. Bu.t I 
don't see how dlis can be so." Roger pulled out a pen and began 
drawing a spacetime diagram on a napkul. "This diagram makes me 
tbink that the galaxy will become dimmer and dimmer, redder and 
redder, but will never quite disappear. What am I doing wrong?" 

Sciama was taken aback. Never had he seen such power in a spa.ce-
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time diagram. Penrose was right; Hoyle had to be wrong. More impor
tant, Oliver's little brother was phenomenal. 

Thereupon Dennis Sciama began with Roger Penrose the pattern he 
would continue with his own students in the 1960s (Stephen Hawking, 
George Ellis, Brandon Carter, Martin Rees, and others; see Chapter 7). 
He pulled Penrose into long discussions, sessions of many houIs' 
length, about the exciting things happening in physics. Sciama knew 
everything that was going 011; he infused Penrose with his enthusiasm, 
with the excitement of it alJ. Soon Penrose was hooked. JJe would 
complete his Ph.D. in mathematics, but the quest to understand the 
Universe henceforth would drive him forward. He would spend the 
coming decades with one foot firmly planted in mathematks, the other 
in physics. 

Roger Penrose, ca. t964. iPhoto by Godfrey Argent for r.he Kational Portrait Gallery of 
Britain and the Royal 5.il:iety of London; courtesy Godfrey Argent.~ 
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New ideas often arrive at the oddest moments, at moments when one 
is least expecting them. I suppose this is because they come from one's 
subconscious mind, and the 5uoc,onsciou8 performs most effectively 
when the con.scious part of the miud is not in high gear. A good 
example was Stephen Hawking's 1970 discovery, as he was getting 
ready for bed, that the areas of black-hole horizons roU6t always in
crease (Chapter 12). Another example is a discovery by Roger Penrose 
that changed our understanding of what is inside a black hole. 

Dlle day in the late autumn of 1964, Penrose, by then a professor at 
Birkbeck College in London, was walking toward his office with a 
friend, Ivor Robinson. For the past yeM, ever siD(~e quasars were dis('.ov
ered and astrollomers began speculating that they are powered by 
stellar implosion (Chapter 9), Penrose had been trying to figure out 
whether singularities are created by rt"ali~tic, randomly deformed, im
ploding stars. As he walked and talked with Robillson, his subconsoious 
WdS mullillg over the pieces of this puz1.1e- pieces with which his 
conscious mind had struggled for many many hours. 

As Penrose recalls it, "My conversation with Robinson stopped mo
mentarily as we crossed a side road, and resumed again at the other 
side. Evidently, during those few moments an idea occurred to me, bllt 
then the ens1ling conversation blotted it from my mind! Later in the 
day, after R.obinson had left, .l returned to my office. 1 remernber 
having an odd feeling of elation that I could. not accoU11t for. 1 began 
going through in my mind all the variolls things that had happened to 
me during the day, in an attempt to find what i.t wa~ that had caused 
this elation. After eliminating numerous inadequate possibilities, I fi
nally brought to mind the thought that I had had while crossing the 
st.reet. " 

The thought was beautiful, unlike anything ever seen befol'e in 
relativity physics. Carefully over the next few weeks Penrose manipu
lated it, looking at it fr()m this direction and then from that, working 
through the details, making it as concrete and mathematically precise 
as he could. With all details in hand, he wrote a short article for 
publication in the jOllTnaI Physical R.eview Lelter.~ describing the issue 
of singularities in stellar impJosion, and then proving a mathematical 
theorem. 

Penrose's theorem said roughly this: Suppose that a star-any kind 
of star whatsoever- implodt.>s so far that its gravity becomes stroIlg 
enough to form all apparent horizon, that is, st,TOng enough to pull 
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outgoing light rays back inward (Box 12.1). After this happens, nothing 
can prevent the gravity from growing so strong that it creates a singu
larity. Consequently (since black holes always have apparent horizons), 
every black hole must have a singularity inside itself. 

The most a.mazing thing about this singularit:x theorem was its 
sweeping power. It dealt not solely with idealized imploding stars that 
have special, idealized properties (such as being precisely spherical or 
having no pressure); and it dealt not solely with stars whose initial 
random deformations are tiny. Instead, it dealt with every imploding 
star imaginable, and thus, undoubtedly, with the real imploding stars 
that inhabit Our real Universe. 

Penrose's singularity theorem acquired its amazillg power from a 
new mathernatical tool that he used in its proof, a tool that no physicist 
had ever before used in calClllations about curved spacetime, that is, in 
general relativistic calculations: topoLogy. 

Topology is a branch of mathematics that deals with the qualitative 
ways in which things are connected to each other or to themselves. For 
example, a coffee cup and a doughnut "have the same topology" be· 
cause (if they (lre both made from putty) we can smoothly and continu
ously deform oue into the other without tearing it, that is, withO'.lt 
changing any connections (Figure 13.5a). By contrast, a sphere has a 
different topology from a doughnut; to deform a sphere into a dough
nut, we must tear a hole in it, thereby changing how it is connected to 
itself (Figure 13.5b). 

Topology cares only about connections, and not about shapes or sizes 
or CUl·vatures. For example, the doughnut and the coHee cup have very 
difl"erent shapes and curvatures, but they have the sa.me topology. 

We physicists, before Penrose's $ingularity theorem, ignored 
topology because we were fixated on the fact that spaeetime curvature 
is the central \~oncept of general relativity, a.nd topology cannot ten us 
anything about curvature. (Indeed, ber.ause Penrose's theorem was 
based so strongly on topology, it told uS nothing about thE' singularity'S 
curvature, that is, nothing about the details of its tidal gravity. The 
theorem simply told us that somewhere inside the black hole, space
time comes to an ~=nd, and anything that reaches that end gets de
stroyed. How it gets destroyed was the province of curvature; that it 
gets destroyed ·-that there is an end to spacet.ime-was the province of 
topology.) 

If we physicists, before Penrose, bad only looked beyond the issuE' of 
curvature, we would have realized that relativity does deal with ques-
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tions of topology, questions such as "Does spacetime come to an end 
(does it have an edge beyond which spacetime ceases to exist)?" (Figure 
13.5c) and "Which regions of spacetime can send signals to each other, 
and which cannot?" (Figure 13.5d). The first of these topological ques
tions is central to singularities; the second is central to the formation 
and existence of black holes and also to cosmology (to the large-scale 
structure and evolution of the Universe). 

These topological issues are so important, and the mathematical 
tools of topology are so powerful in dealing with them, that by intro
ducing us to topology, Penrose triggE'xed a revolution in our research. 

Taking off from Penrose's seminal ideas, during the middle and late 
1960s Penrose, Hawking, Robert Geroch, George Ellis, and other 
physicists created a powerful set of combined topological and geometri
cal tools for general relativity calculations, tools that are now called 
global methods. Using these methods, Hawking and Penrose in 1970 
proved-without al1Y idealizing assumptions-that Our 17niverse must 

have had a spacetime singularity at the beginning of its big bang 
expansion, and if it one day recollapses, it must produce a singularity in 
its big crunch. And using these global methods, Hawking in 1970 
invented the concept of a black hole's absolute horizon and proved that 
the surface areas of absolute horizons always increase (Chapter 12). 

Let us return, now, to 1965. The stage was set for a momentous 
confrontation. Isaac Khalatnikov and Evgeny Lifshitz in Moscow had 
proved (or so they thought) that when a real star, with random internal 
deformations, implodes to form a black hole it cannot create a singular
ity at the hole's center, while Roger Penrose in England had proved 
that every black hole must have a singularity at its center. 

15.5 All oflhe rollowin~ issues deal with the nature of the connections between 
points; that is, they are topological issues. (a) A c.()ffee cup (left) and a douRhnut 
(~hl) can be deformed into each other smoothly and continuously without 
teariI1& in other words, without changing the qualitative nature of any of the 
connections between points. They thus hal"e the same topology. (b) To deform a 
sphere (left) into a doughnut (right). one must tear a hole in it. (e) The spacetime 
shown here has two sharp edges (analogous to the tear in (b)J: one edge at which 
time besins (analogous to the big bang be.ginning of our Universe), and one at 
which time ends (analogous to the big crunch~ One can also eonce1ve of a 
universe that has existed for all time and will always ('.ontinue to exist; such a 
universe's spacetime would have no edges. (d) The blackened region of space
time is the interior of a black hole: the white J"e8ion is the exterior (see Holt 12.1). 
Points in the inte-nor cannot send any signals to points in the exteri.()r. 
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The lecture hall seated 250 and was filled to overflowing as Isaac 
Khalatnikov rose to speak. Il was a warm summer day in 1965, and the 
world's leading relativity researchers had gathered in London for the 
Third IntemationaJ Conference 011 General nelativity and Gravitation. 
This was the first opportunity, a.t such a worldwide gathr.ring, for Isaac 
Khalatnikov and .l!.vgeny Lifshitz to prese.nt the details of their proof 
that black holes do not (' . .ontain singularities. 

Permission to travel beyond the iron curtain was granted. and with
drawn with relative capriciousness ill the Soviet Unioll during the 
decades between Stalin's death and the Gorbachev era. Lifshitz, though 
Jewish, had travt"led rather freely in the late 1950s, but. he was now on 
a Lraycl blacklist and would remain so until 19i6. Khalatnikov had two 
strikes against him; he was Jewish, and he had nevp.r yet traveled 
abroad. (Perm.ission for one's first trip was exceedingly difficult to 
win.) Howevl~r, after a vigorous struggle, including a telephone calI in 
his behaif from the vice- president of the Academy of Scie.nces, ~iko)ai 
~ikolaievich Semenov, to the Central ('Almmittce of the Commun.ist 
party, Khalat.nikov had finally won permissiOll to come to London. 

As he spoke in the packed I..ondoll lecture hall, dragging a l:uicro· 
piloI1e with him, Khalatnikov wrote equations all over the blackboard, 
which extended the entire SO·foot width of the room. His were not 
topological methods; they were the standard, equation· intensive- meth
ods that physicists had used for decades when analyzing spac(~time 
c:urvaturc. Khalatnikov d~monstril.ted mathemat.i(:ally that random 
perturbati()n.~ must grow as a star implodes. This meant, he asserted t 

that if the unpiosion is to fOl'm Ii singularity, it must be one with 
completE>ly random deformations in its spacetime eurvaturf'. lIe then 
described how be and Lifshitz had searched, among all t.ypes of Si.tl

gulaI"l.ties permitted by t.he laws of general relativity, for one with 
completely rdlldom curvature deformations. He exhibited, mathemati
cally, one type of singulal"ity after anot.her; he cat.1.1oged the types of 
singularities almost ad na1JS(~unl. Among th~m, none had eompletely 
random deformations. Therefore, he concluded -bringing his forty
minute lecture La a dose an imploding star with rdndom perturba
tions cannot produc.~~ a singularity. The per.turbat.ions must save the 
star fr.om destruction. 

As tile applause ended, CharLL"s \-fisner, one of \"Vheeler's most bril
liant former students, leaped np and objected strenuously. Excitedly, 
vigorously, and in rapid-fire English, !\Ilisner described the theorem 
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that Penrose had proved a few months earlier. If Penrose's theorem 
was right, then Khalatnikov and Lifshitz must be wrong. 

The Soviet delegation was confused and incensed. :\1isner's English 
was too fast to follow, and sinee Penrose's theorem relied on topological 
arguments that were alien to relativity experts, the Soviets regarded it 
as suspect. By contrast, the Khalatnikov--Lifshitz analysis was based on 
tried-and-true methods. Penrose, t.hey asserted, was probably wrong. 

During the next few years, relativity experts in 'East and ~Vt~st 
plumbed the depths of Penrose's analysis, and of the Khalatniko\'··· 
Lifshitz analysis. A t first both analyses looked suspect; both hau uan
gerous, potential flaws. Gradually, however, as the experts began to 
master and extend Penrose's topological techniques, they bi:came eon

vinced that Penrose was right. 
In September 1969, while T was a visiting member of Zd'uovidl'S 

Tesearch t.eam in i\1oscow, Rvgeny Lifshitz r..ame to me with a manu-

. .0\ dinnet' party in the apartment of Jsaac KhaJatnikov in \toscow, June 1971. 
Clock.wise from left: Kip Thome, John Wh~lp.r, Isaae Khalatnikov. Evgcny J .if
shilz, Khalatnikov's wife Valentina Nikolaievna, Vladimir Belinsky, and Khalal
nikov's dl:lU8hter Eleanora ·:Courtt'fly Charles W. Misllf~r.J 
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script that he and Khalatnikov had jilst written. "Please, Kip, take this 
manuscript back to America for me and submit it to Physical Review 
Letters, "he requl.>sted. He explained that any lnanusc.ript written in the 
U.S.S.R., regardless of its content, was automatically classified secret 
until declassified, and declassification would take three mOllths. The 
ludicrous Soviet system permitted me or any other foreign visitor to 
read the manuscript while in Moscow, but the manuscript should not 
itself leave the country until passed by the censors. This manuscript 
was too precious, too urgent for such a ridiculous delay. It contained, 
Lifshitz explained to me, their capitulation. their confession of error: 
Penrose was right; they were wrong. In 1961 they had been unable to 
find, among the solutions to Einstein's field equation, any singularity 
with (!ompletely random dt'lormations; but now, spulTed by Penrose's 
theorem, they and a graduate student, Vladimir Belinsky, had 
managed to find one. This new singularity, they thought, must be the 
one that terminates the implosion of randomly deformed stars and that 
might someday destroy our Universe at the end of the big crunch. 
[And, indeed, in 19931 think they probably were right. To this 1993 
viewpoint, and to thtl nature of their new BKL ("Belinsky-Khalat
nikov-Lifshitz") singularity, I shall return near the end of this chap
ter.] 

For a theoretical physicist it is more than embarrassing to admit a 
major error ill a published result. It is ego shattering. 1 should know. In 
1966 I misc:alculated the pltlsations of white-dwarf stars, and two years 
later my wrong cakulations briefly misled astronomers into thinking 
that the newly discovered pulsars might be pulsating white dwarfs. My 
error, when found, was significant enough to figure in an editorial in 
the British jourIlallVature. It was a bitter pill to swallow. 

Though errors like this can be shattering for an American or Euro
pean. physicist, in the Soviet Union they were far wOrse. One's position 
in the pecking order of scientists was especially important in the Soviet 
Union; it determined such things as possibilities for travel abroad and 
election to the Academy of Scienct'.8, which in turn brought privileges 
such as a near doubling of one's salary and a. chauffeured limousine at 
one's beck and call. Thus it was that the temptation to try to hide or 
downplay mistakes, when mistakes occur, was greater for Soviet scien
tists than for Westerners. And thus it was that Lifshitz's plea for help 
was impressive. He wanted no delay in disseminating the truth, and his 
manuscript V.T""dS forthright: It confessed the error and announced that 
future editions of The Classical Theory of Fields (the Landau-Lifshitt 
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textbook on geneml relativity) would be Illodified to remove the claim 
that implosion does not produce singularities. 

I earried the maIlus<:ript to America, hidden among my personal 
papers, and it was published. The Soviet authorities never noticed. 

Why was it a British physicist (Penrose) and not an American or 
French or Soviet physicist who introduced topological methods into 
relath;t.y research? And why was it that throughollt the 1960s, topolog
ical methods were pursued with vigor and success by other British 
relativity physicisLs, but took hold much more slowly in America, 
France, the U.S.S.R., and elsewhere? 

The reason l J suspect, was th~ undergraduate training of British 
theoretical physicists. They typically major in mathemati(:s as under
graduates, then do Ph.D. research in departments of applied mathe
matics or departments of applied mathematics and theoretical physics. 
Tn America, by contrast, aspiring theoretical physicists t'ypically major 
ill physics as undergraduates, and then do Ph.n. reSearch in physi(:s 
departments. Thus, young British theoretical physicists are well versed 
in esoteric branches of mathematics which have not yet seen much 
physics application, but they may have a weak background in "gutsy" 
physics topics such as the behaviors of molecules, atoms, and atomic 
nuclei. By cOIltrast, young American theoretical physicists know little 
mathematics beyond what their physics professors have taught them, 
but are deeply versed in the lore of molecules, atoms, and nuclei. 

To a great extent, we Americans have dominated theoretical physics 
since World 'War II, and we have foisted on the world's physics com
munity our scandalously low mat.hematical standards. l\.iost of us use 
the mathematics of fifty years ago and are ineapable of communicating 
with modern mathematidans. With our poor mathematical training, it 
was difficu1t. for us Americans t.o ahsorh and start using the topological 
methods when Penrose introduced them. 

French theoretical physicists, even more than the British, are well 
trained in mathemati('.s. However, during the 1960s and 1970s French 
relativity theorists were so wrapped up in matlwmatieal rigor (that is, 
perfection), and so deemphasized physical intuition, that they contrib
uted 1ittle to our understanding of imploding stars and hlack holes. 
Their quest for rigor slowed them down to the point that, although 
they knew well the mathematics of topology, they could not compete 
wIth the British. They didn't even try; their attention was riveted 
elsewhere. 

469 
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Lev Davidovich Landau, who was largely responsible for the 
strength of Soviet theol"etical physics in the 1930s through 1960s, was 
also a source of Soviet. resistance to topology: I..andau had lrdnsfused 
theoretical physics from Western Europe to the li.S.S.l\. in the 1930s 
(Chapter 5). As one tool in that transfusion, he had created a set of 
examinations on theoretical physics, called the "Theoretical Mini
mum," which he required be passed as an entree into his own research 
group. Anyone, regardless of educational background. could walk in off 
the street and take these examinations, but few could pass them. Tn the 
twenty-nine years of the TheoTetical Minimum (1933-62) only forty
three passed, but a remarkable portion of those forty-three went on to 
make great physics discoveries. 

Evgeny Michai10vich T .ifshitz (lt1t) and Lev Oa,,'idovich T andau (right) in Larl
dau's ro()m in his flat at the Institute for Physical Problems, No. Z Vorohyevskoye 
Shosse, Moscow, in 1954.JCourlellY LifshiL7.'s wift', Zinaida Tvanoma Lifshitz.J 
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Landau's Theoretical Minimum had included problems from all the 
branches of mathematics that l.alldau deemed important for theoreti
cal physics. Topology was not among them. Calculus, complex varia
bles, the qualitative theory of differential equations, group theory, and 
differential geometry were all eovered; they would an be needed in a 
physicist's career. But topology would not be needed. Landau had noth
ing against topology; he just ignored it; it was irrelevant· ·-·and his view 
of its irrelevance became near gospel among most Soviet theoretical 
physicists in the 19408 through the 1960s. 

This view was transmitted to theoretical physicists around the world 
by the set of textbooks, called Cour.fe of Theoretical P/~rsics, that Lan
dau and Lifshitz wrote. These became, worldwide, the most influential 
set of physics texts of the twemieth century, and like Landau's Theo
retical :\1inimum examinations, they ignored topology. 

Curiously, topological techniques were introduced into relativity re
search ill an abortive way, long before Ptmrose's theorem, by two So
viet mathematicians in Leningrad: Aleksander Danilovich Aleksan
drov and Revol't lvanovich Pimenov. Tn 1950-59, Aleksandrov used 
topology to probe the "causal structure" of spacetime, that is, to study 
the relations~ips between regions of spacetime that can communicate 
with each other and those that cannot. This was just the type of topo
logical analysis that would ultimately pay rich dividends ill the theory 
of black holes. Aleksandrov built up a rather powerful and beautifu1 
topological formalism, and in the mid -1950s that formalism was picked 
up and pushed further by Pimenov, a young colleague of Aleksan· 
drov's. 

But in the end this research led nowhere. Alcksandrov and Pimenov 
had little contact with physicists who specialize in gravitation. Such 
physicists would have known what kinds of c,alculations were useful 
and what were not. They might ha\'e told Aleksandrov and Pimenov 
that the big bang singularity or gravitational implosion of stars de
served probing with their formalism. But no such advice was to be had 
in Leningrad; the key physicists work.ed 600 kilometers southeast of 
Leningrad, in Moscow, and were ignorant of topo]ogy and topologists. 
The Aleksandrov Pimenov formalism flowered, and then went dor· 
manto 

Its dormancy was forced by the fates of Aleksandrov and Pimenov: 
Aleksandrov became the rt-'Ctor (president) of Leningrad University, 
and had inadequate time for further research. Pirnenov was arrested in 
1957 for founding "an anti-Soviet group," was imprisoned for six years, 
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and then after seven years of freedom was rearrested and sent into five 
years' exile in the Komi Republic, 1200 kilometers east of Leningrad. 

I have never met Aleksandrov or Pimenov, but tales of Pimf'.nov 
were stiJl rippling through T ..eningrad's community of scientists when I 
visited there in 1971, a year after Pimenov's second arrest. R.umor had 
it that Pimenov viewed the Soviet. government as morally eorrupt, and, 
like many young people in America during the Vietnam ,"Var, he felt. 
that, if he cooperated with the government, the government's corrup
tion would rub off on him. The only way to feel m()raJly clean was 
through (:ivil disobedienc-.e. In America, civil disobedience meant refus
ing to register for the draft. For Pimcnov, civil disobedience meant 
samizdat Sami7.dat was the "self-publication" of forhidden manu
scripts. Pimenov, it was rumored, would receive from friends a manu
script which had been forbidden for publication in the Soviet Union, 
he would type out a half-dozen copies llsing carbon paper, and he 
would then pass those copies on to other frit>.nds, who would repeat the 
process. Pimenov got caught, was t..'onvicted, and was sentenced to five 
years' exile in the Komi l\epublic, where he worked as a tree-feller and 
an electrician in a sawmill until the Komi Academy of Sciences took 
advantage of his exile and made him the chair of their mathematies 
department. 

Finally able to do mathematics again, Pimenov continued his topo
logical studies of spacetime. By then topology had taken firm root as a 
key tool for physicists' gravitation research, but PimeI10v remained 
isolated from the leading physicists of his country. He never bad the 
impact that, under other circumstances, he might have. 

Roger Penrose, by contrast with Aleksandrov and Pimenov, lives 
with one foot firmly planted in the mathematics community and the 
other firmly planted in physics, and this has bee.tl a major SOllT(:e of his 
success. 

Best Guesses 

Dne might have thought that Penrose's singularity theorem would 
settle once and for all the question of what is inside a black hole. Not so. 
lru;tead it opened up a new set of questions questions with whic:h 
physicists have struggled, with only modest success, since the mid-
1960s. Those questions, and our best 1993 answers (our "hest ~uesses" 
is a better way to say it), are: 
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1. Does everything that enters the hole necessarily get swallowed 
by the singularity? We think so, but we're not SUTe. 

2. Is there any route from inside the hole to another universe, or to 
another part ()f our own L"niverse? Very probably not, but we're 
not absolutely sure. . 

3. Vllhat is the fate of things that fall iIlt.o the singularity? We think 
that things that faU in when the hole is quite young get torn 
apart by tidal gravity in a violent, chaotic way, before quantum 
gravity becomes important. However, things that fall into an old 
hole might survive ullscathed until they come face-to-face with 
the laws of quantum gravity. 

In the remainder of this chapter I shall explain these answers in more 
detail. 

Recall that Oppenheimer and Snyder gave us a clear and unequivocal 
answer to our three questions; When the black hole is created by a 
highly idealized, spherical, imploding star, then (1) everything that 
enters the hole gets swallowed by the Singularity; (2) nothing travels to 
another universe or another part of our Universe; (3) when nearing the 
singularity, everything experiences an infinitely growing radial stretch 
and transverse squeeze (Figure 15.1 above), and thereby gets destroyed. 

This answer was pedagogically useful; it helped motivate calcula
tions that brought deeper understanding. However, the deeper under
standing (due to Khalatnikov and Lifshitz) showed that the Oppen
heimer-Snyder answer is irrelevant to the real Universe in which we 
live, because the random deformations that occur in an real stars will 
completely change the hole's interior. The Oppenheimer-Snyder inte
rior is "unstable against small perturbations." 

The Reissner-Nordstrom type of solution to the Einstein field equa
tion also gave a clear and unequivO£"dl answer: When the black hole is 
created by a particular, highly idealized, spherical, electrically charged 
star, then the imploding star and other things that fall into the hole can 
travel, via a "little closed universe," from the hole's interior to another 
large universe (Figure 13.4). 

This answer was also pedagogically useful (and has provided grist 
·for the mills of many a science fiction writer). However, like the Op
penheimer-Snyder prediction, it has nothing to do with the real Uni
verse in which we live becaUSE' it is unstable against small perturba-
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tions. More specifica]]y, in our real Universe, the black hole is continu
ally bombarded by tillY electromagnetic vacuum fluctuations and by 
liny amounts of radiation. A.s these fluctuations and radiation fall into 
the hole, the hole's gravity aceelerates them to enormous energy, and 
they then explosively hit and dc~troy the little closed universe, just 
bdore the little universe begins its trip. This was conjectured by Pen
rose ill 1968, and has since been verified in maJlY different calculations, 
carried out by many different physicists. 

ReJinsky, Khal.atnikov, and Lifshitz have given us yet another an
swer to onr questions, and this one, being totally stable against small 
perturbations, is probably the "right" answer, the answer that. applies 
to tlw real black holes that inhabit Qur Universe: The star tllatfonns the 
hole anti everything th.at jails into the hote wizen the h.ole is young get 
tom. apart by the tidal ~ravity of a BKL singularity. (This is th~ kind of 
singularity that Belinsky, Khalatnikov, and Lifshitz discovered, as a 
solution of Einst~.in's equation, after Penrose convinced them that sin
gularities must inhabit black holes.) 

The tidal gra .... ity of a BKL singularity is radicaUy different from 
that of the Oppenheimer·· Snyder singularity. The Oppenheimer-Sny
der singularity strctehes and squeezes an infaUing astronaut (or any
thing else) in a steady but Inounting way; tlle stretch is always radial, 
the squeeze is always transverse, and the strengths of stretch and 
squeeze grow steadl1y and smoothly (Figure 13.1). The RKT, singular
ity, by contrast., is somewhat like the taffy-pulling machines that one 
sometimes sees in candy stores or at. carnivals. It stretches and squeezes 
first in this direction, then tbat, then another, then another, and yet 
another. The stretch and squeeze oscillate with time in a random and 
chaotif: way (as measured by the infaUing astronaut), but on average 
they get stronger aud stronger, and their oscillations get faster and 
faster as the astronaut g~ts closer and closer to the singularity. Charles 
!\fisner (who di~covered this type of chaotically oscillating singularity 
independently of Belinsky, Khalatnikov, and Lifshitz) has called this a 
mU;master oscillation. because one can imagine it mixing up the astro
naut's body parts in the way that a mixmaster or eggbeater mixes up 
the yolk and white of an egg. Figure 13.6 depicts a specific example of 
how the tidal forces might oscillate, but the precise sequence of osci11a
tions is chaotically unpredictable. 

In Misller's version of the rnixmaster singularity, du~ ()S(;illations 
were the sanle everywhere in space, at a particular moment of time (as 
measured, say, by the astronaut). Not so f()r the BKL singularity. Its 
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13.6 An example of how the tidal forces might oscillate with time in a RKL 
singularity. Tht: tidal forces oet in different manners along Lhree different, per
pendicular directions. These directions, for definiteness, are here caned UlJ (for 
"up/dow""). NS (for "north/southj, and EW (for "east/west"), and ('.at]} of Ult~ 
three curves describf'A'i the behavior of the tidal force along one of these direc
tions. Time is plotted hori7.ontally. At any time when the UD cnrve i!l above the 
horizontal time axis, the tidal force is stretchinfJi along the un direction, while at 
a time when the UD curve is below the axis, tho UD tidal foree is squeezing. The 
highcr Ole mJne above the axis. tIlt! slronger tb~ stretch; the lower the 4:UrvC 

belm·v the axis, the:: strouger the squeeze. Notice the following: (i) . .o\t any mowen •. 
of time there is a h"qlleeze along two directions and a stretch along one. (ii) The 
tidal forces oscillate between stretch and squee7.e; each oscillation is ('.ailed a 
"cycle." (iii) The cycles arc collected into "eras." During each enl, one of the tlln~e 
directilms is subjt'Cted to a fairly slf'.ady 8quee'f.t"., while the other t .... ,o oscillate 
bet ween stretch and squeeze. (i \') When the era chan8('.s, there is a change of the 
steady direction. (\') As the singularity is approached, the oscillations become 
infinilely rapid and Ole tidal forces bt:t~me infinilely strong. TIle details of the 
dh·;sion of (~ycles into erall and the change of oscillation patterns at the iw.ginning 
of each erd are governed by what is sometimes called a "chaotic map." 
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oscillations are spatially chaotic as well as temporally chaotic, just as 
turbulent motions of the froth in a breaking ocean wave are chaotic in 
space as well as in time. For example, while the astronaut's head is 
being alternately stretched. and S(lueezed ("pummeled") along the 
north/south dir('!ction, his right foot might be pummeled along the 
northeastjsouthwest direction, and his left foot along south·.southeast/ 
north-northwest; and the frequencies of oscillation of the pummeling 
might be qui.te different on his head, his left foot, and his right f(}ot. 

Einstein's equation predicts that, as the astronaut reaches the singu
larity, the tidal forCt.~ grow infinitely strong, and their chaotic oscilla
tions become infinitely rapid. The astronaut dies and the atoms from 
which his body is made become infinitely and chaotically distorted and 
mixed--and then, at the moment when everything becomes infinite 
(the tidal strengths, the oscillation frequellcies, the distortions, and the 
mixing), spacetime ceases to exist. 

The laws of quantum mechanics obje(!t. They forbid the infinities. 
Very near the singularity, as best we understand it in 1993, the laws of 
quantum mechanics merge with Einstein's general relativistic laws 
and completely change the "ruJes of t.he game." The new rules are 
called quantum gravity. 

The astronaut is already dead, his body parts are already thoroughly 
mixed, and the atoms of which he was made are already distorted 
beyond recognition when quantum gravity takes over. But nothing is 
infinite. The "game" goes on. 

Just when dCles quantum gravity take over, and what does it do? As 
best we understand it in 1993 (and our understanding is rather poor), 
quantum gravity takes over when the oscillating tidal gravity (space
time curvature) becomes so large that it completely deforms all objects 
in about 10-45 second or less.i2 Quantum gra\-'ity then radically changes 
the character of spacetime: It..lUptures the unification of space and time 
into spacetime. It ungluE'.5 space and time from each other, and then 
destroys time as a concept and destroys the definiteness Df space. Time 
ceases to exist; 110 longer can we say that "this thing happens before 
that one," because without time, there is no concept of "before" or 

2. 1O-4S sa"Olid is the P/am;!t-Wheel.er time. It is givell (approximately) by the formula 
,JGh/c·, w~ce G = 6.67() X 10'· dync·.centiInet.er2/gramS is l\ewton', gravitation constant, " 
== 1.055 X 1O··~7 erg.second is Planck's qUIlnt •• m mechanical constant, and c = 2.998 X 10'· 
r.enti1l1etet/seoond is tl.e speed of light. ~ote that the Planck· Wheeler- time is equal to the 
square root of the Planck-Wheeler area (Chapter 12) dhoidcd by the speed oflight. 
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"after." Space, the sole remaining remnant of what was OHee a unified 
spacetime. becomes a random, probabilistic froth, like soapsuds. 

Before its rupture (that is, outside the singularity), spacetime is hke 
a piece of wood impregnated with water. In this analogy, the wood 
represcnts space, the water represents time, and the two (wood. and 
water; space and time) are tightly interwoven, unified. The singularity 
and the laws of quantum gravity that rule it are like a fire into which 
the water-impregnated wood is thrown. The fire boils the wat.er out of 
the wood. leaving the wood aloDf! and vulneTable; in the singularity, 
the laws of quantum gravity destroy time, leaving space alone and 
vulnerable. The fire then converts the wood into a froth of flakes al1d 
ashes; the laws of quantum gravity then convert space into a random, 
pTobahilistic frotll. 

This random, probabilistic froth is the thing of which the singularity 
is made, and the froth is governed by the laws of quantum gravity. In 
the froth, space does not have <Uly definite shape (that is, any definite 
curvaturE"., or even any definite topology). Instead, space has various 
probabilities for this, that, or anotlif'I l.'urvature and topology. For ex
ample, iJlside the singularity there might be a 0.1 percent probability 
for the curvature and topology of space to have the form shown in 
Figure 13.7a, and a 0.4 percent probability for the fonn in Figure 13.7h, 
and a 0.02 perc.cnt probabili ty forthe form in .Figure 13.7 c:, and so on. 
This does not mean that space spends 0.1 percent of its time in the form 
(a), 0.4 percent of its time in the form (b), and 0.02 percent of its time in 
the form (c), because there is flO such thing as time inside the singularif;y. 
And similarly, because there is no time, it is totally meaningless to ask 
whether space assumes the form (b) "before" or "after" it assumes the 
form (c). The only meaningful quest.ion one can ask of the singularity 
is, "What are the probabilities that the spaee of which you are made 
has the forms (a), (b), and (c)?" And the answers will be simply 0.1, 0.4, 
and 0.1);2 percent. 

Because all conceivable curvatures and topologies are permitted in
side the singularity, no matter how wild, one says that. the singularity is 
made from a probabilistic foam. John 'Wheeler, who first. argued that 
this must be the nature of space when the laws of quantum gmvity 
hold sway, has called it quantumfoarTL 

To recapitulate, at the center of a black hole, in the spaceLime region 
where the oscillating BKT, tidal forces reach their peak, there resid«~s a 
singularity: a region in which time 00 longer exist.s, and space has 
given way to quantum foam. 
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( C) 

l~. 7 Embedding diagrams illustrating the quantum foam that is thought to 
reside in the singu larity inside a black. hole. The geometry and topology of space 
are not definite; instead. they are probabilistic. They might. have, for example, a 
0.1 percent probability for the fonn shown in (a), a 0.4 pen~.ent probability ror (b), 
a 0.02 pen!ent probability for (e), and so on. 

One task of the laws of quantum gravity is t.o govern the probabili
ties for the various curvatures and topologies within a blac-.k hole's 
singularity. Another, presumably, is to determlne the probabilities for 
the singularity to give birth to "new universes," that is, to give birth to 
new, classical (non-quantum) regions of spacetime, in the same sense 
as the big bang singularity gave birth to our Universe some 15 billion 
years ago. 

How probable is it t.hat a black hole's singularity will give birth to 
"new universes"? We dOll't know. It might well never happen, or it 
might he quite conunon-or we might be on completely the wrong 
track in believing that singularities are made of quantum foam. 
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Clear answers might come in the next decade or two fTom research 
now being carried out by Stephen Hawking, James Hartle, and others, 
building on foundations laid by John '''heeler and Bryce DeWitt. 5 

Most everything in the l.Jniverse changes with age: Stars consume 
their fuel and die; the Earth gradually loses its atmosphere by evapora
tion into space and ultimately will become an airless, dead planet; and 
we humans grow wrinkled and wise. 

The tidal forces deep inside a black hole, near its singularity, are no 
exception. They, too, must change with age, according to calculations 
done in 1991 by Werner Israel and Eric Poisson of the University of 
Alberta, and Amos Ori, a postdoc in my Cal tech group (building on 
earlier work of Andrei Doroshkevich and Igor !Ilovikov). When the 
hole is newborn, its interior tidal forces exhibit violent, chaotic, BKL
type oscillations (Figure 15.6 above). However, as the hole ages, the 
chaotic oscillations become tamer and gentler, and gradually disappear. 

For example, an astronaut who falls into a lO-billion-solar-mass hule 
in the core of a quasar within the first few hours after the hole is born 
will be torn apart by wildly oscillating BKL tidal forc.es. However, a 
second astronaut, who waits until a day or two after the hole is born 
before plunging inside, will eru:ounter much more gently oscillating 
tidal forces. The tidal stretch and squcezt'! are still large enough to kill 
the second astronaut, but being more gentle than the day before, the 
oscillating stretch and squeeze will allow the second astronaut to sur
vive longer, and approach closer to the singularity before he dies, than 
did the first astronaut. A third astronaut, who waits until the hole is 
many years old before taking the plunge, will face an even gentler fate. 
The tidal forces surrounding the singularity have now become so tame 
and meek, according to Israel's, Poisson's, and Ori's calculations, that 
the astronaut will hardly feel them at all. He will survive, almost 
unscathed, right up to the edge of the probabilistic quantum gravity 
singularity. Only at the singularity's edge, just as he comes face-to-face 
with the laws of quantum gravity, will the astronaut be killed·- ···and we 
canIlot even be absolutely sure he gets killed then, since we do not 
really understand at all well the laws of quantum gravity and their 
consequences. 

3. The above dP.Script.ion is haSP.d on the 'Vheeler-DeWitt, Hawking-Harlle approach to 
formulating the laws of quantum gravity. Although weirs is but one of many approaches now 
being pursueu, it is one to which I would give good odds of SUCCf!5S. 
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This aging of a black hole's internal tidal forces is not inexorable. 
Whenever matter and radiation (or astronauts) fall into the hole, they 
wi]] feed and energize the tidal forces, much like a hunk of meat 
thrown to a lion energizes him. The oscillatory stretch and squeeze 
near the singularity, having been fed, will grow stronger for a short 
while, and then will die out and become quiL'SCent once again. 

In the late 1950s and early (960s John Wheeler had a dream, a hope, 
that we humans might one day be able to probe into a singularity and 
there see quantum gravity at work-that we might pr<.lbe not only 
with mathemati<,-s and computer simulations, but also with real, physi. 
cal observations and experiments. Oppenheimer and Snyder dashed 
that hope (Chapter 6). The horizon that they discovered forming 
around an imploding star hides thf! singularity from external view. 1£ 
we remain foreve-c outside the horizon, there is nQ way that we can 
probe the singularity. And if we plunge through the horizon of a huge 
old hole, and survive to meet the quantum gravity singularity face-to
face, there is no way we call transmit a description of our meeting back 
to Earth. Our transmission cannot esc.ape from the hole; the horizon 
hides it. 

Though Wheeler has long sinCE' renounced his dream and now \'ig. 
orously champions the view that it is impossible to probe singularities, 
it is not at aU certain that he is correct. It is conceivable that some 
extremely non spherical stellar implosions produce naked singularities, 
that is, singularit.ies that are not surrounded by horizons and that theTe
fore can be observed and probed from the external Universe, even from 
Earth. 

In the late 1960s, Roger Penrose searched hard, mathematically, for 
an example of all implosion that creates a naked singularity. His search 
came up empty. Whenever, in his equations, an implosion creat.ed a 
Singularity, it also created a horizon around the singularity. Penrose 
was not surprised. After aU, if a naked singularity were to form, then it 
seems reasonable to eJtpect that, just before the singularity forIlls, light 
t!an escape from its vicinity; and if light can escape, then (it would 
seem) so can the material that is imploding to create the singularity; 
and if the imploding material can escape, then presumably the male· 
rial's huge internal pTessure will make it escape, therehy reversing the 
implosion and preventing the singularity from forming in the first 
place_ So it seemed. However, neither Penrose's mathematical manipu· 
lations nor anybody else's were powerful enough to say for sure. 
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In 1969 Penrose, strongly COllvinced that naked singularities cannot 
form, but unable to prove it, proposed a conjecture, the conjecture of 

cosmic censorship: No imploding object can et-'I!r form a naked singular
ity; if a singularity is formed, it must be clothed in a horizon so that we in 
the external Universe cannot see it. 

Members of the physics "establishment." ·physicists like John 
Wheeler, whose viewpoints are the most influential· . ·have embraced 
cosmic censorship and espouse it as almost surely correct. Nevertheless, 
nearly a quarter century after I)enrose proposed it, cosmic censorship 
remains unproved; and recent computer simulations of the implosion 
of highly nonspherical stars suggest that it might even be wrong. Some 
implosions, according to these simulations by Stuart Shapiro and Saul 
Teukolsky of Cornell University, might actually create naked sin
gularities. Might. Not will; just might. 

Stephen Hawking is the epitome of the establishment these days, 
and John Preskill (a colleague of mine at Caltech) and T enjoy·tweak
ing the establishment a bit. Therefore, in 1991 Preskill and I made a 
bet with Hawking (Figure 13.8). We bet that cosmic censorship is 
wrong; naked singularities can form in our Universe. Hawking bet that 
cosmic censorship is right; naked. singularities can never form. 

13.8 Bet between Stephen Hawking, John Preskill, and me on the correctness 
of Penrose's cosmic censorship conjecture. 
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Just four months after agreeing to the bet, Hawking himself diseov
eroo mathematical evidence (b:u not a jirm pmoj) that, when a black 
hole eompletes its evaporation (Chapter 12), it might not disappear 
elltirdy as he had previously expcc:ted, but instead it might. leave 
behind il. tiny naked singularity. Hawking announced this result to 
Preskill and me privcltely, a few days after he discovered it, a.t a dinner 
parly at Preskm's home. However, when PreskiH anrl T then pressed 
him to concede our bet, he refused OZI grounds of a technicality. The 
wording of our bet 9ms very clear, he insisted: The bet was restricted to 
naked singularities whose formation is govemed by the laws of classi
cal (dlat is, 110t quantum) physics, including the laws of general relativ
ity. HoweveT, the evaporation of black holes is a quantum mechanical 
phenomenon and is governed not by the laws of classical general rela
tivity, but rather by the laws of quantum fields in curved spacetime, so 
allY nak.ed. singularity that might result from black-hole evaporation is 
outside the realm of our bet, Hawking insisted (correctly). Neverthe
less., a naked singularity, hO'\"ever it fonns, would surely be a blow to 
the establishment! 

Though we enjoy our bets, the issues we argue are deeply serious. If 
naked singularities call exist, then only the ill-understood laws of quan
tum gravity Can tell us how they behave, what they might do to space
time in their vicinities, and whether their actions can have a large 
effect 011 the Llniverse in which WE' live, or only a small one. Because 
naked singularities, if Lhey (:au exist, might strongly influence our 
Universe, we want very much to understand whether cosmic censor
ship lS CQrrect, and what the laws of quantum gravity predic:t for the 
behaviors ()f singularities. The stnlggle to find out will not be quick or 
easy. 
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Wormholes 
and Time Machines1 

in which the author seeks insight 
into physical laws by asking: 

can highly advanced civilizations 
build wormholes through hyperspace 

for rapid interstellar travel 
and machines/or traveling backward in time? 

Wormholes and Exotic Material 

I had just taught my last class of the 1984· 85 academic year and was 
sinking into my office chair to let the adrenaline subside, when the 
telephone rang. It was Carl Sagan, the Cornell University astrophysi· 
cist and a personal friend from way back.. "Sorry to bother you, Kip," he 
said. "But I'm just finishing a novel about the human race's first COIl

tact with an extraterrestrial civilization, and I'm worried. I want the 
science to be as accurate as possible, and I'm afraid T may have got 
some of the gravitational physics wrong. Would you look at it and give 
me advice?" Of course T would. It would be interesting, since Carl is a 
clever guy. It might even be fun. Besides, how could I turn down this 
kind of request from a friend? 

The novel arrived a couple of week.'llater, a three-and-a-half-lnch
thick stack of double-spaced typescript. 

t I have chosen to write this chapter solely from my own I)ersonal fie'\'\'"POint. 
[t therefore is much less ObjectiH~ than Ule rest of the book. and represents other 
people's research much less fairly and less c.()mpletely than it does my own. 
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1 slipped the stack into an overnight bag and threw the bag into the 
back scat of Linda's Bronco, when she picked me up for the long drive 
from Pasadena to Santa Cruz. Linda is my ex-wife; she, 1, and our son 
Bret were on our way to see our daughter Kares graduate from col1egc. 

As I..inda and Bret. took tunlS driving, J read and thought. (Llnda 
and Bret were accustomed to such introversion; they had lived with me 
for many yeans.) The novel was fun, but Carl, indeed, was ill trouble. 
He had his heroine, Elf:anor Arroway, plunge into a black hole near 
Earth, travel through hyperspace in the manner of Figure 13.4, and 
emerge an hour later near the star Vega, 26 light.-years away. Cad, not 
being a relativity expert, was unfamiliar with the message of perturba
tion calculations2

: Tt is impossible to travel through hyperspace from a 
black hole's core to another pult of OUT Universe. Any black hole is 
continually being bombarded by tiny electromagnetic vacuum fluc
tuations and by tiny amounts of radiation. As these fluctuations and 
radiation fall into the hoie, they get accelerated by the hole's gravity to 
enormous energy, and they then rain down explosively on any "little 
closed universe" or "tunne1" or other ... ehiclc by which one might try to 
launch the trip through hyperspace. The c.alculations were unequivo
cal; any vehicle for hyperspace travel gets destroyed by the explosive 
"rain" before the trip can be launched. Carl's novel had to be changed. 

During the return drive from Santa Cruz, somewhere west of Fresno 
on Interstate 5, a glimmer of an idea came to me. Maybe Carl could 
replace his black hole by a wormhole through hyperspace. 

A wormhole is a hypothetical shortcut for travel between distant 
points in the Universe. The wormhole has two entrances called 
"mouths," one (for example) near Earth, and the other (for example) 
in orbit around Vega, 26 light-yeats away. The mouths are connected 
to each other by a tunnel through hyperspace (the wormhole) that 
might be only a kilometer long. If we enter the near-Earth mouth, we 
find ourselves in the tunnel. By traveling just one k.ilometer down the 
tunnel we reacb the other mouth and emerge near Vega, 26 light-years 
away as measured in the extern a) Universe. 

Figure 14.1 depicts such a wormhole in an embedding diagram. This 
diagram, as is usual for embedding diagrams, idealizes our Universe as 
having only two spatial dimensions rather than three (see Figures 3.2 
and 3.3). In the diagram the space of our Universe is depicted as a 

2. See [he "Best Guesses" scLtiuII of Chapter 13. 
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14.1 A 1-knorneter-Iong wormhole through hyperspace linking the F..arth to the 
neighborhood of Vega, 26 light-years away. (Not drawn to scalt'_) 

two-dimensional sheet. Just. as an ant crawling over a sheet of paper is 
oblivious to whether the paper IS lying flat or is gently folded, so we in 
our Universe are oblivious to whether our Universe is lying flat in 
hyperspace or is gently folded, as in the diagram. However, the gentle 
fold is important; it permits the Earth and Vega to be near each other 
in hyperspace so they can be connet,1:ed by the short wormhole_ With 
the wonnhole in place, we, like an ant or worm crawling o\'et t.he 
embedding diagram's surfa(:e, have two possible routes from Earth to 
Vega: the long, 26-1ight-year route through the external Universe, and 
the short, 1-kilometer route through the wormhole_ 

What would the wormhole's mouth look like, iflt were on Earl.h, in 
front ()f IlS? In the diagram's two··dimensional universe the wormhole's 
mOllth is drawn as a circle; t.herefore, in our three-dimensional Uni
verse it wOllld be the three-dimensional analogue of a circle; it would 
be a sphere. In fact, the mouth would look something like the spherical 
horizon of a nonrotating black hole, with one key exception: The lwri
zon is a "one-way" surface; anything can go in, but nothing <:an come 
out. By contrast, the wormhole mouth is a "two-way" surface; we can 
cross it in both directions, inward into the wonnhole, and back outward 
to the external Universe. Looking int.o the spherical mouth, we can see 
light from Vega; the light has entered the other mouth near Vega and 
has traveled through the wormhole, as though the wonnholf~ were a 
light pipe or optical fiber, to the near-Earth mouth, where it now 
emerges and strikes uS in the eyes. 

Wormholes are not mere figments of a science fiction writer's imagi
nation. They were discovered mathematically, as a solution to Ein-
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stein's field equation, in 1916, just a few months after Einstein formu
lated his field equation; and John Wheeler and his research group 
studied them extensively, by a variety of mathematical calculations, in 
the 1950s. However, none of the wormholes that had been found as 
solutions of Einstein's equation, prior to my trip down Interstate 5 in 
1985, wa.s suitable for Carl Sagan's novel, because none of them could 
be traversed safely. Each and everyone oftn.em was predicted to evolve 
with time in a very peculiar way: The wormhole is created at some 
moment of time, opens up briefly, and. then pinches off and disap
pears-and its total life span from creation to pinch-off is so short tllat 
nothing whatsoever (no person, no radiation, no signal of any sort) can 
travel through it, from one mouth to the other. Anything that tries will 
get caught and destroyed in the pinch-off. Figure 14.2 shows a simple 
p.xample. 

Like most of my physicist colleagues, I have been skeptical of worm
holes for decades. iII·ot only does Einstein's field equation predict that 
wormholes live short lives if left to their own devices; their lives are 
made even shorter by random infalling bits of radiation: The radiation 
(according to calculations hy Doug Eardley and Ian Redmount) gets 
accelerated to ultra-high energy by the wormhole's gravity, and as the 
energized radiation bombards the wormhole's throat, it triggers the 
throat to recontract and pinch off far faster than it would otherwise- . 
so fast, i.ll fact, that [he wormhole has hardly any life at all. 

There js another reason for skepticism. Whereas black Iwles are an 
inevitable consequence of stellar evolution (massive, slowly spinning 
stars, of just the sort that astronomers see in profusion in Ol1r galaxy, 
will implode to form black holes when they die), there is no analogous, 
natural way for a wormhole to he created. In fact, there is no reason at. 
all to think that our Universe contains today any singularities of the 
sort that give birth to wormholes (Figure 14.2); and even if sucll sin
gularities did exist, it is hard to understand how two of them could find 
ea.ch other in the vast reaches of hyperspace, so as to create a wormhole 
in the manner of Figure 14.2. 

When one's friend needs help, one is willing to turn most anywhere 
that help might be found. Wormholes despite my skepticism about 
them· ·seemed to be the only belp in sight. Perhaps, it occurred to me 
on Interstate 5 somewhere west of Fresno, there is some way that an 
infinitely advanced civilization could hold a wormhole open, that is, 
prevent it from pinching off, so that Eleanor Arroway could travel 
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.. 4.2 The evolution of a precisely spherical wormhole that has no material in its 
interior. (This evolution was discovered as a solution of Einstein's field equation 
in the mid-1950s by Martin Kruskal. a young associate of Wheeler's t'lIt Princetoll 
University.) Initially (a) there is no wormhole; instead there is a sin8ularity near 
Earth and one near Vega. Then, at some moment oftime (b), the two sin8ularities 
reach out through hyperspace, find each other, annihilate each other, and in the 
annihilation they create the wormhole. The wormhole grows in circumference 
(c), then begins to recontract (d), and pinches off (e), creating two singularities 
(I) similar to those in ",·hieh the wormhole was born-but with one crucial 
eX(!eptiolL Each initial s~ularity (a) is like that of the big bang; time flows out 
of it, so it can 8ive birth to something: the Universe in the ('.ase of the bi8 bang. 
and the wormhole in this case. Each final singularity (I), by contrast, is like lhat 
of the big crunch (Chapter 13); time flows into it, so things get dE'~ .. troyed in it: the 
Universe in the ease of the bi8 crunch. and the wormhole in this casf"_ Anything 
that tries to cross throush the wormhole duri~ its brief life gets caught in the 
pinch-ofl' and, along '''ith the wormhole itself, gets destroyed in the final sin
gularities (I). 
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through it frorn Earth to Vega and back. 1 pulled Ollt pen and paper and 
began to calculate. (Fortunately, Tnt(m;tate 5 is very straight; T could 
calculate without getting earsic:k.) 

To make the calculations easy, J idealized the wormhole as precisely 
spherkal (so in Figure 14.1, where one of Ollr Universe's three dimen
sions is suppressed, it is precisely c.ircular ill CToss section). Then, by t.wo 
pages of cakulations based 011 the Einstein field equation, I discovered 
three things: 

First, the only t,,·ay to hold tlte 1JJOrmJwle open is to thread the uJonll

hole with some ~·ort 0/ material that pushe.~ tlte wormhole ~ UJalls apart, 
gravitatiQnal(r. T shall can such material exotic b~cause. as we shaH see, 
it is quhf! different from any material that any human has eVr!r yet 
met. 

Second, I discovt1red that, just as the required exotic: material must 
push the wormhole's walls outward, so also, whenever a beam of light 
pa!)ses Lhrough the material, the mat~rial will gravitationally push 
outward on the beam's light rays, prying them apart from ea.ch other. 
In other words, the f'-xoLic material will behave like a "defocusing 
lens"; it wiJ] gravitationally defocus the light beam. Sec Box 14.1. 

Third, T learned from the llinstein field equation that, in order to 
gra· ... itationally defoeus light beams and gravitationally push the 
wormhole's walls apart, tlte exotu: material threading the wormhole 
must hatH? a n.egative avt:rage energy density, as seen by a light beam 
traveling through it. This requires a bit of explanat.ion. I\ecall that 
gravity (spacetime curvature) 1s produced by mass (Box ~.6) and that 
mass and energy are elluivalent (Box 5.2, where the equivalence is 
embodied in Einstein's famous equation E ::: lW"C!J). This :means that 
gravity can be thought. of as produced b}' energy.l'\ow, take the energy 
density of the materia} inside t.he wormhole (its energy per l:ubic eenLi
meter), as measured by a light beam -that is, as measured by someone 
who travels through the wormhole at (nearly) the s})(~ed of light -and 
average dlat en erg)' density along t.he light beam's trajectory. The 
T~sulting averaged en~rgy density Inmt be negative in order for the 
material to be able to defocus the light beam and hold the wormhole 
open-that is, in order for the wllrmhole's mat~ria1 to be "exotic."~ 

Thi!S does not necessarily mean that the exotic material has a nega· 
tive energy as m.easured by someone at rest in .. ide the wormhole. En-

.'I. III technical language, we My that the.> p.xotic llIar.r.ria' "violates l.he averaged weak 
energy condition.'· 



Box 14.1 

Holding a Wornlhole Open: Exotic Material 

Any spherical UJormhole through which a beam of tight can travel wilt 
gruvitatiolldiy defocus the light be.am To see that this is so, imagitle (as 
drawn below) that the beam is sent through a converging lens before it 
enters thc wormhole, thereby mak.ing all its rays CQrlverge radially toward 
the wormhole's center. Then the rays will always continue to t.l"avel radi
ally (how else could they possibly mo~'c?), which means that. when they 
emerge from the other mouth, they arc diverging radially outward, away 
from the wormhole's center, as shown. The beam has been de-focused . 

.. . 
. .. .' .'" .. : .... :.. " .. 

. ~..;.::.,::::,::~~.::,::.i·.~.::;·:·.\·.·;.::.:~.:~~·}Z:; ... :.L.:" .... ,"-_ .:: ........... , .. ,,~ .. ,.~ .. :." •• ::-JI:;l~~ti r a.Y5 

The wormhole's spacetime curvature, which causes the defocusing, is pro· 
duced by the "cxotic" material that threads through the wormhole and 
holds the wormhole open. Since spacetime curvature is equivalent to grav
ity, it in fact is the exotic material's gravity that dcfocllses the light beam. 
In other words, the exotic material gravitationally repels the beam's light 
rays, pushing them away from itselF and hence a,,,'ay from each other, and 
thereby dcfocuses them. 

This is precisely the opposite to what happens in a gravitational lens 
(Figure 8.2). There light from a distant star is focllsed by the gravitational 
pull of an intervening star or galaxy or black hole; here the light is 
defocused. 

ergy density is a relative concept, not absolute; in one reference frame 
it may be negative, in another positive. The exotic material can have a 
negative energy density as measured in the reference frame of a light 
beam that travels through it, but a positive energy density as measured 
in the wonnhole's reference frame. Nevertheless, because almost all 
forms of matter that we humcUls have ever encoUIltered have positive 
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average energy densities in everyone's reference frame, physicjsts have 
long suspeeted that exotic material cannot e:\.ist:. Presumably the laws 
of physic-..s forbid exotic material, we physicists have conjectured, but 
just how the laws of physics migbt do so was not at all clear. 

Perhaps our prejudice against the existence of exotlc material is 
wrong, I thought to myself as I rode down Interstate 5. Perhaps exotic 
material can exist. This was the only way I could see to help Carl. So· 
upon reac.hing Pasadena, 1 wrote Carl a long letter, explaining why his 
heroine could not use black holes for rapid interstellar travel, and 
suggelo"ting that she Ilse wormholes instead, and that somebody in the 
novel disr.over that exotic material can really exist and Can be used to 
hold the wormholes open. Carl accepted my suggestion with pleasure 
and incorporated it into the final version of his novel, Contact. 4 

It occurroo to me, after offering Carl Sagan my comments, that. his 
novel could serve as a pedagogical tool for sludent. .. stu.dyil1g general 
relativity. As an aid for suc.h students, during the autumn of 1985 Mike 
Morris (one of my own students) and I began to write a paper on the 
general relativistic equations for wormholes support.ed by exotic mate
rlal, and those equations' conneetion to Sagan's novel. 

We wrote slowly. Other projects wcre more urgent <lnd got higher 
priority. By t.,.e winter of 1987-R8, we had submitted Ollr paper to the 
American Journal ofPhy.~i.c!>; but it was not yet published; and Morris, 
nearing the end of his Ph.D. training, was applying for postdoctoral 
positions. With his applications, Morris enclosed t.he manuscript of our 
paper. Don Page (a professor at Pt~nnsyh'ania State t.:niversity aIld a 
form~r student of mine and Hawking's) received the application, read 
om manuscript, and firt:~d off a letter to Morris. 

"Dear Mike, ... it follows immediately from Propositl0n 9.2.8 of the 
book by Hawking & Ellis, plus the Einstein field e(Iuations, that any 
wormhole [requires exotic material to hold it open] ... Sincerely, DOll 

N. Page." 
How stupid T f("lt. I had never studied gl(lhal m(~thods5 (the topic of 

the Hawking and Ellis book) in any depth, and T ,vas now pa.ying the 

4. See p.5p<!cially pages 347, ~"'8. alld 406 of COfltad by (Jarl Sagan. 'l'lu!re the exolic 
condition (ncgative average energy oensity w; $eell by light bcwm Lravciing lhrough thp. 
worml101c) is expressed in Jl diffl'It>III, bllt. cquivalent way: As ~e[l by someone at· rest i[,~ide the 
wormhole. lhp. matcl"ial must have a l;;rge lellsion, along the radial dirt.'CI.ioll, a tcn.sioll that i~ 
bigger than Ihp. material's energy density. 

5. Olapter 13. 
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price. I had deduced on Interstate 5, with modest labor, that to hold a 
precisely spherical wormhole open one must thread it with exotic ma
terial. However, now, using global methods and with cyen less labor, 
Page had deduced that to hold any wormhole open (a spherical worm
hole, a cubical wormhole, a wormhole wit.h random deformations), one 
must thread it with exotic m.ateriaL I later learned that Dennis Gan
non and C. W. Lee reached almost the same (..'Onclusion in 1975. 

This discovery, that. all wormholes require exotic material to hold 
them open, triggered much theoretical research during 1988--92. "Do 
the laws of physics permit exotic material to exist, and if so, under 
what circumstances?" This waS the central issue. 

A key to the answer had already been provided in the 1970s by 
Stephen Hawking. In 1970, when proving that tlw snrface areas of 
black holes always inc:rcase (Chapter 12), Hawking had to assume that 
there is 110 exotic material near any black hole's horizon. If exotic 
material were in the horizon's vicinity, t.hen Hawking's proof would 
fail, his t.heorem would fail, and the horizon's surface area could shrink. 
Hawking didn't worry much about this possibility, however; it see1lled 
in 1970 a rather safe bet. that. exotic material cannot exist. 

Then, in 1974, came a great surprise: Hawking inferred as a by
product of his discovery of black-hole evaporation (Chapter 12) that 
vacuu.mjluctuations near a hole:~ horizon are exotic: They have negative 
average energy density as seen by outgoing hght beams near the hole's 
horizon. Tn fact, it is t.his exotic property of the V<.H:uum fluctuations 
that permits the hole's horizon to shrink as tht~ hole evaporates, in 
vi01alion of Hawking's area-inc-.rease theorem. Because exotic material 
is so important for physics, 1 shall cxplain this in greater detail: 

Rec.all the origin and nature of vacuum fluctuations, as discussed in 
Box 12.4: When one t.ries to remove all electrie and magnetic fields 
from some region of space, that is, when one tries to create a perfect 
vacuum, Lhere always remain a plethora of random, unpredil.'table 
electromagnetic oscillat.ions-oscillations caused by a tug ·of-war be
tween the fields in adjacent regions of space. The fields "here" horrow 
energy from thc fields "there," leaving the fields there with a ddicit of 
energy, that is, leaving them momentarily with negative energy. The 
fields there then quickly grab the energy back and wilh it a little 
excess, driving their energy momentarily positive, and so it goes, on
ward and onward. 

Under normal circuIl1stances on harth, the average energy of these 
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vacuum fluctuations is zero. They spend equal amounts of time with 
enl"'rgy deficits and energy excesses, and the average of deficit and 
excess vanishes. :Not so near the horizon of an evapOl·ating black hole, 
Hawking's 1974 calculations suggested. Near a horizon the aVf>.rage 
energy must be negative, at least as measured by ligllt beamst which 
means that the va.cuum fluctuations are exotic. 

How this comes about was nol deduced in detail until the early 
1980s, when Don Page at Pennsylvania State University, Philip Can
delas at Oxford, and many odler physicists used t..l).e laws of quantum 
fields in curved spacetime to explore in great detail the influence of a 
hole's horizon on the vacuum fluctuations. They found that the hori
zon's influence is key_ The horizon distorts the V8(.'uum fluctuations 
away from the shapes they woul.d ha\'e on Earth, and by this distortion 
it makes their average ellergy density negative, that is, it makes the 
fluctuations exotic. 

Under what other cirl:umstances will vacuum fluctuations be exotic? 
Can they ever be- exotic inside a wormhole, and thereby hoJd the 
wormhole open? This was the a.-ntral thrust of the rE'Search effort 
triggered by Page's notic.ing that the only way to hold allY wormhole 
open is with exotic material. 

The answer has rlOt COJIle easily, and is not entirely in hand. Gunnar 
Klinkhammer (a student of mine) has proved that in flat spacetime, 
that is, far from all gravitating objectS, vacuum fluctuations can never 
be exotic--they can never have a negative average energy density as 
measured by light beams, On the other hand, B.obert W aId (a former 
student of Wheeler's) and {ih'i Yurtsever (a former student of mine) 
have proved that in curved spacetime, under a very wide variety of 
circumstances, the curvature distorts the vacuum fluctuations and 
thereby makes them E'.xotic. 

Is a wormhole that is trying 10 pinch off such a circumstance? Can 
die curvature of the wormhole, hy distorting the vaL'Uum fluctuations, 
make them exotic and enable them to hold the wormhDle open? W·e 
still do not know, as this book goes to press. 

In early 1988, as theoretical studies of exotic material were getting 
under way, I began to re!:ognize the power of the kind of research that 
Carl Sagan's phone caU had triggered. Just as among all real physics 
experiments that an experimenter might do the ones most likely to 
yield deep new insights into the laws of physics are those that push on 
tlle laws the hardest, then similarly, among all thought experiments 
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that a theorist might study, when probing laws that are beyond the 
reaches of modern technology, the ones most likely to yield deep new 
insights are those that push the hardest. And no type of thought experi
ment pushes the laws of physics harder than the type triggered by Carl 
Sagan's pholle ('..all to me--thought E'.xperiments that ask., "What things 
do the laws of physics pennit an infinitely advanced civilization to do, 
and what things do the lawsforbid")" (Ryan "infinitely advanced civili
zation," I mean one whose activities are limited only by the laws of 
physics, and not at all by ineptness, lack of know-how, or anythi.ng 
else.) 

We physicists, I believe, have tended t(l avoid such questions because 
they are so close to science fiction. While many of us may enjoy readlng 
science fiction or may even write some, we fear ridicule from our 
colleagues for working on research close to the science fiction fringe. 
We therefore have tended to focus on two other, less radical, types of 
questions: "What kinds of things occlIr natural~'Y in the Universe?" (for 
example, do black holes occur naturally? and do wormholes occur natu
rally?). And "What kinds of things can we as humans, with our present 
or near-future technology, do?" (for example, Cdn we produce new 
elements such as plutonium and use them to make atomic bombs? and 
call we produce high-temperature superconductors and use them to 
lower the power bills for levitated trains and Suptol'conducting Super
collider magnet.s?). 

By 1988 it seemed clear to me that we physicists had been much too 
conservative in our questions. Already, one Sagan-type question (as I 
shall can them) was beginning to bring a payoff. By asking, "Can an 
i.nfinitely advanced civilization maintain wormholes for rapid inter
stellar travel?" Morris and 1 had identified exotic material as the key to 
wormhole maintenance, and we had triggered a .somewhat truitful 
effort to understand the circumstances under which the laws of physics 
do and do not permit exotic material to exist. 

Suppose that our eniverse was created (in the big bang) with no 
wormholes at all. Then COIlS later, when inteHigent life has evolved 
and has produced a (hypothetical) infinitely advanced civilization, can 
that infinitely advanced civilization construct UJonnholes for rapid inter
stellar traveP Do the laws of physics pennit wormholes to be con
structed where previously there were none? Do the laws permit this 
type of change in the topology of Our Universe's space? 

These questions are the ,~econd half of Carl Sagan's interstellar trans-
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port problem. The first ha!f;' maintaining a wormhole onr.e it has been 
constructed, Sagan solved with the help of exotic matter. The se(~ond 
half he finessed. In his novel, he describes the wormhole through 
which Eleanor Arroway traveied as now beillg maintained by exotic 
[flatter, but as having been created in the distant past by some infi· 
nitely advanced civilization, from which all recorns havE' beeIllost. 

We physicists, of course, are not happy to relegate wormhole cre· 
ation to prehistory. ,"'Ve want to know whether and how the 'Cnivecse's 
topology can be changed now, within the COli fines of physical law. 

We can imagine two strategiE-.'S for constructing a wormhole where 
before there was none: a quantum strategy. and a clas.~ical strategy. 

The quantum strategy relies on gravitational IJacuum fluctuations 
(Box 12.4), that is, the grdvitational analogue of the electromagnetic 
vacuum fluctuations discussed above: random, probabilistic fluctua
tions ill the curvature of space cau!fed by a tug-or-war in which adja
cent regions of space are continually stealing energy from each other 
and then giving it back. Gravitational vacuum fluctuations are thought 
to be everywhere, btlt under ordillary circumstances they are so tiny 
that no f:Xperilnenter has ever detected them. 

Just as an electron's random degenera("J motions hecome more vig
orOUs when one confines the electron to a smaller and smaller region 
(Chapter 4), so also grdvitational vacuum fluctuations are more vigor
ous ill small regions than in large. that is, for small wavelengths rather 
than for large. In 1955, John Wheeler, by combining the laws of quan
tum mechanics and the laws of general relativity in a tentative and 
crude way, deduced that in a region the size of the Planck- "neeler 
length'; 1.62 X 10-:5:5 centimeter or smaller, the vacuum fluctuations are 
sO huge that space as we know it "boils" and becomes a froth of quan
tum foam-the same sort of quantum foam as makes up the core of a 
spacetime singularity (Chapter 13; Figure 14.3). 

Quantum foam, therefore, is ever:>",where: inside black holes, in in
terstellar space, in the rOom where you sit, in your brain. But to see the 
quantum foam, one w()uld have to zoom in with a (hypotheti('cll) super
microscope, looking at space and its contents on smaller and smaller 
scales. One would have to zoom in from the scale of you and me 

6. The Planck Wheeler len gtli is the square root of I hp. Phlllck·· Wheelp.r aft'8 (which 
ell~ into the foc.mula for the pntropy of a black hole. Chaptec 12). it is giVfm by the fnrlliula 
.JGialc·, wherc C = 6.670 x J 0-' dYI1e·rentime~r/gram· is ~ewtnn's gravitation oonstarl1 .• 1i 
= 1.055 x 10-'17 erg-second is Planck's quantum nlechilnk'111 constanl, all,l ,. = 2.998 x 10" 
centimeu"l'/Toel.'OI\d \s the speed I)f I\ght. 
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(hundreds of centimeters) to the scale of an atom (10-8 centimeter), to 

the scale of an atomic nucleus (to-n (,'entimeter), and then on down
ward by twenty factors of 10 more, to 10-~$ centimeter. At all the early, 
"]arge" scales, space would look completely smooth, with a very defi
nite (but tiny) amount of CUlvature_ As the microscopic zoom llf~ars, 

then passes to-52 centimeter, however, one would see space be.gin to 
writhe, ever so slight1y at first, alld then more and more strongly until, 
when a region just 10-35 centimeter in size fiUs the supermicroscope's 
entire eyepiece, space has become a froth of probabilistic quantum 
foam. 

14.5 (Same 811 «'igure 13.7.) Embedding diagrams illustrating quantum foam. 
The geometry and topology of space are not df'.finite; instead, they are probabilis
tic. They might have, for example. a 0.1 percent probability for the form shown 
in (a), a 0.4 percelll probability for (b), a 0.02 percent probabilily for (c), and so 
on. 

(h) 

( c) 
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Since the quantum foam is everywh~re, it is tempting to imagine an 
intlnitely advanced civilization reaching down into the qu.antum foam, 
finding in it a wormhole (say, the "big" one in Figure 14.3b with its 0.4 
perr..ent prohability), alld trying to grab that wormhole and enlarge it 
to classical size. III 0.4 percent of such attempts, if the civilization were 
truly infmitely advanced, they might succeed. Or would they? 

We do not yet understand the laws of quantum gravity well enough 
to know. One reason for our ignorance is that we do not und(>.rstand the 
quantum foam itself very well. We aren't even 100 per<..'ent sure it 
exists. However, the challenge of this Sagan-type thought experi
ment-·an advanced ciyllization pulling wormholes out of the quan
tum foam --might be of some conceptual help in the coming years, in 
efforts to firm up our understanding of quantum foam and quantum 
grllvity. 

So much for the quantum strategy of worm hole creation. What is the 
classical strategy;:J 

In the classical strategy, our infinitely advatu.:ed civilization would 
try Lo warp and twist space on macroscopic sr..ales (norma], human 
scales) so as to make a 'Wormh()le where previously none existed. It 
seems fairly obvious that, in order for such a strategy to sur,ceed, one 
must tear two holes I:n space and .~ew them together. Figure 14.4 shoWS an 
example. 

1 .... 4 One sr.rate~y tbr making a womlhote. (a) A "sock" is ereated in the CUI"Va.· 

t.ure of space. (b) Space outside the sock is genUy fulded in hyperspa(!t'. (c) A small 
hole is tom in the toe of the sod<, a hole is tom in space just below the bole, and 
the edgE' • .;; of the holes are "sewn" together. This strategy looks classical (macro
~opic:) at first sight However, the tearing I.roduc.es, al least momentarily. a 
spacetime singularity which is governed by the laws 01' quantum gravity, so this 
slrat.t'.gy is really a quantum one. 

Foid 

, ,~ 

'T a .... 1~ t SeNil 

( a) ( h ) (c) 
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Now, any such tearing of spa('R. produces, momentarily, at the point 
of the tear, a singularity of spacetime, that is, a sharp boundary at 
which spacetime ends; and since singularities are governed by the laws 
of quantum gravity, such a strategy for making wormholes is actually 
quantum mechanical, not classicaL We win not know whether it is 
permitted until we understand the laws of quantum gravity. 

Is there no way out? Is there no way to make a wormhole without 
getting entang1ed with the ill-understood laws of quantum gravity
no perfectly classical way? 

Somewhat surprisingly, there is--hut only if one pays a severe price. 
In 1966, Robert Geroch (a student of Wheeler's at Princeton) used 
global methods to show that one can constnlct a wormho]e by a 
smooth, singularity-free warping and twisting of spacetime, but one 
can do so only if, during the construction, time a]so becomes twisted up 
as seen in aU reference frames.7 More specifically, whHe the construc
tion is going on, it must be possible to travel backward in time, as well 
as forward; the "machinery" that does the construction. whatever it 
might be. must function briefly as a time machine that carries things 
from late moments of the construction back to early moments (but not 
back to moments before the construction began). 

The universal reaction to Geroch's theorem, in 1967, was "Surely the 
laws of physics forbid time machines, and thereby they will prevent a 
wormhole from ever being constructed c1assical1y, that is, without tear
ing holes in space." 

In the decades since 1967, some things we thought were sure have 
been proved wrong. (For example, we would never have believed in 
1967 that a black hole can evaporate.) This has taught us c..aution. As 
part of our caution, and triggered by Sagan-type questions, we bt~gan 
asking in the late 1980s, "Do the laws of physics really forbid time 
machines, and if so, how? How might the laws enforce such a prohibi
tion?" To this question J shaH return below. 

Let us now pause and take stock. In 1 993 our best understanding of 
wormholes is this: 

If nO wormholes were made in the big bang, then an infinitely 
advanced civilization might try to construct one by two methods, quan
tum (pulling it out of the quantum foam) or classical (twisting spac.e-

7. I wish that I could draw a simple, clear picture to show how this smooth t:ceatioll of a 
wormhole is accomplished; unfortunately.! cannot. 
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time without tearing it). We do not understand tlle laws of 41uantum 
gravity well enough to deduce, in 1993, wh~tller the quantum con
struction of wormholes is possjb]e. We do understand the Jaws of classi
cal gravity (genera] relativity) well enough to know that the classical 
construction of wormholes is permitted only if the (;onstnlction ma
chinery, whatever it might be, twists time up so strongly, as 5Cen in a11 
reference frames, that. it produces, at least briefly, a time machille. 

We also know that, if an infinitely advanced civiHzation somehow 
ac:quir~ a wormhole, then tht' only way to hold the wormhole open (so 
it car. be USf!d for interstellar tra\'el) is by threading it with exotic 
material. We know that vacuum flU(.:tuations of the electromag.l:letic 
field are a promising form of exotic materiaJ; They can be exotic (have 
a negative average energy density as measured by a light beam) in 
(:ucved spacctilne under a wide variety of circumstances. However, we 
do not yet know whether they can be exotic inside a wormhole and 
thereby }u)ld the wormhole open. 

In the pages to come, I shan assume thal an infinitely advanced 
civilization has somehow aC1luired a wonnhole and is holding it open 
by means of some sorL of exotic material; and T shall rusk what other 
uties, besid(~s interstel1ar travel, lhe civilization might find for it..~ worm
hole. 

Time Machines 

In De<:ember 1986, the fourtecl"lth semi-annual Texas Symposium Oll 

Relativistic Astrophysics was held ill Chicago, Il!inois. T1U!.'il~ "Texas" 
symposia, patterned after the 1963 one in Dallas, Texas, where the 
mystery of quasars was first discussed (Chapters 7 and 9), had by now 
become a firmly established institlltion. T went to the symposium and 
lectured on dreams and plans for LIGO (Chapter 10). ~1ike ~1orris (my 
"w()rmhoie" stadent) also went, to get his first full-blown exposure to 
the international cOJIlInunity of relativity physicists and astrophysi
cists. 

In the corridors between lectures, ?\.1orris became acquainted with 
Tom Roma.n, a young assistant professor from Central Connecticut 
Stale L:niversity who, several yeal'S carlier, had produced deep insights 
about exotic: matter. Their conversation quickly turned to wormholes. 
"If a wormhole can really be held open, then it will permit one La 

travel o\:'er interstellar distances far fa.ster than light," Roman noted. 
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"Doesn't this mean that one can also use a wOrlllholc to travel back
ward in time?" 

How stupid Mike and J felt! Of course; R.oman was right. We, in 
fact, had learned about such time travel in our childhoods from a 
famous limerick: 

There once was a lady named Bright 
who traveled mtlch faster than light. 
She departed one day in a relative way 
and came horne the previous night. 

With l\.oman's comment and the famous limerick to goad us, we easily 
figured out how to construct a time mac-.hine using two wormholes that 
move at high speeds relative to each other.s (T shall not describe that 
time machine here, because it is a bit complicated and there is a 
simpler, more easily described time machine to which T shall come 
shortly.) 

I am a loner; I like to retreat to the mountains or all isolated seacoast, 
or even just int.o an attic, and think. New ideas come slowly and require 
large blocks of quiet, undisturbed time to gestate; and most worthwhile 
calculations require days or weeks of intense, steady concentration. A 
phone call at the wrong moment can knock my concentration off bal
ance, setting me back hy hours. So T hide from the world. 

But hidiIlg for telO long is dangerous. 1 need, from time to time, the 
needle-pricking stimulus of conversations with people whose view· 
points and expertise are different from mine. 

8. This tirot' machine and othel'$ described later ill this chapter are by no means r.he tlrs\ 
time mat'hille--type ~'Olutions roulel£insteill field equalioll that people have found. In 1937, W. 
J. van Stockum ill Edinburgh discmrf'.l'P.d a Mhltion in which all infinitely long, rapidly spin
ning cylinder fllnctions as a Lime machine. Physicists have IOllg objected thaI nothing ill the 
Ullivcnc can be infinitely long. and they have. ~uspectetl (but nobody has proved) thaI., if the 
length of the ''Ylifluer "''ere maue finit~, il would cease to bt.- it tillle machine. In 1949, Kllrt 
GOdel, at the Tnstitute for Advanced Study ill l'rinceton, New Jersey. fouml a solution to 
Einstein's equation lhal describes a whole uni\'p.rse which spins bLIl does not expand or COli· 

tract, and in ",'111(:h olle call travel backward in time by simply going out LO great disti\l'\ces from 
Earth am1 then returning. Physicists obje<.t, of course, that our real l:nivel'!lP. does nOI. al. all 
resemble Godel's ~'Olution: It is not S)}inning, at least not much, Wid it is cxpandi~. In 197fi 
Frank Tipler used the Einstein field equation 1.0 prove tbat. ill order to ,'reate a tunl'machine 
in a finite·sb.ed region of space, one must use exotic. mal.f!rial as part of ~he nHlC.'lline. (Since allY 
tca .... ersablf: wormhole Inust be threaded by exotic material, tbe wormhole based lime lna· 
chincs described in this chapter satisfy Tipler's rL"Iuircmcnt.) 
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In this chapter thus far I have described three examples. Without 
Carl Sagan's phone call and the challenge to make his nO\:el scientifi
cally correct, I would never have ventured into research on wormholes 
and time machines. Without Don Page's letter, Mik.e ~10rris and I 
would not have known that all wormholes, regardless of their shape, 
require exotic material to keep them open. And without Tom J\omaXl'S 
remark, Morris and 1 might have gone on blitbely unaware that from 
wormholes an advanced civilization can easily make a time mac.hine. 

Tn the pages to r:ome, I will describe other examples of the CT\H!ial 
role of needle-pricking interactions. However, not aLL ideas arise that 
way_ Some arise from introspection. June 1987 was a case in point. 

In early Iune 1987. emerging from several months of frenetic class
room teaching and interactions with my research group and thr. LIGO 
team, I retreated, exhausted, into isolation. 

All spring long something had been gnawing at me, and r had been 
trying to ignore it, waiting for some days of quiet, to ponder. Those 
days, at last, had come. In isolation, I let the gnawing emerge from my 
subconscious and began to elCamine it: "How does time decide how to 
hook itself up through a worrnhole?"That was the nub of the gnaw. 

To make this question more concrete, I thought about an example: 
Suppose that J have a very short wormhole, one whose tunnel through 
hyperspace is only 30 centimeters long. and suppose that both mouths 
of the worrnho1e- two spheres, ead12 meters in diameter-are sitting 
in my Pasadena living room. And suppose that 1 climh through the 
wonnhole, head first. From my viewpoint. I must emerge from the 
second mouth immediately alter T enter the fiTst, with no delay at aU; 

14.5 A picture of me crawling through a hypothetical, very short wormhole. 



14. \VOR.MHOLES AND TIME MACHJ:\ES 

in [act, my head is mming out of the second mouth while my feet are 
still entering the first. Does this mean that my wife, Carolee, sitting 
there on the living room sofa, will also see my head emerging from the 
second mouth while my feet are still climbing into the first, as in 
Figure 14.5? If so, then time "hooks up through the wormhole" in the 
same manner as it hooks up outside the wormhole. 

On the other hand, r asked myself, isn't it possible that, although the 
trip through the wormhole takes almost 11.0 time as seen by me, Carolee 
must wait an hour before she sees me emerge from the second mouth; 
and isn't it also possible that she Sf~S me emerge an hour before 1 
entered? If so, then time would be hooked up through the wormhole in 
a different manner than it hooks up oul.\·ide the wonnhole. 

What could possibly make time behave so weirdly? T asked myself. 
On the ot.her hand, why shouldn't it behave in this way? Only the laws 
of physic-.s know the answer, I reasoned. Somehow, T ought to be able to 
deduce from the laws of physics just how time will behave. 

As an aid to understanding how the laws of physics control lime's 
hookup, I thought about a more complicated situation. Suppose that 
one mouth of the wormhole is at rest in my living room and the other 
is in interstel1ar space, traveling away from Earth at nearly the speed of 
light. And suppose that, despite this relative motion of its two mouths, 
the wormhole's length (the length of its tunnel through hyperspaee) 
remains always fixed at 30 centimeters. (Figure 14.6 explains how it is 

14.6 F.xplanation of bow lhe mouthll of a wormhole call move relative to each 
olher ItS seen in the extemal Universe, while the length of the wormhole remains 
fixed. Each ofthediQArams is an emtw.ddin~ diagram like thaLin Figure ·14:1, seen 
in profile. The diagrams are a sequence of snapshots thaL depict IDotion of the 
UnJ"erse and the ,",ormhole relative to hype1'Sp(lCe. (Recall, however,thaL hyper
space is ;u8L a useful figment of our imaginationll; there is no way thaL we as 
humans can e,'er see or e~periellce it in reality; see Figures 3.2 and 5.:5.) Relative 
to hyperspace, the bottom part of our Universe i8 siiding rightward in the dia· 
grams, while the wormhole and the top part of our Universe remain at rest. 
Correspondingly, as seen in our Univf:rse., the mouths of the wormhole are 
Dloving relative to each other (tlley are getting farther apart), but as seen through 
the wormhule they are at rest with reslw.ct to each other; the wormhole's length 
dol'.s noL change. 

• • I ) • 
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possible for the length of the wormhole to remain fixed while its 
mouths, as seen in the external Universe, move rdative to each othC:"r.) 
Then, as seen in the external Universe, the two mouths are in different 
reference frames, frames that move at a high speed. relative to each 
other; and the mouths therefOre must experience different .flO/os if time. 
OIl the other hand, as sp.p.n through the wormhole's interior, the 
mouths are at rest wit..lr respe<-1: to each other, so they share a common 
reference frame, which means that the mouths must experience the 
same flow if time. From the external viewpoint they experience differ
ent time flows, and from the internal viewpoint, the same time flow; 
how confusing! 

Gradually, in my quiet isolation, the confusion subsided and all 
became clear. The laws of general relativity predict, unequivocally, the 
flow of time at the two mouths, and they predict, unequivocally, that 
the two time flows will he the same when compared through the worm
hole, but will be different when compared outside the wormhole. Time, 
in this sense, hooks up to itSE'lf differently through the wormhole than 
through the external Universe, when the two mouths are moving rela
th'e to each other. 

And this difference of hookup, I then realized, implie.5 that/rom a 
single wormhole, an infinitely advanced civilization can make a time 
machine. There is no need for two wormholes. How? Easy, if you arE' 
infinitely advfUlced. 

To explain how, T shall describe a thought experiment in which we 
humans are infinitely advanced beings_ Carolee and I find a very short 
wormhole, and put one of its mouths in the living room of our home 
and the other in Ollr family spacecraft, out..~ide on the front lawn. 

Now, as this thought experiment will show, the manner in which 
time is hooked up through any wormhole actually depends on the 
wormhole's past 11istory. For simplicity, I shall assume that when Ca
rolee and 1 first acquire- the wormhole, it has the simplest possible 
hookup of time: the same hookup through the wormhole's interior as 
through the exterior l;niverse. In other words, if T climb through the 
wormhole, Carolee, I, and everyone on Earth will agree that I emerge 
from the mouth in the spacecraft at essentially the same moment as 1 
entered the mouth in die living room. 

Having checked that time is, indeed, hooked up through the worm
hole in this way, Carolee and I then make a plan: I will stay at home ill 
our living room with the Olle mouth, while Carolee in Qur spacecraft 
takes the other mouth on a very high speed trip out into the Universe 
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14.7 Carolee and I construct a time machine from a wOmlhole. Left: [ stay at 
home in Pasadena with one mouth of the wonnhole and hold hands with Carolee 
through the wormhole. Right: Carolee (',arries the other lIlouth on a hi8h·speed 
trip through the Universe. Inset: Our hands inside the wormhole. 

and back. Throughout the trip, we will hold hands through the worm
hole; see Figure 14.7. 

Carolee departs at 9:00 A.M. on t January 2000, as measured by 
herself, by me, and by everybody else on Earth. Carolee zooms away 
from Earth at nearly the speed of light for 6 hours as measured by her 
own time; then she reverses course and zooms back, arriving on the 
front lawn t 2 hours after her departure as measured by her own time. II 
I hold hands with her and watch her through the wormhole through
out the trip, so obviously I agree, uJhile looking through the wormhole, 
that she has returned after just 12 hours, at 9:00 P.M. on 1 January 2000. 
Looking through the wormhole at 9:00 P.~I., I can see nol only Carolee; 
I can also see, behind her, our frollt lawn and our house. 

9. Tn reality. if Catolee were to accelerate up La the speed of light and then back down so 
quickly, the acceleration would be so great Lhat it would kill her and mutilate her body. 
HOWP.''"P.f, in the spirit of a physicist's thought experiment, I shall pretend that her body is 
made of such strong stuff that shp. ('.an survive the acceleration comfortably. 

50} 
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Then, at 9:01 P.:v1., I turn and look out the window·' and there I see 
an empty frOllt lawn. The spaceship is not there; Carolee and the other 
wormhole mouth are not there. Instead, if J had a good enough tele
scope pointed. out the window, I would see Carolee's spaceship flying 
away frorn Earth on its outbound journey, a journey that as measured 
on F..arth, looking through lite external Un.iverse, will require 10 years. 
[This is the standard "twins paradox"; the high-speed "twin" who goes 
out and {;omes back (Carolee) measures a time lapse of only 12 hours, 
while the "twin" who stays behind on Earth (me) must wait 10 years 
for the trip to be completed.] 

T then go ahout my daily routine of life. Por day after day, month 
after month, year after year, J c.arry oIl with ]ife, waiting-·until fi
nally, on 1 January 2010, Carolee returns from her journey and lands 
on the front lawn. I go out to meet her, and find, as expected, that she 
has aged just 12 hours, not 10 years. She is sitting there in the space
ship, her hand thrust into the wormhole mouth: holding hands with 
somebody. T stand behind her, look into the mouth, and see that the 
person whose hand she holds is myself, 10 years younger, sitting ill OUr 
living room on 1 January 2000. The wormhole has become a time 
machine. If T now (on 1 January 2010) climb into the wormhole mouth 
ill the spaceship, T will emerge through the other mouth in our livUlg 
room on 1 January ~WOO, and there I will meet my younger self. SiIlli
larly, if my younger self climbs into the mouth in the living room on 1 
January 2000, he will emerge from the mouth in the spaceship on 1 
January 2010. Travel through the wormhole in one direction takes me 
backward 10 years in time; travel in the otheT direc:tion takes me 10 
years forward. 

Neither I nor anyoIle else, however, can use the wormhole to travel 
back in time beyond 9:00 ".\1., 1 January 2000. It is impossible to travel 
to a time earlier than when the wormhole first became a time machine. 

The laws of general relativity arc unequivocal. If wonnholes can be 
he1d open by exotic material, then these are general relativity's predic
tions. 

In summer 1987, it month or so after I arrived at these predictions, 
Richard Price telephoned Carolee. Ric:hard-a close friend of mine and 
the man who sixteen years earlier had shown that a black hole radiales 
away all its "hair" (Chapter 7)· was worried about me. H(~ had heard 
that 1 was working on the theory of time maehines, and he feared I had 
gone a little crazy or senile or ... Carolee tried to reassure him. 
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Richard's call shook me up a bit. ~ot because I doubted. my own 
sanity; I had few doubts. However, if even my closest friends wen 
worried, then (at least as a protection for Mike Morris and my other 
students, if not for myself) I would have to be c.areful about how we 
presented our research to the community of physicists and to the gen
eral public-

Ouring the winter of 19X7-88, as part of my caution, I decided to 
move slowly on publishing anything about time machines. Together 
with two students, Mike ~rorris and Uivi Yurtsever, I focused on trying 
to understand everything I could about wormholes and time. OIlly 
after all issues were crystal dear did I want to publish. 

Morris, Yurtsever, and I worked together by computer link alld 
telephone, since T was hiding in isolation. Carolee had taken a two-year 
postdoctoral appointment in Madison, Wisconsin, and I had gone along 
as her "house husband" for the first seven months (January-July t 988). 
I had set up rny computer and working tables in the attic of the house 
we rented in Madison; and I was spending most of my waking hours 
there in the attic, thinking, calculating, and writing .. largely on other 
projects, but partly on wormholes and time. 

For stimulus and to test my ideas against skilled. "opponents," every 
few weeks T drove over to Milwaukee to talk with a superb group of 
relativity researchers led by John Friedman and Leonard Parker, and 
occasionally I drove down to Chicago to talk with another superb group 
led by Subrahlnanyan Chandrasekhar, Robert Geroch, and Robert 
Waldo 

On a March visit to Chicago, I got a jolt. T gave a seminar describing 
everything I understood about wormholes and time machines; and 
after the seminar, Geroch and Wald asked me (in effect), "Won't a 
wormhole be automatically destroyed whenu-er an advanced civilization. 
tries to convert it into a time I'tlaChine:'l" 

Why? How? I wanted to know. They explained_ Translated into the 
language of the Carolee-and-me story, their explanation was the fol
lowing: Imagine that Carolee is zooming back to Earth with one worm
hole mouth in her spacecraft and I am sitting at home on Earth with 
the other. When the spacecraft gets to within 10 light-years of Earth, it 
suddenly becomes possible for radiation (electromagnetic waves) to use 
the wormhole for time travel: Any random hit of radiation that leaves 
our home ill Pasadena traveling at the speed of light toward the space
LTaftcan arrive at the spacecraft after 10 years' time (as seen on Earth), 
enter the wormhole mouth there, travel back ill time by 10 years (as 
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seen on Earth), and emerge from the mouth on Earth at precisely the 
same moment as it started its trip. The radiation piles right on top of its 
previous self, not just in space but in spacetime, doubling its strength. 
What's more, during the trip each quantum of radiation (each photon) 
got boosted in energy due to the relative motion of the wormhole 
mouths (a "Doppler-shift" boost). 

After the radiation's next trip out to the spacecraft then back 
through the wormhole, it again returns at the same time as it left and 

14.8 (a) The Gerocft-WaId SUsgestiOIl for how a wormhole might gel destroyed 
when one tries to make it into a time machine. An intense beam uf radiation 
1.0oms between the two mouths and UlI'OUgh the wormhole, piling up on and 
reinforcing itself. The beam becomes infinitely energelie and destroys the worm
hole. (b) Whal actually happens. The wonnhole defocuses the beam, reducing 
the amuunt of pileup. TIle beam remains weak; the wormhole is 110t destroyed. 

"," .• ' . 

( b ) 
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again piles up on itself, again with a Doppler-boosted energy. Again 
and again this happens, making the beam of radiatioI1 infillhely strong 
(Figure 14.8a). 

In this way, beginning with an arbitrarily tiny amount of radiation, 
a beam of infinite energy is created, coursing through space between 
the two wormhole mouths. As the beam passes through the "Wormhole, 
Gerocl! and VVald argued, it will produce infinite spaC'R.tirne curvature 
and probably destroy the wormhole, thereby preventing the wormhole 
Crom becomiIlg a time machine. 

I drove away from Chicago and up Interstate 90 toward ~ladison in 
a daze. My mind was filled with geometric pictures of radiation beams 
shooting from one wormhole mouth to the other, as the mouLhs move 
toward each other. I was trying to compute, pictorially, just what wou.ld 
happen. I was trying to understand whether Geroch and Wald were 
right or wrong. 

Gradually, as T neared the Wisconsin border, the pictures in my 
mind became clear. The wormhole would not be destroyed. Geroch and 
Wald had oVC'.Ilook.ed a crucial faL1:: livery time the beam of radiation 
passes through the wormhole, the wormhole defocuses it in the manner 
of Box 14.1 above. After the defocusing, the beam emerges from the 
mouth on Earth and spreads out over a wide swath of space, so that 
only a tillY fraction of it Can get caught by the mouth on the spacecraft 
and transported through the wormhole back to Earth to "pile up" on 
itself (Figure 14.8b). 

1 could do the sum visual1y in my head, as I drove. By adding up all 
the radiation from all the trips through the wormhole (a tinier and 
tinier ru:nounl after eadl defocusing trip), 1 computt~d that the final 
beam would be weak; far too weak to destroy the wormhole. 

:\1y calculat.ion turned out to he right; but, as I shall explain later, 1 
sllOuld have been more cautious. This brush with wormhole destruc
tion should have warned me that unexpected dangers await any maker 
of time machines. 

Wlen graduate students reach the final year of their research, they 
often give me great pleru.-ure. They produce major insights on their 
own; they argue with me and win; they tea,ch me unexpected things. 
Such was the case with Morris and Yurtsever as we gradually moved 
toward finalizing Our manuscript for Physical Review Letters. I,arge 
portions of the manuscript's technical details and technical ideas were 
theirs. 

jOi 
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As our work neared completioll, I oscillated between worrying ahout 
tarnishing Morris's and Yurtsever's budding scientific reputations with 
a label of "crazy science fiction physicists" and waxing enthusiastic 
about the things we had leamed and about our realization that Sagan
type questions can be powerful in physics research. At the last minute, 
as we finalized the paper, I suppressed my caution (which Morris and 
Yurtsever seemed not to share), and agreed with them to give our 
paper the title "Wormholes, Time Machines, and the Weak Energy 
Condition" ("weak energy condition" being the teclmical term as
sociated with "exotic matter"). 

Despite the "time machines" in the title, Ollr paper was accepted for 
publication withollt question. The two anonymous referees seemed to 
be sympathetic; I heaved a sigh of relief. 

'With the publication date nearing, caution took hold of me again; I 
asked the staff of the Caltech Public Relations Office to avoid and, 
indeed, try to suppress allY and all pubHcity about our time machine 
research. A sensational splash in the press might brand our research as 
crazy in the eyes of many physicists, and I, wanted OUr paper to be 
studied seriously by the physics community. The public relations staff 
acquiesced. 

Our paper was published, and all went well. As I had hoped, the 
press missed it, but among physicists it generated interest alld contro
versy. Letters trickled in, asking questions and challenging our claims; 
but we had done our homework. We had answers. 

My friends' reactions were mixed. Richard Price continued to worry; 
he had decided T wasn't crazy or senile, but he feared I would sully my 
reputation. My R.ussian friend Igor Novikov, by contrast, was ecstatic. 
Telephoning from Santa Cruz, California, where he was visiting, Novi
kov said, "I'm so happy, Kip! You have Droken the barrier. If you can 
publish research on time machines, then so can If" A.nd he proceeded to 
do so, forthwith. 

The Matricide Paradox 

Among the controversies stirred up by our paper, the most vigorous 
was over what 1 like to call the 111.O.lricide paratiox10

: If I have a time 

10. In nlO!o't lICier.ce fletion Iitp.mtnJ'e, the term "grandfathp.r paradox" is wed rather than 
;'rnatcicide paradox." Presumably, the chivalrous men who dominate the sdence tiction writ· 
ing profession feel more comfortable pushing the murder back. a generation and onto a maie. 
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machine (wormhole-based or otherwise), T should be able to use it to go 
back in time and kill my mother before I was conceived, thereby 
preventing myself from being born and ki11ing my l'llother. 1t 

Central to the matricide paradox is the issue offree will: Do I, or do T 
not, as a human being, have the power to determine my own fate? Can 
I really kill my mother, after going back.ward in time, or (as ia so many 
science fiction stories) will something inevitably stay my hand as I try 
to stab her in her sleep? 

Now, even in a universe without time machines, free will is a terri
bly difficult thing for physicists to deal with. We usually try to avoid it. 
It just confuses issues that othelWise might be lucid. With time ma
chines, all the more so. Accordingly, before pub1ishing our paper (but 
after long discussions with our Milwaukee colleagues), Morris, Yurt
sever, and I decided to avoid entirely the issue of free wi1l. We insisted 
on not discussing at all, in print, human beings who go through a 
wormhole-based time machine. Instead, we dealt only with simple, 
inanimate time-traveling things, such as electromagnetic waves. 

Before publishing, we thought a lot about waves that travel back
ward in time through a wormhole; we searched hard for unresolvable 
paradoxe.s in the waves' evolution. Ultimately (and with crucial prod
dings from John Friedman), we convinced ourselves that there proba
bly will be no unresolvahle paradoxes, and we C' •• onjectured so in OUr 
paper.1i We even b!'oadened our conjecture to suggest that there would 
never be unresolvable paradoxes for any inanimate object that passes 
through the wormhole. It was this conjecture that created the most 
controversy. 

Of the letters we received, the most interesting was fTOm Joe Pol
chinski, a professor of physics at the 'C'niversity of Texas in Austin. 
Polchinski wrote, "Dear Kip, ... If I understand correctly. you are 
conjecturing that in your [wormhole-based ~ime machine there will be 
no unresolvable paradoxes]. It seems to me that ... this is not the case." 
lIe then posed an elegant and simple variant of the matricide para
dox-a variant that is not entangled with free will and that we there
fore felt competent to anal.yze: 

11. I alld Diy f:)ur siblin~ an! very rL'Spt.'cttul and obedient t.oward ollr mother; set'. for 
ellample. FOOI.notl! 2 in Chapter 7. Accordingly. T have sought and received permission from 
my moth~r to usc this example. 

12. Three years latl"r. 10hl' Friedman and ~]ike Morris together managed r.o prO\'C rigt'r· 
ously that, when waves uitvel backward in time through a wormhole, t.heTp' indeed arc [10 

ullIel;o\vab\e {ICIrar!oxp.s---'P"0vidP.<l. the waycs 9upt'r,mp<we linearly [)n thP.lJlSclvcs in the mall· 

np.r of Box 10.3. 
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Take a wormhole that has been made into a time machine, and 
place its two mouths at rest near each other, out in interplanetary space 
(Figure 14.9). Then, if a billiard ball is launched toward the right 
mouth from an appropriate initial location and with an appropriate 
initial velocity, the ball will enter the right mouth, travel backward in 
ti.me, and fly out of the left mouth before it entered the right (as seen 
by you and me outside the wormhole), and it will then hit its younger 
self, thereby preventing itself from ever entering the right mouth and 
hitting itself. 

This situation, like the matricide paradox, entails going back in time 
and changing history. In the matricide paradox. I go back in time and, 
by killing my mother, prevent myself from being born. In Polchinski's 
paradox, the billiard ball goes back in time and, by hitting itself, pre
vents itself from ever going back in time. 

Both situations are nonsensical. Just as the laws of physics must be 
logically consistent with each other, so also the evolution of the Uni
verse, as governed by the laws of physics, must be fully consistent with 
itself:.........or at least it must be so when the Universe is behaving classi
rally (non-quantum mechanically); the quantum mechanical realm is 

14.9 Polchinski's billiard ball version of tbe matricide paradox. The wormhole 
is very short and has been made into a time machine, so that anything that enters 
the right mouth emerges, as measured on the outside, 30 minutes before it went 
in. The now of time outside the mouth is denoted by the symbol t; the flow of 
time as experienced by the billiard ball itself is denoted by t. The billiard ball is 
launched at I = 3:00 P.M. from the indicated location and with just the right 
velocity to enter the right mouth at I = 3:45. The ball emerges from the left 
mouth 50 minutes earlier, at t = 3:15, and then hits its younger self at t = 3:30 
P.M., knockillR itself off track so it cannot enter the right mouth and hit itself. 

"t;~ ;',:4S 1 
1;;=:):15) 

"t ,,+ :OO-"z-,,'~"",r-" 
1:;",,?,: :)0-"::' 

f'ti ~;O: 15 
t t<'d5 

---
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a little more subtle. Since both I and a billiard ball are highly classical 
objects (that is, we can exhibit quantum mechanical behavior only 
when one makes exceedingly accurate measurements on us; see Chap
ter 10), there IS no 'way that either I or the billiard ball can go back in 
time and rhange our own historif'..s. 

So what happens to the billiard ball? To find out, Morris, Yurtsever, 
and T focused our attentioll on the ball's initial conditions, that is, 1ts 
initial10catiotl and velocity. We asked ourselves, "For the same initial 
conditions as led to Polchinski's paradox, is there any other billiard ball 
trajectory that, unlike the one in Figure 14-.9, is a logically self-consist
ent solution to the physical laws that govern classical billiard balls?" 
After much discussion, we agreed that the answer was probably "yes," 
but we were not absolutely sure·· and there was no time for us to 
figure it out. Morris and Y'.lrtsever had completed their Ph.D.s and 
were leaving Caltech to take up postdoctoral appointments in Mil
waukee and Trieste. 

Rrtunately, Caltech continually draws great students. There were 
two new ones waiting in the wings: Fernando Echeverria and Gunnar 
Klinkhammer. Echeverria and Klinkhammer took Polchinski's para
dox and ran with it: After some months of on-and-off mathematical 
struggle, they proved that there indeed is a fully self-consistent billiard 
baH trajectory that begins with Polchinski's initial data and satisfies all 
the laws of physics that govern classical billiard balls. In fact, there are 
two such trajectories. They are shown in Figure 14.10. I shall describe 
each of these trajectories in turn, from the viewpoint of the ball itself. 

On trajectory (a) (left half of Figure 14.10), the ball, young, clean, 
and pristine, starts out at time I = 3:00 ... \-'t., moving along precisely 
the same route as tn Polchinski's paradox (Figure 14.9), a route taking 
it toward the wonnhole's right mouth. A half hour later, at t = 3:30, 
the young, pristine ball gets hit on its left rear side, by an older
looking, cracked ball (which will turn out to be its older self). The 
collision is gentle enough to deflect the young ball only slightly fi.·om 
its original course, but hard enough to crack it. The young ball, now 
cracked, continues onward along its slightly altered trajectory and en
ters the wormhole mouth at t = 3:4S, travels backward in time by 30 
minutes, and exits from the other mouth at t = 3: 15. Because its 
trajectory has been a.ltered slightly by comparison with Polchinski's 
paradoxical trajectory (Figure 14.9), the ball, now old and cracked, hits 
its younger self a gentle, glancing blow on the left, rear side at t = 

Hf 
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3:30, instead of the vigorous, highly deflecting blow of Figure 14.9. The 
evolution thereby is made fully self-consistent. 

Trajectory (b), the right half of Figure 14.10, is the same as (a), 
except that the geometry of the collision is slightly different, and corre
spondingly the trajectory between collisions is slightly different. In 
particular, the old, cracked ball emerges from the left mouth on a 
different trajectory than in (a), a trajectory that takes it in front of the 
young, pristine ball (instead of behind it), and produces a glancing 
blow on the young ball's.fro~ right side (instead of left rear side). 

Echeverria and Klinkhammer showed that both trajectories, (a) and 
(b), satisfy all the physical laws that govern classical billiard balls, so 
both are possible candidates to occur in the real Universe (if the real 
Universe can have wormhole-based time machines), 

This is most disquieting. Such a situation can never occur in a uni
verse without time machines. Without time machines, each set of 
initial conditions for a billiard ball gives rise to one and only one 
trajectory that satisfies all the classical laws of physics. There is a 
unique prediction for the ball's motion. The time machine has ruined 
this. There now are two, equally good predictions for the ball's motion. 

14.10 The resolution of Polchinski's ,ersion of the matricide paradox (Figure 
14.9): A billial'd ball, starting out at 5:00 P.M. with the same initial conditions 
(same location and velocity) as in Polchinski's paradox, can move along either of 
the two trajectories shown here. Each ofthese trajectories is fully self-consistent 
and satisfies the classical laws of physics everywhere along the trajectory. 

i 
\ 

( '<\. ) 

\ 
if' 

f 't'~1l:00 
\ tl~z,:oo 

( b ) 
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Actually, the situation is even worse than it looks at first sight: The 
time machine makes possible an infinite number of equally good pre
dictions for the ball's motion, not just two. Box 14.2 shows a simple 
example. 

Box 14.2 

The Billiard Ball Crisis: 
An InJinity of Trajectories 

One day, while sitting in San Francisco Airport waiting for a plane, it 
occurred to me that, if a billiard ball is fired between the two mouths of a 
wormhole-based time machine, there are two trajectories on which it can 
travel. On one (a), it hurtles between the mouths unscathed. On the other 
(b), as it is passing between the two mouths, it gets hit and knocked 
rightward, toward the right mouth; it then goes down the wormhole, 
emerges from the left mouth before it went down, hits itself, and flies 
away. 

( h ) 

Some months later, Robert Forward Lone of the pioneers aflaser inter
ferometer gravitational-wave detectors (Chapter 10) and also a science 
fiction writer] discovered a third trajectory that satisfies all the laws of 
phYloics, the trajectory (c) below: The collision, instead of occuning be
tween the mouths, occurs before the ball reaches the mouths' vicinity. I 
then realized that the collision (:ould be made to occur earlier and earlier, 
as in (d) and (e), if the ball travels through the wormhole several times 
between its two visits to the collision event. For example, in (e), the ball 
travels up route a, gets hit by its older self and knocked along P and into 
the right mouth; it then trave1s through the wormhole (and backward in 

(continued next page) 
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time), emerging from the left mouth on y, which takt'.5 it through the 
wormhole again (and still farther back in time), emerging along (), which 
takes it through the wormhole yet again (arJd even farther hack in time), 
emerging along E, which takes it to the collision event, from which it is 
deflf>.Cted down ~. 

It:videntJy, there are an infinite nlJmb{"f' of trajectories (each with a 
different number oE wormhole traversals) that a11 satisfy the classical 
(non-cluantum) laws of physics, and all begin with ident.ir.ally the same 
initial conditions (the same initial billiard balllocation and velocity). One 
is left wondering whether physk~ has gone crazy, or whether, instead, the 
laws of physics carl somehow tell us which trajectory the ball ought to 
take. 

( c ) ( d ) ( e ) 

Do time machines make physics go crazy? Do they make it imJKlSSi
hIe to pTedict how things evolve? If not, then how do the laws of 
physics choose which trajectory, out of the infinite allowed set, a bi]· 
liard ball will fonow? 

In search of an ilnswer, Gunnar Klinkhammer and T in 1989 turned 
from the clas.ficallaws of physics to the qu.antum laws. Why the quaIl· 
tum laws? Because they are the Ultimate Rulers of ou.r liniverse. 

For example, the laws of quantum gravity have ultimate col1trol 
over gravitation and the stru(,1:ure of space and time. Einstein's classi
cal, general n~latjvistic laws of gravity are mere approximations to the 
qualltum gravity laws-approximations with excellent. accuracy when 
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one is far from all singularities and looks at spacetime on scales far 
larger than 10-53 centimeter, but approximations nevertheless (Chapter 
13). 

Similarly, the classical laws of billiard ball physics, which my stu
dents and 1 had used in studying Polchinski's paradox, are mere ap
proximations to the quantum mechani('.allaws. Since tbe classical laws 
seem to predict "nonsense" (an infinity of possible billiard ball trajecto
ries), Klinkhammer and I turned to the quantum mechanical laws for 
deeper understanding. 

The "rules of the game" are very different in quantum pbysic.s than 
in classical physics. When one provides the classical laws with initial 
conditions, they predict what will happen afterward (for example, 
what trajectory a ball will follow); and, if there are no time machines, 
their predictions are unique. The quantum laws, by contrast, predict 
only probabilities for what will happen, not certainties (for example, 
the probability that a ball will travf'l through this, that, or another 
region of space). 

In light of these rules of the quantum mechanical game, the answer 
that Klinkhammer and I got from the quantum mechanical laws is not 
surprising. We learned that, if the ball starts out moving along Pol
chinski's paradoxical trajectory (Figures 14.9 and 14.10 at time t = 
3:00 P.M.), then there will be a certain quantum mechanical probabil
ity-···say, 48 percent-for it subsequently to follow trajectory (a) in 
Figure 14.10, and a certain probability·--say, also 48 percent· for tra
jectory (b), and a certain (far smaller) probability for each of the infin
ity of other classically allowed trajectories. In anyone "experiment," 
the ball will follow just one of the trdjectories that the classical laws 
aHow; but if we perform a huge number of identical billiard ball 
experiments, in 48 percent of them the ball will follow trajectory (a), in 
48 percent trajectory (b), and so forth. 

This conclusion is somewhat satisfying. It suggests that the laws of 
physics might accommodate themselves to time machines fairly nicely. 
There are surprises, but there seem 110t to be any outrageous predic
tions, and there is no sign of any unresolvable paradox. Indeed, the 
National Enquirer, hearing of this, could easily display a banner head
line: PHYSICISTS PROVE TIME MACHINE.C;; EXIST. (That kind of outrageous 
distortion, of course, has been my rec.:urrent fear.) 

In the autumn of 1988, three months after the publication of OUT 

paper "V\Tormholes, Time Machines, and the Weak Energy Condition," 
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Keay Davidson, a reporter for the San .Francisco Examiner, discovered 
it in Physical Review Letters and broke the story. 

It could have been worse. At least the physic~r;; community had had 
three months of quiet in which to absorb our ideas without the blare of 
sensational headlines. 

But the blare was unstoppable. PHYSICISTS IN\'F..~T TI~m MACHINES, 

read a typir.al headline. Califurnia magazine, in an article OIl "The 
Man Who III vented TUlle Travel," even ran a photograph of me doing 
physics in the nude on Palomar Mountain. I was mortified·· . not by the 
photo, but by the totally outrageous claims that I had invented time 
machines and time travel. f/tirne machines are, infact, allowed by the 
laws of physics (and, as will become. clear at the end of the chapter, I 
doubt that they are), then they are probably much farther beyond the 
human race~~ present technological capabilities than space travel was 
beyond the capabilities 0/ cavemen. 

After talking with two reporters, I abandoned all efforts to stem the 
tide and get the story told accurately, and went into hiding. My be
sieged administrative assistant, Pat Lyon, had to fend off the press with 
a firm "Professor Thorne believes it is too early in this research effort to 
communicate results to the general public. When he fee1s he has a 
better understanding of whether or not time machines are forbidden 
by the laws of physics, he will write an article for the public, explain-
. " mg. 

With this chapter of this book, I am making good on that promise. 

Chronology Protection? 

In February 1989, as the hoopla in the press was beginning to subside, 
and while Echeverria, Klinkhammer, and I were struggling with Pol
cbinski's paradox, I flew to Bozeman, Montana, to give a lecture. There 
I ran into Bill Hiscock, a former student of Charles Misner's. As I have 
with so many colleagues, I presaed Hiscock for his views on wormholes 
and time machines. I was searching for cogent criticisms, new ideas, 
new viewpoints. 

"Maybe you should study electromagnetic vacuum fluctuations," 
Hiscock told me. "Maybe they will destroy the wormhole when infi
nitelyadvanced beings try to turn it into a time machine." Hiscock had 
in mind the thought experiment in which my wife Carolee (assumed to 
be infinitely advanced) is flyiug back to Earth in the family spacecraft 
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with one wormhole mouth, while I sit on Earth with the odler mouth, 
and the wormhole is on the verge of becoming a time machine (Fig
ures 14.7 and 14.8 above). Hiscock was speculating that electromag
netic vacuum fluctuations might circulate through the wormhole in 
the same manner as did bits of radiation in Figure j 4.8; and, piling up 
on themselves, the fluctuations might become infinitely violent and 
destroy the wormhole. 

I was skeptical. A year earlier, on my drive home from Chicago, T 
had convinced myself that bits of radiation, circulating through the 
wormhole, will flot pile up 011 themselves, create an infinitely energetic 
beam, and de!>-t.coy the wormhole. By defocusing the radiation, the 
wormhole saves itself. Surely, 1 thought, the wormhole will also defo
c.."Us a dreulating beam of eleL1:romagnetic vacuum fluctuations and 
thereby save itself. 

On the other hand, I dlought to myself, time machines are such a 
radical coll<.:ept in physics that we must investigate anything which has 
any chance at all of destroying them. So, despite my skepticism, I set 
out with a postdoc in my group, Sung-Won Kim, to compute the be
havior of circulating vacuum fluctuations. 

Though we were helped greatly by madlematical tools and ideas 
that Hiscock and Deborah Konkowski had developed a few years ear
lier, KilO and T were hampered by our own ineptness. Neither of us was 
an expert on the laws that govern the circulating vacuum fluctuations: 
the laws of quantum fields in curved spacetime (Chapter 13). Finally, 
however, in February 1990, after a full year of false starts and mistakes, 
our calculations coalesced and gave an answer. 

I was surprised and shocked. Despite the wormhole's attempt to 
defocus them, the vacuum fluctuations tended to refocus of their own 
accord (Figure 14.11). Defocused by the wormhole, they splayed out 
from the mouth on Earth as though they were going to miss the 
spac:ecraft; then of their own accord, as though being attracted by some 
mysterious force, they zeroed in on the wormhole mouth in Carolee's 
spacecraft. Returning to Earth through the wormhole, they then 
splayed. out from the mouth on Earth again, and zeroed in once again 
on the mouth in the spacecraft. Over and over again they repeated this 
motion, building up an inten..r;;e beam of fluctuational energy. 

'Will this beam of electromagnetic vacuum fluctuations be intense 
enough to destroy the wormhole? Kim and I asked ourselves. It"or eight 
months, February to September 1990, we stntggled with this question. 
Finally, after several flip-flops, we concluded (incorrectly) «probably 
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not." Our reasoning seemed compelling to Uti and to the several col
leagues we ran it past, so we laid it out in a manuscript and submitted it 
to the Physical Review. 

Our reasoning was this: Our calculations had shown that the cir
culating electromagnetic vacuum fluctuations are infinitely intense 
only for a vanishingly short period of t£me. They rise to their peak at 
precisely the instant when it is first possible to use the wormhole for 
backward time travel (that is, at the moment when the wormhole first 
becomes a time machine), and then they immediately start to die out; 
see Figure 14.12. 

Now, the (ill-understood) laws of quantum gravity seem to insist 
that there is no such thing as a "vanishingly short period of time." 
R.ather, just as fluctuations of spacetime curvature make the concept of 
length meaningless OIl scaletl smaller than the Planck ·Wheeler length, 
10-55 centimeter (Figure 14.5 and associated discussion), so also the 
curvature fluctuations should make the concept of time meaningless on 
scales smaller than 10-45 second (the "Planck-Wheeler time," which is 
equal to the Planck-Wheeler length divided by the speed of light). 
Time intervals shorter than this cannot exist, the laws of quantum 

14.11 As Garolee and I try to ('.onvert a wormhole into a time machine by the 
method of I''i.gure 14.7. electromagnetic vacuum nuctuations zoom between the 
two mouths and through the wormhole, piUD8 up on themselvf'~'i and creatiI~ a 
beam of huge nuctuational energy. 
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gra vity seem to insist. The concepts of before and tifter and evolution 
with time make no sense during intervals so small. 

Therefore, Kim and I reasoned, the circulating electromagnetic vac
uum fluctuations must stop evolving with time, that is, must stttp 
growing, 10-45 second before the wormhole becomes a time machine; 
the laws of quantum gravity must cut off the fluctuations' growth. And 
the quantum gravity laws will let the fluctuations continue their evolu
tion again only 10-43 second after the time machine is born, which 
means after they have begun to die out. In between these timp-s, there 
is no time and there is no evolution (Figure 11.12). The crucial issue, 
then, was jU.ft hnw intense has the beam of circulating fluctuations 
become when quantum gravity cuts off their growth' Our calculations 
were clear and unequivocal: The beam, when it stops grow lng, is far 
too weak to damage the wormhole, and therefore, in the words of our .. 
manuscript, it seemed likely that "vacuum fluctuations cannot prevent 
the fonnation of or existence of closed timelike curves." (As 1 men
tioned eCU"lier, closed timelike curve." is physicists' jargon for "time rna· 

14.12 Evolution of the intensity of the electromagnelic vacuum Ducluations 
that circulate through a wonnhole jU8t before and lust after the wormhole 
becomes a time machine. 

Tittle fll9.Chitte 
r°t'n·l:'A.t.~~ 

TIME 
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chines"; having been burned by the prE".8S, J had stopped using the 
phrase "time machines" in my papers; and the press, unfamiliar with 
physicists' jargon, was now unaware of the new time machine results I 
was publishing.) 

In September 1.990, when we submitted our manuscript tl) the Physi
cal Review) Kim and I sent copies to a number of colleagues, including 
Stephen Hawking. Hawking read our manuscript with interest--and 
disagreed_ Hawking had no quarre~ with our calculation of the b(~am of 
circulating vacuum fluctuations (and, in fact, a similar calculatiotl by 
Valery Frolov in Moscow had by then verified Qur results). Hawking's 
quarrel was with our analysis of quantum gravity's effect.s. 

Hawking agreed that quantum gravity was likely t() cut off the 
growth of the vac;uum fluctuations 10-45 second before the time rna· 
chine is created, that is, '0-45 second before they olhp.l"Wise would 
become infinitely stTl>Ilg. "Bllt 10-43 second as measured by whom? In 
whose reference frame?" he asked. Time is "relative," not absolute, 
Hawking reminded US; it depends on one's reference frame. Kim and T 
had assumed that the appropriate reference fraIne was that of some
body at rest in the \\-ormhole throat. Hawking argued, instead (in 
efl"ect), for a different choice of reference frame: that of clle fluctuations 
themselves--or, stated more precisely, the reference irame of an ob· 
server who circulates, along with the fluctuations, from Earth to space· 
craft and through the wonnhole so rapidly that he sees the Earth 
spacecraft distance contracted from 10 light-years (tOtll centimeters) 
down to the Planck-Wheeler length (to-~ centimeter). The laws of 
quantuI.t1 gra.vity can take over and stop the growth of the beam only 
1O·-4s secol1d before the wormhole becomes a time machine, a.r seen by 
such a circulating observer, Hawking conjectured. 

Translating back to the viewpoint of an observer at rest in the 
wormhole (the ob..<It~rver that Kim and I had relied on), Hawking's 
conjecture meant that the quantum gravity cutoff oc-curs 10-95 second 
before the wormhole becomes .t time machine, not 10-103 second- and 
by then, according to our calculations, the vacuum fluctuational beam 
is strong enough, but just barely so, that it might indeed destroy the 
worm.hole. 

Hawking's conjecture about the location of the quantum gravity cut
ofT was cogent. He might well be right, Kim and 1 concluded after 
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much contemplation; and we managed to change our paper to say so 
before i.t got published. 

The bottom line, however, was equivocal. Even if Hawking was 
right, it was far from cleaT whether the beam of vac:uum fluctuations 
would destroy the wormhole or not-and to find out for certain wOllld 
require understanding what quantum gravity does, when it takes hold 
in the 10-95-second interval around the moment of time machine for
mation. 

To put it succinctly, the laws of quantum gravity are hidin.g/rom us 
the an..~wer to whether wormh.oles e-·an be contJerted slI.cce.<i.ifuJ!:r in.to time 
machines. To learn the answer, we humans must first become experts 
on quantum gravity's laws. 

Hawking has a firm opinion on time machines. He thinks that 
nature abhors them, and he has embodied that abhorence in a conj~c
ture, the chronology protection conje<.."ture, which says that the laws if 
physics do not allow time machines. (Hawking, in his characteristic 
off-the-wall humor, describes this as a conjecture that win "keep the 
world safe for historians.") 

Hawking suspects that the growing beam of vacuum fluctuations is 
nature's way of enforcing chronology protection: Whenever one tries to 
make a time nuzchin.e, and no matter what kind of device one uses in. one ~\" 
attempt (a wormhole, a spin.ning cylinder, 15 a "cosmic string':14 or what
ever), just befure one:S- device becomes a time machine, a beam oj vacuum 
fluctuations will circulate through the device and destroy it Hawking 
seems ready to bet heavily on this outcome. 

I am not willing to take the other side ill such a bet. I do enjoy 
making bets with Hawking, but only bets that I have a reasonable 
chance of winning. My strong gut feeling is that I would lose this one. 
My own calculations with Kim, and unpublished calculatiolls that 
Eanna Flanagan (a student of mine) has done more recently, suggest to 
me that Hawking is likely to be right. However~ we cannot know for 
sure until physicists have fathomed in depth the laws of quantum 
gravity. 

1!S. See Footllote 8 on page ~99. 
1+. Retently Ricbard GOll: of Princeton University has dilcovered thllt one call mak.e a 

time ~achine by taking two infinitely 10llg CCl$zlIic strings (hypothetical ObjCCt.4 that mighl or 
might lIot exist in the real UuiveIse) and movirlg them past each other at \·~Iy high speed. 

521 



Epilogue 

an overview oj Einstein ~ legacy, 
past and future, 

and an update on several central characters 

It now is nearly a full century since Einstein destroyed Newton's 
concept of space and time as absolute, and began laying the founda
tions for his own legacy. Over the intervening century, Einstein's leg
acy has grown to include, among many other things, a warpage of 
spacetime and a set of exotic objects made wholly and solely from that 
warpage: black holes: gravitational waves, singularities (clothed and 
naked), wonnholes, and time machines. 

At one epoch in history or another, physicists have regarded each of 
these objects as outrageous . 

• We have met, in this hook, Eddington'S, Wheeler's, and even Ein
stein's vigorous skepticism about black holes; Eddington and Ein
stein died before they were firmly proved wrong, but 'Wheeler 
became a convert and black-hole advocate . 

• During the 19405 and 19508, a number of physicists, building on 
mistaken interpretations of the general relativistic mathematics 
they were studying, were highly skeptical of gravitational waves 
(ripples of curvature)-but that is a story for another book, and the 
skepticism long since has vanished. 
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It was a horrendous shock to most physicists, and still is to many, to 
discover that singulaTities a.re an inevitable consequence of Ein
stein's genecal relativistic laws. Some physicists derive comfort 
from faith in Penrose's cosmic censorship conjecture (that all sin
gularities are clothed; naked singularities are forbidden). But 
whether cosmic censorship is wrong Or right, most physicists have 
accommodated to singularities and, like Wheeler, expect the iU
undeclo"tood laws of qua.ntum gravity to tame them- ·-ruling and 
controlling them in just the same way as Newton's or Einstein's 
laws of gravity rule the planet.c; and control their orbits around thE! 
Sun. 

• W onnholes and time machines today are regarded as outrageous 
by most physicists, even though Einstein's general relativistic laws 
permit them to exist. Skeptical physicists can taite comfort, how
ever, in our newfound knowledge that the existence of worm.holes 
and time machines is controlled not by Einstein's rather perrnis
sive laws, but T"dther by the more restrictive laws of quantum fields 
in curved spacetime, and quantum gravity. When we understand 
those laws better, perhaps they will teach us unequivocally that 
physical laws always protect the Universe against wormholes and 
time machines--or at least time machines. Perhaps. 

What can we expect in the coming century, the second century of 
Einsteill's legacy? 

It seems likely that the revolution in our understanding of space, 
time, and objects built from spacetime warpage will be no less than in 
the first century. The seeds for revolution have been laid: 

• Gravitational-wave detectors will soon bring us observational 
maps of black holes, and the symphonic sounds of black holes 
colliding-·····symphonies filled with rich, new information about 
how warped spacetime behaves when wildly vibrating. Supercom
puter simulations wil1 attempt to replicate the symphonies and tell 
us what they mean, and black holes thereby will become objects of 
detailed experimental scrutiny. What will that scrutiny teach us? 
There will be surprises. 

• liltimately, in the coming century, most likely sooner rather than 
later, some insightful physicist will discover and unveil the laws of 
quantum gravity, in all their int~mate detail. 

• With those quantum gravity laws in hand, we may figure out 
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precisely how our Universe's spacetime came into being, how it 
emerged from the quantunl foam and froth of the big bang singu
larity. VVe may learn for sure the meaning or the meaninglessness 
of the oft-asked question, "What preCE'ded the big bang?" We may 
learn for sure whether quantum foam produces multiple unlverses 
with ease, and the full details of how spacetime gets destroyed in 
the singularity at the core of a black hole or in the big cnmch, and 
how and whether and where spacetime gets re-created again. And 
we may learn whether the laws of quantum gravity permit or 
forbid time machines: Must time machines always self-de.struct at 
the moment they are activated? 

• The laws of quantum gravity are not the final set of physical laws 
along the route that has led from Newton to special relativity, to 

general relativity and quantum theory, and then to quantum grav
ity. The quantum gravity laws will still have to be married to 
(unified with) the laws that govern nature's other fundamental 
forces: the electromagnetic force, the weak foer.e, and the strong 
force. We will probably learn the details of that unification in the 
coming century-· and again, most likely sooner rather than later; 
and that unification may radically alter our view of the Universe. 
And what then? No human today can foresee beyond that point, I 
helieve--and yet, that point may well come in my own lifetime, 
and in yours. 

In Closing, November 1993 

Albert Einstein spent most of his last twenty-five years in Ii 

fruitless quest to unify his general relativistic laws of physics with 
Maxwell's laws of electromagnetism; he did not know that the most 
important unification is with quantum mechanics. He died in Prince
ton, New Jersey, in 1955 at the age of seventy-six. 

Subralunanyan Chandrasekhar, now eighty-three years old, COI1-

tinues to plumb the secrets of Einstein's field equation, often in col
la'ooration with much younger colleagues. In recent years he has taught 
us much about pulsations of stars and collisions of gravitational waves. 

Fritz Zwicky became less a theorist and more an observational 
astronomer as he aged; and he continued to generate controversiai, 
prescient ideas, though not on the topics of this book. He retired from 
his Caltech professorship in 1968 and mm.oed to Switzerland, where he 
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spent his final years promoting his own inside track to knowledge: the 
"morphological method." He dil~ in 1974. 

Lev Davidovich Landau recovered intellectually, but not emo
tionally, from his year in prison (1958-39) and then continued on as 
the dominant figure and most Yf'vered teacher among Soviet theoreti·. 
cal physicists. In 1962 he was critically injured in an automobile .acci
dent, which left him with brain damage that changed his personality 
and destroyed his ability to do physics. He died in 1968, hut his closest 
friends said of him afterward, "For me, 'Dau died i·n 1962." 

Yakov Borisovich Zerdovich remained the world's mOl>-t influen
tial astrophysicist through the 1970s and into the 19808. However, in 
1978, in a tragic interpersonal f'..xplosi.on, he split off from most of his 
research group (the most powerful team of theoretical astrophysicists 
that the world has ever seen). He tried to rebuild with a fresh set of 
young colleagues, but was only partially successful, and then in the 
1980s be became a guru for astrophysicists and cosmologists, world
wide. He died of a heart attack in MOS<'.ow in 1987, soon after Gorba
chev's political changes made it possible for him to travel to America 
for the first time. 

Igor Dmitzievicb Novikov became the leader of the Zel'dovich/ 
Novikov research groap after the split with Zd'dovich. Through the 
1980s he held the group togeth<>.r with the same kind of fire and 
stimulus as Zel'dovich had mustered in the old days. However, without 
Zel'dovich, his group was merely among the best in the world, and not 
far ahead of everyone else, as before. With the collapse of the Soviet 
Union in 1991, and following a heart operation that made him feel 
his finiteness, Novikov moved to the Cniversity of Copenhagen in 
Denmark, where he is now creating a new Theoretical Astrophysics 
Center. 

Vitaly Lazarevich Ginzburg, at age seventy-seven, continues to 
do forefront resean·h i.n several different branches of physics and astro
physics. During Andrei Sakharov's exilt~ to Gorky ill 1980-86, GillZ
burg, as Sakharov's official "b08s" at the Lebedev Institute in Moscow, 
refused to fire him and acted as a sort of protector. Under Gorbachev's 
perestroika, Ginzburg and Sakharov were botb elected members of the 
Chamber of People's Deputies of thp. U.S.S.R., where they pushed for 
reform. Sakharov died of a heart attack in 1989. 

1. Robert Oppenheimer, though repudiated by the United States 
government in his 1954 security clearance hearings, became a hero to 
the majority of the physic-oS community. He never returned to rt!search, 
but he remained closely in touch with most all brancbes of' physic.8, and 
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served as a powerful foil off whom younger physicists could bounce 
their ideas, until his death from cancer in 1967. 

John Wheeler, at age eighty-two, continues his quest to understand 
the marriage of quantum mechanics and general relativity-and con
tinues to inspire younger generations with his lectufe.8 and writings, 
most notahly his recent book A Journey into Gravi~r and Spacetime 
(Wheeler, 1990). 

Roger Penrose, like Wheeler and many others, is obsessed with the 
marriage of general relativity and quantum mechanics and with the 
ill-understood laws of quantum gravity that should spring forth from 
that marriage. He has written about his unconventional ideas in a book 
for llonphysicists (The Emperor's New Mind, Penrose, 1989). ~1any 
physic:ists aTe skeptical of his views, hut Penrose has been right so 
many times before ... 

Stephen Hawking also continues to be obsessed with the laws of 
quantum gravity, and most especially with the question of what those 
laws predict about the origin of the Universe. Like Penrose, he has 
written a book {or nonphysicists, describing his ideas (A Brief History 
of Time, Hawking, 1988). His health holds strong, despite his ALS. 
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leagues, who consented to be interviewed by me on tape about their rccoll~ctions of 
the historical events and research eAorts des('.(ibed in this book. Their names appear 
in the I ist of taped interviews at the beginning of the bibliography. 

Four of my colleagues, Vladimir Braginsky, Stephen Hawking: ,"Verner J srael, ill'ld 

Carl Sagan, were kind enough to read the entire manuscript and give me detailed 
critiques. Many others read individual chapters or several chapters and strclightened 
me out on important historical and scientific details: Vladimir Relin.'1ky, R()ger Bland
ford, Carlton Caves, S. Chandrasekhar. Ronald Drever. Vitaly Ginzburg, Jesse Green
stein, Isaac Khalatnikov, Igor Novikov, Roger Penrose, Dennis Sciama, Robert Ser
ber, Robert Spero, Alexi Starobinsky, Rochus Vagt, Robert Wald, John Wheeler, and 
Yakov Borisovich Zel'dovich. Without the advice of these colleagues, the book would 
be far less accurate than it is. However, one should not assume that lny colleagues 
agree with me or approve of all my interpretations of our joint history. lnevilably 
there have been a few conflicts of viewpoint. In the text, for pedag()gy's sake, I hew to 
my own viewpoint (often, but not always, significantly influenced by my colleagues' 
critiques). In the notes, for historical accuracy,1 expose some of the conflicts. 
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a list of characters 
wlw appear significantly 

at several different places in the book 

NOTI?: The following descriptions are meant to serve $Oldy as reminders of and 
cross-rlJferences to each person's various appearances in this hook. These descriptions 
are !Wi intended as biographical Skl~tches. (Most of these people have JrIadt' ttlajor 
contributions to science that are not rcle\'allt to this book and therefore are not iisted 
here.) The principal criterion for inclusion in this section is not importance of contri
butioIUl, but rather multiple appearanr.(;S of ~he person at several differtml locations in 
the book. 

Baade, Walter (1893-1960). German born, American optical astronomer, with 
Zwicky, developed the concept of a supernova a,ld its connecl.ion to neut.ron stars 
(ChapLer 5); identified the galaxip_~ associated with '!osmic radio SOlJr(:Cl; (Chapter 9). 

Bardeen, James Maxwell (b. 1939). Ameril:cln theoretical physicist; showed that 
many or most black holes in our Universe should be rapidly spinning and, ",;th 
Petterson, predicted the influence of the holp.8' spins 01\ surrounding accretion disks 
(Chapter 9); with CarLer aud Hawking, discovered the I'our laws of black-hole me
chanics (the laws of evolution oi black holes) (Chapter 12}. 

Bekenstein, Jacob (b. 1947). Israeli theoretical physicist; student of Wheeler's; 
with Hartle, showed that one cannot. discern, by any external sLlJdy of a blat:k hole, 
what kinds of particles were among Ihe matt!lial ulat formed h (Chapter 7); proposed 
that th~ surface area of a black hole is its elltropy in disguise, and ('.arned 011 a battle 
with Hawking over this idea, ultimately winning (Chapter 12). 
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Bohr. Niels Hendrik David (1885-1962). Danish theoretical physicist; ~obcl 
laureate; one of the founders of quantum mecltanics; mentor for many of the leading 
physicists of the middle twentieth century, including Lev Landau and John Wheeler; 
advised Chandrasekhar in his battle with It:.ddington (Chapter 4); tried to save Lan
dau from p~on (Chapter 5); with Wheel".!" developed the theory of nuclear fission 
(Chapter 6). 

Braginsky. Vladimir Borisovich (b. 1931). Russian experimental physi<:ist; dis
covered quantum mechanical Iimil..'1 on the precision of physical measurements, in
cluding those of gravita6onal-wave detectors (Chapter 10); inventor of the concept of 
"quantum nondemolitiou" devices, which circumvent those quantum limiL'I (Chapter 
to). 

Carter, Brandon (b. 1942). Australillll theoretical physicist; student of Dennis 
Sciama's in Cambridge, England; later moved w fo'rance; e]ucidatl'!d the properties of 
spinning bla<:k holes (Chapter 7); with others, proved that a black hole has no hair 
(Cl1apter 7); with Baroeen and Hawkir.g discovered the four laws of black-hole 
mechanics (the laws of evolution of black holes) (Chapter 12). 

Chandi'asekhar, Subl'8bmanyan (b. 1910). Indian born, American artrophysi
cist; ~obellaureate; proved that there is a maximum mass for white-dwarf stars and 
fought a battle with Eddington over the correctness of his prediction (Chapter 4); 
developed much of the the()ry of how black holes respond to small perturbations 
(Chapter 7). 

Eddington, Arthur Stanley (1882-1944). British astrophysicist; leading early 
exponent of Einstein's laws of generdl relativity (Chapter 3); vigorous opponent of 
the concept of a b1ack hole and ofChandrasek.ltar's conclusion that white dwarfs have 
a maximum mass (Chapters ~ and 4). 

Einstein, Albert (1879-1955). German bow, Swiss/American theoretical physi
cist; Nobel laureate; formulated the laws of special relativity (Chapter 1) and general 
relativity (Chapter 2); showed that light is simultaneously a particle and a wave 
(Chapter 4); opposed the concept of a black hole (Chapter 3). 

Geroch, Robert (b. 194-2). American theoretical physicist; student of Wheeler's; 
with others, developed global methods for anal~itlg hlack holes (Chapter :3); 
s.howed that the topology of space can change (for example, when a wormhole forms) 
only if a time machiM is produced in the process (Chapter 14); with Wald, gave the 
first argument suggesting that time machines might be destroyed whenever they try 
to fornl (Chapter Ho). 

Giacconi, Riccardo (b. 1931). Italian born, American experimental physicist and 
astrophysicist; led the team that discovered the first X-ray star. in 1962, wing a 
detector flown on a rocket (Chapter 8); led the team that designed and built the 
Uhuru X-ray satellite, which produced the first strong X-ray evidence that Cygnus 
X-t is a black hole (Chapter 8). 

Ginzburg. Vitaly Lazarevich (b. 1916). Soviet thPOretical physicist; inventt>d. 
the LiD fuel for the Soviet hydrogen bomb and then was separated from the bomb 
project (Chapter 6); with Landau, developed an explanation for the origin of super
conductivity (Chapters 6 and 9); discovered the first evidence that a black hole has no 
hair (Chapter 7); developed the synchrotron radiation eltplanation for the origin of 
c08mic radio waves (Chapter 9). 

Greenstein, Jesse L. (b. 1909). American optical astronomer; colleague of 
Zwicky's (Chapter 5); with Fred Whipple found it impossible to explain cosmic radio 
waves (Chapter 9); triggered the beginning of America's research effort in ra.dio 
astronomy (Chapter 9); with Ylaarten Schmidt, discovered quasars (Chapter 9). 
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Hartle, .James B. (b. 1939). StlAdent of Whccll~r's; with Bekenstein, showed that 
one camlot disc.ern, by allY external study of a blal:k hc)le, what kinds of part:cles were 
among the material Lhat formed it (Chapter 7); with Hawking, dis(~overed the laws 
that govern the evolution of a black bole's horizor.. (Chapter 12); with Hawking, is 
developing insights into the laws of quantum gravity (Chapter 15). 

Hawking, Stephen W. (b. 1949). British theoretical physicist; studellt of 
Sciama's; dcvduped key parts of the proof that a black hole has no hair (Chaptcr 7); 
with Bardecn <HId Garter, discovered the four 13wS of black-hole mechanics (the laws 
of evolution of black h(llt!ll) (Chapter 12); disco\'flred that, if one ignores the laws of 
quantum mechallic.~, Lhe surface areas of black holes c.an only increase, but quantum 
mechanics makes black holl!ll eVclporate and shrink (Chapwr 12); showed that tiny 
black holes could ha ... ·e formed in the; big bang and, ..... ith Page, placed obsc.~rvational 
limits on such primordial holes based on astnmomers not seeing gamma rays pro
duced by their evaporation (C .. hapter 12); developed global (topological) methods for 
analyzing black holes (Chapter 13); with Penrose, proved that the big bang contained 
a singularity (ChapLer 13); formulated the chronology protl~( .. tioll conjecture and 
argued that it is enforced by vacuum fluctuations de!troying any timl! machine at the 
moment it is created (Chapter 14); madl~ bets witil Kip Thome over wht~thl~r GygllUS 
X·1 is a black holt~ (Chapter 8) and wheLher nakefi singularities can form in our 
l;nlverse (Chapter 13). 

Israel, ,\Vemer (b. 1931). South African borll, Calladian theoretical physiCist; 
proved that every nonspinning 'i)lack hole must be spherical, and gave evidence that a 
black hole loses its ;'hair" by radiating it away (ChapU!r 7); dis(:overcd that the 
surface Ilrcas of black holes can only increase, but did not realize the significance of 
this conclusion (Chapter 12); with Poisson and Ori, showed that the tidal forces that 
surround f1 blQ(:k hole's singularity bec.ome weaker as the hole ages (ChapLI'.r 13); 
developed insights into tile early history of blac.k-hole research (Chapter 3). 

Kerr, Roy P. (b. 1934). I\ew Zealander maLhf-.matidan; discovered the solution to 
Einstein's fit'ld equaLion, which describes a spinning blacJc hole: thl~ "Kerr so~ution" 
(Chaptl~r 7). 

Landau. Lev Davidovich (1908' 1968). Soviet theoretical physicist; ~obd laure
ate:. transfused theoretical physics from Western Europe into the t;.S.S.R. ill the 
1930s (Chapters :) and 13); tried to explain stellar heat as produced by stellar mateJial 
being captured onto a neutron core at the SIAr'S center, and thereby triggered Oppen
heimer's research on neutron stars and black holes (Chapter 5); was imprisoned in 
Stalin's Great Terror and then released so he could develop the theory of superfluid· 
ity (Chapter 5); contributed LO Soviet nuclear weapons research (Chapl.er 6). 

Laplace. Pierre Simon (1749-'1827). French natural philosopher; devdopcd ami 
popularized thc l:oncept of a dark star (black hole) as governed by Newton's laws of 
physics (Chapter!! 3 and 6). 

Lorentz, Hendrik Antoon (1853-1928). Dutch theorel.i('.al physidst; :'ofobellau
reatr!; clevelopt"rl key foundations for thp.law!; of special relativiLY, the lIlost ilIlPQrtant 
bf!i IIg the Lort'ntz-Fitzgl'.ra1d comral:tion and time dilation (Chap~r 1); f rie nd and 
associate of Einsteill Whf'.ll l':in!>"tci[1 was developing his general relal.ivistic laws of 
physics (Chapter 2). 

Maxwell • .James Clerk (1831-1879). Bril.ish theoretical physicist; developed the 
laws of electricity and rllagnetism (Chapter 1). 

Michell, John (1724 1793). British natural philosopher; developed and popular. 
ize .. d the concept of a dark ~,.tar (black hole) as govenled by :-.lewton's laws of physics 
(Chapters 3 and 6). 
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Michelson, Albert Abraham (1852-1931). German-born, American experimen
tal physicillt.; ::-lobellaureate; invented the techniques of interferometry (Chapter 1); 
llSed those tedmiques to discover that the speed of light is indepl~ndent of one's 
velocity through the Universe (f'..hapter 1). 

Minkowski. Hermann (186+-1909). German theoretical physicist; teacher of 
Einstein (Chapter 1); discovered that space ilIld time are ttnified into Ilpacelime 
(Chapter 2). 

Misner, Gbarles W. (h. 19~9). American theoretical physicist; student of 
Wheeler's; developed all insightful embedding diagram description of how an im
ploding star produces a black hole (Chapter 6): created a research group that contrib
uted significantly to the "golden age" of black-hole research (Chapter 1); dill()overed 
that electromagnetic and other waves propagating Mar a spinning black holo can 
extract rotational energy from the hole and I.1Se it to amplify themselvell (Chapter 12); 
discovered the oscillatory, "mixrna.~«,.r" oscillations of tidal gravity near singularities 
(Chapter 1~). 

Newton, Isaac (1642-1127). British natural philosopher; developed the fotmda
tione for the Newtonian laws of physia; and for the concept of space and time as 
absolute (Chapter 1); developed the Newtonian laws of gravity (Chapter 2). 

Novikov, Igor Dmitrievich (b. t9~f». Soviet theoretical physicist and astrophysi
cist; stud em of Zel'dovich's; ..... 'ith Domshke\"ich and Zel'dovich, developed some of 
the key initial evidence that a black hole has no hair (Chapter 7): with Zel'dovich. 
proposed the method for astrollOmica1 searohes for black holes in our galaxy that 
seems to have finally succeeded (Chapter 8); with Thorne, developed the theory of 
the structUI'es of accretion disks around black boles (Chapter 12); with Doroshkevich, 
predicted that the tidal forces inside a black hole must change as the hole ages 
(Chapter 1:3); carried out resean:h on whether the laws of physics permit lime ma
chines (Chal'ter 14). 

Oppenheimer, J. Robert (1901-1967). American theoretical physiciat; trans
fused theoretical physics !rom Western Europe to the Vnited States in the 193011 
(Chapter 5); with St-.rber, disproved Landau'll claim that stars miglll. be kept hot by 
neutron cores, and with Volkoff, demonstrated that there is a. maximum possible mass 
for neutron stars (Chapter 5); with Snyder, demollstrated, in a highly idealized 
model, that when massiv~ stars die, they must implode to form black holl~!I, and 
elucidated key features of' the implosion (Chapter 6); led the American atomic bomb 
projec.:t, opposed the hydrogen bomb project ea.rly on and then endorsed it and lost hi. 
security clearance (Chapter 6); did battle with Wheeler over whether implosion 
produces black holes (Chapter 6). 

Penrose, Roger (b. 19:;,). British mathematician and theoretical physicist; pro
tege of Sciama's; speculated tbat black holes lose their hair by radiating it away 
(Chapter 7); discoverCMi that spinning black holes 5tore huge amounts of eltergy in the 
swirl or space outside their horizons and that this energy can be extracted (Chapter 7): 
developed the concept of Ii black hole's apparent horizon (Chapters 12 and 13): 
di5Co~-ered that the surface areas of black holes must inc.rea.'Ie, but did not realize the 
sigllifiClaDce of that ct)nciusion (Ghapter 12); invented and developed glObal (topologi
(~al) methods for analY7.ing black holes (Chaptel' 13); proved that black holes must 
have singularities in their cores and, with Hawking, proved thai. the big bang con
tained a sirlgularity (Chapter 13); proposed the cosmic censorship conjecture, that the 
laws of physics prevent naked Singularities from forming in our Universe (Chapter 
13). 
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Press. William Il (b. 1948). American theoretical physicist and asu-opbysicist; 
student of Thome's; with Teukolsky, proved that black holes arc stable against snlall 
penurbat.ions (Chapters 7 arId 12); discovered tbat black holes can pulsate (Chapter 
7); organized the funeral for the gC)lden age of black-hole research (Chapter 7). 

Price, Richard H. (b. 1945). American theoretical physicist and astrophysicist; 
student of Thorne's; gave the definitive proof that a 11lack hole loses its hair by 
radia.ting the hair away and proved that anything which can be radiated will be 
radiated away completely (Chapter 7); saw evidence that black holes pulsate but did 
not recognize its significance (Chapter 7); with others developed the membrane 
paradigm for black holes {Chapter 11); worried about Thorne's sanity when Thorne 
initiated r~arch on time machines (Chapter 14). 

Rees, Martin (b. 1942). British astrophysicist; student of Sciama's; developed 
models that explain the observed features of binary systems in which a black hole 
accretes gas from a companion star (Chapter 8); proposed that the giant lobes of a 
radio galaxy are powered by beams of energy that travel from the galaxy's core to the 
lobes, and with Blandford developed detailed models fortlle beams (Chapter 9); with 
Blandford and others, developed models that explain IIOW a supermassive black hole 
can energize radio galaxies, quasars, and active galactic nuclei (Chapter 9). 

Sakharov. Andrei Dmitrievich (192t t 9fl9). Soviet theoretical physicist; in
vented key ideas that underlie the Soviet hydrogen bomb (Chapter 6); close friend, 
associate, and compe~itor of Zel'dovich's (Chapters 6 and 7); later oo<..-ame tbe leading 
Soviet dissident and, after glasnost, Soviet sainL 

Schw8I'ZSChild, Karl (1876'1916). German astrophysicist; discovered the 
Schwarzschild solution ot'the Einstein field equation, which describes the spacetime 
geometry of a Jlonspinning star that is either static or imploding, and also describes a 
nonspinning black hole (Chapter 3); discovered the solution of tile Einstein equation 
for the interior of a C'.onllant-density star--a solution :.hat Einstein used to argue that 
black holes cannot exist (Chapter 3). 

Sciama, Dennis (b. 1926). British astrophysicist and mentor for British research
ers on black holes (Chapters 7 and 13). 

Teukolsky, SaUl A. (b. 1947). South African born, American theoretical physi
cist; student of Thome's; invented and developed the formalism by which perturba
tions of spinning black holes are analyzed and, with Prf."SS. used his formalism to show 
that black holes are stable against small perturbations (Chapters 7 and t2); with 
Shapiro, discov~ evidence that the laws of physics might permit naked singulari
ties to form in our Universe (Chapter 13). 

Thorne. Kip S. (b. t 940). American theoretical physicist; student of Wheeler's; 
proposed the hoop conjel.'lure which describes when black holes can fOrJlI in an 
imploding star, and developed evidence for it (Chapter 7); made estimates of the 
gravitatiollal waves from astrophysical sources and contributed to ideas and plans for 
the detection of those waves (Chapter to); with others, ce"'elopcd thl! membrane 
paradigm for black holes (Chapter 11); developed ideas about the statistical origin of 
the ent.ropy (,f a black hole (Chapter 12); probed the laws of physics by means of 
thoughl experinlents about wormhok'$ and time machines (Chapter 14). 

Waldo Robert M. (b. 19+7). Ameri('.an theoretical physicist; student of Wheeler's; 
contributed to the Teukolsky formalism for analyzing perturbations of black holes 
and its appiications (Chapter 7); with others, de\'e)oped an understanding of how 
electric fields behave outside a black hot--·an understanding that underlies the 
membrane paradigm (Chapter H); I:ontributec to the theory of the evaporation of 
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black holes and its implications f()r Lhe origin of black-hole entropy (Chapter 12); 
with Geroch, gave the firsL argument suggesting that time machines mighl be de
stroyt~d whenever they try to form (Chapter t+)_ 

Weber. Joseph (b. 1919)_ American experimental physicist; invented the world's 
first gravitational-wave detectors ("bar detectors") and co-in\'l~nted interferometric 
dot(.'Ctnrs for gravitational waves (Chapter 10); universally regarded as the "father" of 
t.he field of gravitational. wave detection. 

Wheeler, John Archibald (b. 1911). Americ.an theoretical physicist; mentor for 
American researchers 011 bla(:k holes and other aspects of general relativity (Chapters 
7); with HarrisoIl .U\d Wakano, developed the equation of state for cold, dead matter 
and a complete catalog of c()ld, d~.ad stars, thereby firming up evidt:nlx: thai. when 
massive stars die they must form black holes (Chapter 5); with :'oliel'l Bohr, developed 
the lheory of nuclear fission (C-11apter 6); led a team thai. designed the first American 
hydrogen bombs «(''hapter 6); argut.od ill a battlc wilh Oppenheimer that black holt~s 
cannot form, then retracted the argument and became the leading propommt of black: 
holes (Chapter 6); coined the phrases "black hole" (Chapter 6) and "a black hole has 
no hair" (Chapter 7); argued that the "issue of the final state" of gravitationally 
imploding stars is a key to undp.rstanding the marriage between general relativity 
and quantum mechanics, and in this argumerlt anticipal.ed Hawking's discovery that 
black holes can evaporate (Chapters 6 and 1~); developed foundations for the laws of 
qualllum gravity and, most important, conceived and developed the concept of quan
tum foam, which we now suspect is the stufT of which singularities are made (Chapter 
13); deyeloped the concept of thl~ Planck: -Wheeler length and area (Chapters 12, 13, 
14). 

Zel'dovich, Yakov Borisovich (1914-1987). Soviet theoretical physicist and as
trophysicist; mt:nl.Or for Soviet astrophysicists (Chapter 7); developed the theory of 
nuclear chain rf!acLions (Chapter 5); invented key ideas that undf!rlie Soviet atomic 
and hydrogen bombs, and led a bomb design team (ChapLer 6); with Doroshkevich 
and Kovikov, developed early evidence that a black: hole has no hair (Chapter 7); 
invented several methods for astrollomical searches for black holes, one of which 
seems ultimately to have SUCC(!(,>dl~ (Chapter 8); independently of Salputcr, proposed 
that supermassive black holes power quasars and radio galaxies (Chapter 9); (:()n
ceived of the idea that the laws of quantum mechanics might cause spinning black 
holes to radiate and thereby lose their spin and, with Starobinsky, proved so, but then 
resist.ed Hawking's proof Ulat even nonspinIling holl'_'1 ('.an radiate and evaporate 
(Chapter 12). 

Zvt'icky, .Fritz (1898-19·74). Swiss-bon} American theoretical physicist, a$l.ro
physicist, and optical astronomer; with Baadf!, idemified supernovae as a class of 
astronomical objeL'ts and proposed I.hal they are po\\oered by energy rclcasl~d when a 
[lormal star becomes a lleutr()n star (Chapter 5)_ 



Chronology 

a chronology 
of events, insights, and discoveries 

1687 Newton publishes hi. Principia. in which are formulated his concepts of 
absolute space and time. and his laws of motion and laws of gravity.leh. tJ 

1785 & 1795 Michell and Laplace. using Newton's laws of motion, gravity, 8Jld 
light, formulate the concept of a lSewtonian black hole. (Ch. 3] 

1864 Maxwell formulates his unified laws of electromagnetism. [Ch. tj 

1887 Michelson and Morley show, experimentally, that the speed of light is inde
pendent of the velooity of the Earth through absolute space. [Ch. t] 

1905 Einstein shows that space and time are relative rather than ab.,olute, and 
formulates the special relativistic la ..... "S of physics. [Ch. 1] 

Einstein shows that electromagnetic waves behave under some circumstance;; 
like particles, thereby initiating the concept of wave/particle duality that 
underlies quantum mechanics. lCh. 4J 

1907 Einstein, taking his iirst steps toward general relativity, formulates the con
cept of a local inertial frame and the equivalence principle, and deduces the 
gravitational dilation of time. lCh. 2] 

1908 Hermann Minkowski unifies space and time into an absolute four-dimen-
8iol1al spacetime. [Ch. 2] 

1912 Einsteitl realizes that spacetime is curved, and that tidal gravity is a manifes
tation of that curvature. [Ch. 2] 



1915 Einstein and HiJ"bert independently formulate the Einstein field equation 
(which describ(~s how mass curves spa.cetime), therehy completing the laws of 
g~.neral reliltivity. (Cll. 2J 

1916 K:rrl Schwarzschild discovers the SchwarzschUd solution of the Einstein field 
equation, which later will tum out to descrihe nonspillning, uncharged hlack 
boles. ICh. 3] 

Flamm discovers that, with an appropriate choi('.e of topology, the Schwan
St';hild solution of the Einstein equation can de.('.ribe a wormhole. [Ch. 14j 

1916 & 1918 Reissner and Nordstrom discQver their solution of the EinsteiII field 
equation, which later will describe nOIlspinning, charged black holes. lCh. 7] 

1926 Eddington poses tht: mystery of the white dwarf.~ and attacks the reality (If 
black holes. [Ch. 4] 

&.hriidingE!r and Heisenberg, building on others' work, complete the formu
lation of the quanlum mechanical laws of physics. [Ch. 4] 

Fowler uses the quantum mechal,icallaws to show how electron degeneracy 
resolves the mystery of the white dwa.rfs. [Ch. 4-J 

1930 Challdrasekhllr discovers that there is a lllaximum mass for white dwarfs. 
leh.4] 

1932 Chadwick discovers the neutron. [Ch. 5] 

Jansky discovers cosmic n.dio waves. ;Ch. 9 J 

1933 Landau creates his r(!Search group in the L.S.S.R. and begins to Irllllsfuse 
theoretical physics ttlf~re from Western Europe. leh. :5, 13] 

Baade and Zwicky identify supernovae, propose tile com:ept of a neutron star, 
and suggest Lhat supernovae are powered by t.he implosion of a stellar core to 
foml a neutron star. reh. 5] 

19~5 ChilIldrasekhar II1akes more complete his demonstration of the Il'laximum 
ma.'IS for white-dwarf stars, aJld It:.ddington attacks his work. leh. 4] 

1955-t959 The Great Terror in the U.S.S.R. [Ch. 5, 6] 

1937 (-;reenstein and Whipple demonstrate that .Iansky's cosmic radio Waves can
not be explained by then-known astropbysical processes. leh. 9) 

Landau, in a desperate attempt to a~'oid prison alld death, propost".5 that stars 
are kept hot by energy released when matter !lows onto neutron cores at their 
('.enters. [Ch. 5 J 

19:58 Landau is imprisoned ill Mo.'Ir.Ow on charges of spying for GermCIDY. [Ch. 5] 

Op~mheimer and Serher disprove Landau's I1eutrOll core method for keeping 
stars ho~; 0pplmheimer and Volkoff show thaL there is a rnaximum mass for 
neutron stars.leh. 5] 

Dethe and Critchfield show that the Sun and other stars are kept hot by 
burrling Iluciear fuel. L elI. 5J 



CHRO!'lOLOGY 

1939 Landau. near death. is released from prison. I Ch. 5 J 

Einstein argues that black hok'S C<UlnOl p",ist in the real {;niversc·lCh. 4J 

Oppf'..nheimer and Snyder, in a highly ideslized calculation, show that an 
imploding star forms a black hole, and (paradoxically'~ that the implosion 
appears to freeze at the hori7.on as seen from the outside but not as seen from 
the star's surfa(~. I Ch. 6 J 

Reber di$('..overs cosmic racio waves fru.n distallL galaxies, but does not know 
that is what he is seeing. [Ch. 9 J 

Bohr and Wheeler develop thl~ theory of nuclear fission. [Ch. 6J 

Kharitoll and :t..f!l'dovicb develop the theory of a chain reaction of lluclear 
riS5ions. [Ch. 6J 

The Gennan army invades Poland, selting off W orId War' I. 

1942 The C.S. launches a Cl1ISh program to develop the atomic: bomb, led by 
Oppenheimer. l Ch. 6 J 

1945 The U.S.S.R. launches a low-level effort to design nuclear f(:acl.ors and atomic 
bombs, with Zel'dovich as a lead Lheorist. [Ch. 6j 

t945 The U.S. drops atomic bombs on Hiroshima and Nagasaki. World War II 
ends_ A low-level U.S. effort to develop the superbomb is beguri.lCh. 6j 

The 'C.S-S.R. launches a crash program to dcw:lop lhe atomic bomb, with 
Zel'dovich as a lead theorist. [ell. 6] 

1946 "'riOOrnan and his team launch the first astronomical instrument above the 
Earth's atmosphere, OIl a captured Gp.rman V -2 rocket. I:cn. 8J 

ExperimcnLal phy&ici&t& in Englanl1 and Australia begin constructir:g radio 
t.clcscopes and radio interferometers. l Ch. 9 j 

1948 Zel'dovich, Sakharov, Gin~burg, and others in the U.S.s.R. initiate design 
work for a superbomb (hydrogen bomb); Ginzburg invents the LiD fuel, 
Sakharov the layered-cake design. [Ch. 6J 

1949 The 'C.S.S.R. explodes its first atomic bomb, setting off a debate in the 
"C.S. about a crash program to develop the superbomb. The G.S.S.R. pro
ceeds directly into 2 crash program for the superbomb, without debate. 
(eh.6J 

1950 The U.S.launclu .. >s a crash superbomb effort. ;Ch. 6J 

Kicpenheuer anc Ginzburg realize that cosmic radio waves are prod'iced by 
cosmic-ray electrons spiraling in interstellar magnetic fields. [Ch. 9 J 

Alexandrov and Pimcnov i.nitiate an ill fated attempt te) inLroduce topologi
cal tools into rnal.hematiczl studies of C'.lfVOO spacel.ime. [Ch. 13] 

1951 Teller and Ulam in the U.S. irlVI.!tlt the idea for a "real" superbomb, one that 
can be arbitrarily powerful; Wheeler puts together a team to dl'_"ign a bomb 
based on the idea alld simulate its explosion on computers. ~Ch. 6] 
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Graham Smith provides Baade with a 1-arc-minute error box for the cosmic 
radio source Cyg A, and Baade discovers with an optical telescope that Cyg A 
is a distant galaxy-a "radio galaxy." rCh. 9] 

1952 The U.S. explodes its first superbomb device, one too massive to be delivered 
by an airplane or rocket, but using the Teller-Uam invention and based on 
the Wheeler team's design work. [eh. 6] 

t953 Wheeler launches into research on general relativity. [eh. 6j 

Jennisotl and Das Gupta discover that the radio waves from galaxies are 
produced by two giant lobes on opposite sides of the galaxy. [eh. 9] 

Stalin dies. [Ch. 6] 

The U.S.S.R. explodes its first hydrogen bomb, based on the Ginzburg and 
Sakharov ideas. It is claimed by U.S. scientists not to be a "real" superbomb 
bec.ause the design does not permit the bomb to be arbitrarily powerful. [Ch. 
6) 

1954 Sakharov and Zel'dovich invent the Teller-Ulam idea for a "real" super
bomb. [Ch. 6) 

The U.S. explodes its first real superbomb, based on the Teller-Ulam/Sak
harov-Zel'dovich idea. (Ch. 6) 

Teller testifies against Oppenheimer, and Oppenheimer's security clearance 
is revoked. [Ch. 6] 

1955 The U.S.S.R. explodes its first real superbomb, based on the Teller-Ulaml 
Sakharov-Zel'dovich idea. [Ch. 6] 

Wheeler formulates the concept of gravitational vacuum fluctuations, identi
fies the Planck-Wheeler length as the scale on which they become huge, and 
suggests that on this scale the concept of spacetime gets replaced by quantum 
foam. [Ch. 12, 13, 14) 

1957 Wheeler, Harrison, and Wakano formulate the concept of cold, dead matter 
and make a catalog of aU possibJe cold, dead stars. Their catalog firms up the 
conclusion that massive stars must implode when they die. [('..h. 5] 

Wheeler's group studies wormholes; Regge and Wheeler invent perturbation 
methods for analyzing small penurbations of wormholes; their formalism 
later will be used to study perturbations of black holes. [Ch. 7, 14] 

Wheeler poses the issue of the final state of stellar implosion 88 a holy grail 
for research and, in a confrontation with Oppenheimer, opposes the idea that 
the final state will be hidden inside a black hole. [Ch. 6, 13] 

1958 Finkelstein discovers a new reference frame for the Schwarz.schild geometry, 
and it resolves the 1939 Oppenheimer-Snyder paradox of why an imploding 
star freezes at the critical circumference as seen from outside but implodes 
Ibrough the critical circumference as seen from inside. [Ch. 6] 

1958-1960 Wheeler gr.-dually embraces the concept of a black hole and becomes 
its leading proponent. ICh. 6J 
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1959 ,"Yheel(;r argues that sp,"Icetime singularities formed in the big crllIl(~h or 
insidt! a black hole ace governed by the laws of quantum gravity, alld may 
consist of qual'ltam foam. ~ ell. 13 J 

Burbidge shows that the giant lobes of radio galaxies contain magnetic alld 
kinetic energy equivalent to that obta ill(:d by a perfeL1. {:llnversioll of I () 
milliofl Suns into pure tmetgy. [Ch. 91 

1960 Weber initiates construction of bar detectors for gravitational Wavt~9. [eh. 101 
Krusltal sho ...... s ihat, if il is not threaded by any mat~rial, a spherical worm
hole will pinch off so quickly that it cannot be traversed. [Ch. 14: 

Graves arid Krin discover that the kissner· I\orcstrom solution of EinsteiII's 
equation describes it spherical., E'lectrically charged black hole anel al~n a 
wormhole. [Ch. 7 J Their ...... ork suggest.~ (incQ.'Tectly) that it might be possible 
to travel from the interior of it black hole iii our Universe through hyperspace 
a."1d into some other universe.leh. 13] 

1961 Khalilulikov and Lifshitz argue (incorrectly) that Eillstcin's field equation 
does not penn it the existence of sirlgularities ",,-jtll randnml,'f ceformed curta·· 
ture, and therefore singulariti<.'S canllot fonn inside real black hol(~'1 or in the 
Cniverse's big crunch. [Ch. 13) 

1961-1962 Zel'dovich begins research 011 astrophysics and gtmeral relativity, re
cruits Koviko\o', and hegins to build his research team. [Ch. 6] 

1962 Thorne begins rcscardl under Wh(~If'.r's guidance and initiates researc:h Lhat 
wi1l1ead to th(~ hoop conjecture. leh. 7] 

Giacconi and his teilnl discover cosmic X-rays, using a Gl~igcr counter nowll 
above the Earth's atmosphere on an Acrobee rocket. [Ch. 8] 

1963 Kerr discovers his solution of Einstein's field eCluation. reh. 7j 

Schmidt, GrL'(mstein, and Salldage discover qU8$ACS. [Ch. 91 
1964 The golden age of theoretical black-hole rp.search begins. [Ch. 7: 

Penrose introduces topology as a tool if'! relativity research, alld uses it t.n 

prove that singularities must residt~ inside all black holes. [Ch. 13i 
Ginzburg and then Doroshkevich, :\'ovikov, and Zel'dovkh discover the rim 
evidence that a black hole has no "hair." [Ch. 7.1 

Colgate, May, and 'White in the 1:.S., and PodurelS, lmshenllik, and Nadezhill 
in the U.s.S.R.: adapt homb design computer codes to simulaLe realistic im
plosions of stella.r ClUes; they confirm Zwicky's 1954 speculation thilt implo
siolls with low tnass wiJI form a neutron star and trigger a supernova, and 
confirm the 1939 Oppenheimer Snyder conclusion that implosions with 
larger mass will create a black hole. [Ch. 6, 
Zel'dovich, Guseinov, and Sa1peter make the first proposals for how to sl:arch 
for black holes in the real Universe. [Ch. 8] 

Sal peter and Zel'dovich speculate (<''(ICrectly) that sup(~rma.ssive bla(~k holes 
power quasars and radio galaxies.IGh. 9] 
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Herbert Friedman and his team discover Cygnus X-I, using a Geiger counter 
flown on a rocket. [Ch. 8] 

1965 Boyer and Lindquist, CarteT, and Penrose di.'>I'.()ver that Kerr's solution of 
Einstein's field equation describes a spinning black hole. [Ch. 7] 

1966 Zel'dovich and Xovikov propose searching for black holes in binaries where 
one object emits X-rays and the other light; this ITlethocl will sUIX~eed in the 
19705 (probabIY)·lCh. 8J 

Geroch shows that the topology of space can change (for example, a worm
hole can form) non-quantum mechanically only if a time machine is creat<.od 
in the process, at least momentarily. [eh. 14J 

1967 Wheeler coins the name black hole. [Ch. 7] 

Israel proves rigorously the first piece of the black-hole, no-hair conjecture: A 
nonspinning black hole must be precisely spherical. [Ch. 7] 

1968 Penrose argues that it is impossible to travd from the inwri!)r of a black hole 
in our l;niverse through hyperspace and into some other universe; others, in 
the 1970s. will confirm that his argument is correct. i Cli. 1 ~ ~ 

Carter discovers the nalUre of the swirl of space around a spinning black hole 
and its influence on infalling particles. [Ch. 7J 
Misner and independently Belinsky, Khalatnikov, and Lifshiu discover the 
oscillatory "mixmaster" singularity as a solution of Einstein's equation. rCh. 
t~J 

1969 Hawking and Penrose prove that our Cniverse must have had a singularity at 
the beginning of its big bang expansion. [Ch. 13] 

Belinsky, Khalatnikov, and Lifshitz discover the oscillatory BKL singularity 
as a solution of Einstein's equation; they show that it has random deforma
tions of its spacetime curvature and argue that therefore it is the type of 
Singularity that forms inside black holes and in the big crunch. reh. 15J 

Penrose discovers that a spinning black hole stores enormous energy in the 
swirling motion of space around it, and that this rotational energy can be 
extracted. [Ch. 7] 

Penrose proposes his cosmic censorship conjecture, that the laws of physics 
prevent naked sirlgularities from forming. [eh. 13J 

Lynden.Bell proposes that gigantic black holes reside in the nuclei of galaxies 
anel are surrounded by a<.'Cretion disks. rCh. 9j 

Christodoulou notices a similarity between the evolution of a black hole 
when it slowly aecretes matter and the laws of thermodynamics. reh. 12J 

\Veber announces tentative observational evidence for the existence of gravi
tational waves., triggering many other experimenters to start constructing bar 
dete<.wrs. By 1975 it will be clear he was not seeing waves. reh. 10j 

Braginsky discovers evidence that there will be a quantum limit on the 
sensitivities of gravitational. wave detectors. reh. 10J 
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1970 Bardeen shows that the accretion (If gas is likely to make typical black holes 
in our Universe spin very rapidly. fCh. 91 
Price, building on work of Penrose, ~ovikov, and Chase, de la Cruz, and 
Israel, shows that black holes lose their hair by radiating it away, and he 
proves that anything which can be radiated will be radiated away completely. 
leh. 7] 

Hawking formulates the c-oncept uf a black hole's absolute horizon and proves 
that the surface areas of absolute horizons always increase. [eh. 12) 

Giattoni's team constructs Ghuru, the first X-ray detector on a satelh~e; it is 
launched into orbit. [Ch. 8j 

1971 Combined X-ray, radio-wave, and optical observations begin to bring strong 
evidence that Cygnus X-1 is a black hole orbiting a normal star.lCh. 8] 

,Veiss at MIT and Forward at Hughes pioneer interferometric detectors for 
gravitational waves. [Ch. 10) 

}tees proposes that a radio galuy's giant lobes are powered by jets that shoot 
out of the galaxy's core. [Ch. 9) 

flanni and Ruffini formulate the concept ()f surface charge on a hurizon, a 
foundation for the mem bTane paradigm. [Ch. 11 J 

Press discovers that black holes can pulsate. [Ch. 1J 
Zel'dovich speculates that spinning black holes radiate, and 7..el'dovich and 
Starobinsky use the laws of quantum fields in curved spacetime to justify 
Zel'dovieh's speculatioll. [eh. 12] 

Hawking points out that tiny "primordial" bla(".k holes might have been 
created in the big bang. [eh. 12] 

1972 Carter, building on work by Hawking and Israel, proves the no-hair conjec
ture for spinning, uncharged black holes (except for some technical details 
filled in later by Robinson). He shows that such a black hole is always 
described by Kerr's solution of Einstein's equation. (Ch. 7J 

Thome proposes the hoop conjecture as a criterion for when black holes fonn. 
LCh.7J 

8ekenstein conjectures that a black hole's surface area is its entropy in dis
guise, and conjectures that the hole's entropy is the logarithm of the number 
of ways the hole could have been made. Hawking argues vigoroWily against 
this conjecture. [Ch. 12] 

Bardeen, Carter, and Hawking formulate the laws of evolution of black holes 
in a fornl that is identical to the laws of thermodynamics, but maintain that 
the horizon's surface area cannot be the hole's entropy in disguise. [eh. 12] 

Teukolsky develops perturbation methods to describe the pulsations of spin
ning black holes. [Ch. 7] 

1975 Press and Teukolsky prove that the pnlsations of a spinning blll(".k hole are 
stable; they do not grow by feeding of{ the hole's rotational energy. [Ch. 7) 
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1074 Hawking ~ilOWS !.hat all black holes, spinning or nonspinning, radiaLe pre
cisely as though they had a ternperatuce that is proportiollal t·n their surface 
gravity, and they thereby evaporale. He then recants his claim that the laws 
of black-hole mechanics arc nOI. the laws of thermodynami('-s in disguise and 
recants his critique of .8t!kcnSLein'lI conjecture that II hole's surface area is its 
entropy in disguise. [Gh. 12j 

1074-1978 81andford, Rees. and Lynden-Kell identify severe, I methods by which 
supermassive black holes in the nuclei of galaxies and quasars can create jets. 
[Ch.9] 

11;175 Bardeen alld PCl\.Crson show that the swirl of space around it spinning black 
hole carl act as a gyroscope to rnaifllain Lhe directions of jets. l Ch. 9] 

Chandrasekhar emharks on a five-year qUt!$l. LO develop a cornplctn rnaule
mati cal description of perturbatiolls of bladt holes. [Ch_ 7; 

lJnmh and Davies illfer thaL, as seen by accell!rating obsenrers just above a 
black hole's llorizoll, the hole is surrour.ded by a hot. aunosphere of partidl!s, 
whose gradultll!scape acrounts for the holc's evaporation. rCh- 12j 

Page computes Ule sfX~l:tr\tm of particles radiated by black holes. Hawking 
and Page, from observational data 0]1 cosmic gamma rays, infer that there can 
be no more than ~ tiny, I)rimordial, evaporating black holes in each tubic 
light·year of spal:c. leh. 12] 

The golden age l.f theoretical black-hole r~arch is declared finished by 
youthful researchers. [Ch. 7.1 

1977 Gibbons and Hawking vt:rify Kekenstein's conjel:turc that a black hole's en
trollY is the logarithm 01 the number of ...... ays it might. have been madt!. leh. 
12] 

Radio astronomers USl! interferometers to diS<.'Ovcr t.he jets that feed puwec 
from a galaxy'S Cl!/It.ral black-hole engine t.o it_~ giant radio emitting lobes. 
[C .. l1. 91 
Blandford and Znajek show thal magnetic lields, thrp.4ding the horizon of a 
spinning black hole, ('.an extract the hole's spin energy, and that the extracted 
energy (:an power quasars and radio galaxies. [Ch. 9~ 

Znajek and Damour fj)rmulate the membrane description of a black-hole 
horizon. I Ch. 11 J 
Braginsky and colJeagut!S, and Caves, Thorne, and colleagues, devise quan
tum nondemolition sensors for circurnVCfl!.ing the quantum limit on har 
detectors of gravitational waves. rCh. 10J 

1978 Giacconi's group <:onlplctes construction of tho first high-resolution X-ray 
telescope, called "J<~illstein," and it is laurll:hl~ into orbit. [Ch. 8] 

1979 Townes 811d others diS(~ver evidence for a 3-million-liOlar-mass black holc at. 

the center of our galaxy. [eh. 9] 

Drever initiates an interferomeLric gravitational-wave detection projet.'t at 
C..altech. [Ch. 101 
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1982 Huntillg and MazUl' prove the no-hair conjecture for spinning, electrically 
charged black holes. rCh. 7] 

1985-1988 Phinney and others develop comprehensiw black-hole-based models 
to explain the full details of quasars and radio galaxies. [Ch. 9; 

1984 The Natiollal Science Foundation torges a shotgun marriage between the 
Caltech and MIT gravitational-wave det.cct.iofl clrorts, giving rise to the 
LlGO Project. rCh. 10j 

Redmount (building on earlier work by .... ..ardley) shows that radiation falling 
into an empty, spherical wormhole gets accelerated to high energy and 
greatly speeds up the wormhole's pinch-off. l eh_ 14 J 

1985-1995 Thome, Morris, Yurtsever, f'riedman, I\ovikov, alld others probe the 
laws of pllysics by asking whether the}' permit Lravcrsabll~ wormholt.'S ilnd 
time machines. I Gh. t 41 

1987 Vugt becomes director of !.he LIGO Projt.'(!l, and it then begins to move 
fOrward vigorously. rCh. 101 

1990 Kim and Thome show that. whenever one Lries to create a time machine, by 
ally method wbatsoever, an intense beam of vacuum flu<..1uations circulates 
through the. machine at the moment il is first created. lCh. 14J 

1991 Hawking prop08es the chronology protA.'Ction <"'OlIjet.1ure (that the laws of 
physics forbid time machines) and argues that. it will b(~ (~nfon~>d by the 
citculating beam of vacuum fluctuations destroying any time machine at it.~ 
momenl nf forma tion. [Ch. 1+1 
Israel, Poisson, and Ori, building nn work by Doroshkcvicll and ~ovikov, 
show that the singularity inside a black hole agf'_~i Ori shows that whl~(1 the 
hole is old and quiescent, infalling objects do not get strongly deformed by 
the singularity's Lidal gl"clVity until the moment they hit its quantum graVity 
core. [Ch. 13] 

Shapiro and Teukolsky discover evidence, in supercompul.er simulations, that 
the cosmic censorship conjecture might be wrong: Naked singularities might 
be able to form when highly nonsphcri<~1 stars implode. rCh. 131 

1995 Hulse and Taylor ar~ awarded the ;'IIobel Prize for demonstrating, by mea
surements of a binary pulsar, that gravitational waves exist. [Cb. 10.; 
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Glossary 

definition.~ of exotic terms 

absolutf'n Independent of one's reference frame; the same as measu('(.-d in each and 
every reference frame. 

absolute horizon. The surface of a black hole. See horiz(ln. 
absolute space. Newton's conception of the three-dimensional space in whidl we 

live as having a 110tion of absolute rest. and as having the property that the 
lengths of ohjects are independent of the motion of the reference frame in 
which they are measured. 

absolute time. Newton's conception of time as being universal, wiLh a unique, uni
venally agreed upon notion of simultaneity of events and a unique. univer
sally agreed upon time interval between any two events. 

accelerated observer. An observer who does not fall freely. 
accretion disk. A disk. of gas that surrounds a black hole or Ileutron star. It'rictioll ill 

the disk makes the gas gradually spiral inward and accrete ont.o the hole or 
star. 

adiabatic index. Same as resutance to cl)mpression. 
aether. The hypothetical medium which (according to nineteenth-century thinll.ing) 

oscillates when electromagnetic ..... "aves go by, and by its oscillations, makes 
the wallf'~~ possible. The aether was believed to be at rest ill absolute spa('"e. 

angular momentum. A measure of the amount of rotation that a body has. III this 
book the word spin is often used in place of "angular momentum." 

antimatter. A form of material that is "anathema" LO ordinary matter. To each type 
of particle of ordinary matter (for example, an electron or proton or neutron) 
there corresponds an almost identical antiparticle of antimatter (the positron 
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or antiproton or antincu.tfon). ""nen a particle of matter rm.'(~ts iLs corrt'· 
sponding antiparticle of antimatter, they annihilate each other. 

apparent horizon. The ouLermost location arou!ld a black holt~, where photol's, 
tr}ing to escape, get pulled inward hy gravity. TIlis is I.he same as The (abso
lute) horizon only when the hole is in a quiescent, unchanging statt~. 

astronomer. A scientist who speciali~-cs in observing cosmic objects using tdescopes. 
astrophysicist. A physicist (wually a theoretical physicist) who specializes in using 

the laws of pbysics to try LO understand how cosmic objet.-ts behave. 
astrophysics. TIle branch of physics that deals with cosmic obj<.'CI.'I and the laws of 

phy~ics that govenl them. 
atom. The basi" building block of matter. Each atom consists of a nucleus wil.h 

positive electric charge and a surrounding cloud of electrons wit.'l negative 
charge. Electric forces bind the electroll c10lJd to the nucleus. 

atomic bomb. A bomb wholle explosive t'Clergy comes frolll a ('.hain reactiorl of 

fissions of uranium-235 or plutollium-2..>59 lluclt'i. 
band. A range of rrequencies. 
bandwidth. Th(! range of frel:juencia; over which all instrument can dt~eCL a 

wavc. 
bat detector. A gravitational-wave dt'tector in whi('.h the wave.8 sqtl~e and stretch 

a large mE-tal bar, and a sensor monitol$ Lhe bar's vibrations. 
besm splitter. A device used 10 split a light beam into two parts going in different 

directions, and to combine two light beams that cOrrie from different direc
tions. 

big bang. The explosion in which the I:niverse began. 
big crunch. The final stage of recollapse of the Cniverse (assuming the Cniverse 

dOf'.8 ultimately recollapse; we don't know whether it will or not). 
binary system. Two objcl;ts in oroit around each oLher; the object.s may be stars or 

black holes or a st'1.r and a black hole. 
BKLs~ularily. A singularity near which tidal gravity oscillatp-s chaotically both in 

time and space. This is thl! type of singularity thaL probably forll'ls at the 
ccnter~ of black holes and in the big crunch of our l;niverse. 

black hole. An object (created by the implosion of a star) down which things can fall 
bUL out of which nothing can ever escape. 

black·hole binary. A binary system made of two black holes. 
Blandford-Znajek process. The extraction of rotational energy from a spinning 

black bole by magnetic fields thaL thread through the hole. 
boosted atomic bomb. An atomic bomb whose explosive power is illCfl!ased by one 

or more layers of fusioII fuel. 
chain reaction. A st'quence of fi..'lSions of atomic lIIiclei in which neutrons from one 

fission trigger add i lil)nal fissions, arid rll~ul.rons from thl)s(: trigger still morc 
fissions, and so on. 

Ghandrasekhar linlit. The maximum mass that a whiu!-dwarf star can have. 
chronol~y protection conjecturf'~ Hawking's conjecture ~hat the laws of physic..s 

do not al10w Lime machines. 
Classical. SubjecL to the la\'t"S of physics that go,,-erll macroscopic ohjects; non-quan

tum mechanical. 
cold. df'.ad matter. Gold matter in wllich all nuclear reactions huve gone to comple

tion, t'xpeUitlg from the matter all the nuclear energy that ('.811 po~ibly be 
removed. 

collapsed star. The name used for a bl&ck hole in the West in the 1960s. 
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conservation law. Any law of physics that says some specific quantity ('.an nl';ver 
change. E.xamples are const:rvalion of mass alld energy (taken together a.~ a 
single (~lItity via Einsteill's E "" jl,fr.~), collllervalion of total electric charge, 
and c()nservati{lll {If angular momentum (total am()unl. ()f spin). 

corpuscle. The Ilame USt."d for a particle of light in the 5eventeemh and eighteenth 
centuries. 

cosmic censorship conjectu:re~ Th~ (:onjl.'L'lure that the la ..... '$ of physics prevem 
naked singularities from fluming when an objl.'(;t implodes. 

cosmic ray. A partide of matter or antimatter that bombard.~ the Earth frorn space. 
Some cosmic rays are produced by the Sun, but most are creal.~d in distant 
regions of our !\1ilky Way galaxy, perhaps in hot clouds of gas thai. art~ cicct(~d 
into interstellar space by SUPI!CIIOvac. 

cosmic string. A hypothetical one-dimp.nsi()llal, st.ring-Iike objl~l-:t that is made from 
a warpagl~ of spa<'"e. The string has no ends (eil.her ,I. i~ dOSl~d 0(1 itself like a 
ru bber band or it ext(!Iuls on and on forever), and its space warpagll causes 
any circle around it 1·0 have a drculIlference divided by diameter slightly l~s 
Ulan 1t. 

critical circumference. The circumference of the hori7.on of a black hole; the cir· 
clJlllferencc itlsidt~ which an object must shrink in order for it 1.0 form a black 
hole around itself. The value of the critir.al circumference is 18.5 kil(IJn(!ters 
times the mass of the hole or object in units of the ma. ... ~ of the Sun. 

curvature of space or spacetime. The property of space or spacetime thai. makl'.~ it 
violate Euclid's or :\1inkowski's notiolls of gl'OIIIt'try; that is, the property that 
enahles b·t.raight lines that are initially p:u-allel 1.0 cro.'IS. 

Cy@; A. Cygnus A; a radio galaxy that looks like (but is not) two colliding g<llaxics. 
The finl. radio galaxy to be firmly identified. 

Cyg X·1. Cygnus X-l; CI massive objt'Ct in our galaxy that is probably a black hClI(~. 1I0t 
gas falling toward thc "bjl~(~ emits X-rays observed on Earth. 

dark star. A phrase used in the lat~ eight(~~!lth alII I early nineteent.h centuries to 
describe what we now call a bia('.k hellr.. 

degeneracy pressure. Pressure inside high-density mal.l.er, prodl!l!ed by erratic, 
high-speed, wave/particle-tluality-induced motions of l~lcctrollS or neutrons. 
This typ~ of pCl.'SSure rernains strong when matter is cooled to atl.~olllt.e zero 
temperature. 

deuterium nudei, or deuterons. Atomic tlIJdci mad(~ frorn a single proton and a 
single neutron held together by the IllJcip.ar foCl'.c. Also (:ailed "heavy hydro
gen" h(lcau$(~ atoms of deuterium have almost the same chemical propl~rtjes 
as h yd rogl~11. 

differential equation_ An l.'quation that combines in a single formula various [unc
tions and their raLeS of changl:; t.hat is, the functions and their "(terivatives." 
By "solve a differential equaLion" is meant "compute the functions them· 
schrl'S from the differential equation." 

Doppler shin. 111e shift of a wave to a higher frequenc.v (shorter wavdength, higher 
tmcrgy) wht~I1 its source is movillg toward a receiv~r, and tn <I luwer frequcn(~y 
(longer wavelength, lowt'r energy) when the source is moving away from I.IH! 

receiver. 
electric charge. The property of a particle or matter by which it produces and ft'els 

e Il~(..tri c forces. 
E'lectric field. The force field around an electric charge, which ['ullll and pWlhes 011 

otht~r dct:tri c charges. 

$49 



550 GI,OSSARY 

electric field lines. Lines that point in the direction of the force that an electric field 
exerts on charged particles. Electric analogue of magnetic field Ji(l('.s. 

electromagnetic waves. Waves of electric and magnetic forCE'S. These include, de
pending on the wavelength, radio waves, mi("IOwaves, infrared radiation, 
lig}1t, ultraviolet radiation, X-rays, and gamma rays. 

electron A fundamental particlE! of matter, with negative electric charge, which 
populates the outer regions of atoms. 

electron d.-.generacy. The beha.vior of electrolls at high densities, in which they 
move erratically with high $peeds as Cl result of quantum mechanical wave/ 
particle d.uality. 

elementary particle. A subatomic particle of matter or antimatter. Among t.he 
elementaIy particles are electroll$, protons, neutrons, positrons, antiprotons, 
and antineutrons. 

embedding diagram. A diagram ill which one visualizes the curvature of a two
dimensional surface by embedding it in a flat, three-dimensional space. 

entropy. A measure of the amount of rllndomness in large collections of atoms, 
mol~cules. and ower particles; equal to the logarithm of the number of wayS' 
that the particles oould be distributed without changing their macroS(:opic 
appearance. 

equation of state. The manner in which the presslJIe of matter (or matter's resist
ance to compression) deptm.ds on its density. 

equivalence principle. See principle of equilJ4lence. 
error box.. The 'region of the sky in which observations suggest that a specific star or 

other objt!Ct is located. It is called an error box: because the larger are the 
uncenainties (errors) of the observatiolls, the larger will be this region. 

escape velocity. The speed with which an object must be launched from the surface 
of a gravitating body in order for it to escape the body's gravitational pull. 

evenL A point in spacetime; mat is', a location in space at a specific moment of time. 
Alternatively, something that happeru at a point in spacetime, for example, 
the ~xplosioll of a firecracker. 

exotic material. Material that has II. nesatWe average energy density, as measured 
by someone moving through it at nearly the speed of light. 

field. Something that is distrihuted co~ltinuously and smoothly in space. Examples 
are t.he electric field, the magnetic field, the t.'urvature of spaI'.etime, and a 
grclviUltional wa\'e. 

fission, nuclear. The breakup of a large atomic nucleus to form several smaller ones. 
The fission of uranium or plutonium nuclei is the source of tlle energy that 
drives the explosion of an atomic bomb, and fission is the energy source in 
nuclear reactors. 

freely falling object An object on which no forces act except gravity. 
free particle. A particle on which no forces act; that is, a. particle that mo,'es solely 

under the influe.."lce of its own inertia. When gra.vity is present: A particle on 
which no forces act except gravity. 

frequency. The rate at which a wave oscillates; that ill. its numhf'.1 of cycles of 
oscillation per second. 

frozen star. The name used for a black hole in the U.S.S.l\.. during the 1960s. 
function. A mathematical expression that tella how one quantity, for example, the 

circumference of a hlack hole's horizon, depends on some other quantity, fDr 
example, the black hole's mass; in this example, the function is C = 47tGMIr:2, 
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where C is the circwr.ference, M is the mass, G is Newton's gravitation 
constant, and c is the speed of light. 

fusion, nuclear. The merger of two small atomic nuclei to form a larger one. The 
Sun is kept hot and hydrogen bombs are driven by the fusion of hydrogen. 
deuterium. and tritium nuclei to form helium nuclei. 

galaxy. A colle<:tion of between 1 billion and 1 trillion stars that an orbit around a 
common center. Galaxies are typically about. 100,000 light-yean in diameter. 

gamma rays. Electromagnetic waves with extl'f'.mely short wavelengths; see Figure 
P.2 on page g5. 

Geiger counter. A simple instrument for detecting X-rays; also called a "propor
tional counter." 

general relativity. Einstein's laws of physiQl in which gravity i.~ described by a 
curvature of spacetime. 

geodesic. A straight line in a curved space or curved spacetime. On the Earth's 
surface tJle geodesics are the great circles. 

sigantic black hole. A black hole that weighs as much as a million Suns, or more. 
Such holes are thought to inhabit the cores of galaxies and quasars. 

global methods. Mathematical techniques, based on a combination of topology and 
geometry, for analyzing the structure of spacetime. 

gavitational cutoff. Oppenheimer's phrase for the formation of a bladt hole 
around an imploding star. 

gravitational lens. The role of a gra .. itating body, such as a black hole or a galaxy, 
to fo('u8 light from a distant source by deflecting the light rays; see light 
deflection. 

gavitational redshifl of light The lengthening of the wavelength of light (the 
reddening of its color) as it propagates upward through a gravitational field. 

gravitational time dilatiOIL The slowing of the flow of time near a gravitating 
body_ 

gravitational wave. A ripple of spacetime t:urvature that travels with the speed of 
light 

gra\iton. The particle which, according to wave/particle duality, is associated with 
gravitational waves. 

gyroscope. A rapidly spinning object which holds its spin axis steadily fixed for a 
very long time. 

"hair." Any property that a black hole can radiate away and thus cannot hold 011 to; 
for example, a magnetic field or a mountain on its hl>rizon. 

hoop conjecture. The conjecture that. a black hole forms when and only when a 
body gets compressed so small that a hoop with the critical circumference can 
be placed around it and twisted in all direction..q. 

horizon. The surface of a black hole; the point of no return, out of which nothing call 
emerge. Also called the absolute Iwrizon to distinguish it from the apparent 
Iwrizon 

hydrogen bomb. A bomb whose explosille energy comes from the fusion of hydro
gen, deuterium. and tritium nuclei to form helium n!.lclei. See also super
bomb. 

hyperspace. A fictitious l1at space in which one imagines pieces of our {;nivcrse's 
curved space as embedded. 

implosion. The high-speed shrinkage of a star produced by the pull of its own 
gravity. 
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inertia. A body's resistanre LO buing accelerated by ror(".(~ that act on it. 
inel'tisl reference framt>_ A rderence frame that dOf'_~ not rotatt> and on which no 

external forces push or pull. The motion of such a referc!l(:C frarne is driven 
solely by i IS own inertia. See also local in.ertial rejeren.ce fram.e. 

infrared radiation. J<:lc(.1.rornagnetic ..... -a ... P.S with wavelength a little longcr than 
light; see Figure P.2 OIl page 25. 

interference. TIle manner in whit>h two waves, superimpOliing on each other and 
adding linearly, reinforre ea(;h other when their crP.SL'I m.ltdl with ('.rests and 
troughs with troughs (construc·.ive interference). and ca.ncel cac:h other when 
('Tests mat!'.h up with troughs (destructive iflt.crfl~rence). 

illterferOlneter. A device based on the interference of waves. See radiI) ime,:forome
ter arid il!teljemmelric detect.or. 

interfel'onlelrk detector. A deLOClor (If gravitational waves in which the waves' 
tidal fo((:cs wiggle masse1l Lhat hang from wires, alld the interrerenc~ of laser 
beams is usoo to monitor the nla&Sell' motions. Also called inleifemmet.er. 

interferometry. The process of interfering two or mOI"(~ wavl'S with each ol.her. 
illtergaladic space. The spa(:c benn'en the galaxies. 
interstellar $pace. The space belWt~~1 the stars of our Milky Way gala"y. 
inverse square law of ~ra'ity. Newton's law of gravity, which snys I.hat between 

every pair of obj<.>cts in the lJniversf! there a<.15 a gravitational force that pulls 
the objects toward eacb other, and the force is proportional to the product of 
the objects' masses an(! inversely proporl.ional t.o the square of the disl.anc.(.~ 
III:twt~el1 tbem. 

ion, An atom I.hlit has lost some of its orhital electrons and therefore hilS II (ll't positive 
1 cllarge. 

ionized gas, Gas in whieh a large fraction of lhe atoms have lost orbil.l11 dct:t.rolls. 
jeL A bearn of gas I.hal carries power from !.he celltTell engine of a radio gahlxy or 

quasar to a disLalll, radio-emitting lobe. 
laws ofl)hysics. Fundamenl..'II principles from which otIC (:an deduce, by logical and 

mat.hematical calculations, how our Universe behaves. 
length contl'action. The contraction of ari object's length as a r(~uit (If its motion 

past the persoll who measures the Icr.gth. The contraction OCCllrtl oIlly along 
the directiorl of motion. 

IighL The type of electromagnetic waves that !'.<'lrl be seen by the human eye; sec 
"'igure P.2 011 page 25. 

light deflection. The deflection of tbe direction of propagation or light and other 
electromagnl!tic waves, as they ,"I<'ISS near the Sun or any other gnwitating 
body. This denection is produced by the curvature of spac~~~ime around the 
body. 

LIGO. The Laser Intf'.rli:rometer Gravitational-Wa\'l~ Observatory. 
linear. The property of combining together by simple additic)CI. 
lobe. A hUgl~ radio-emitting doud of gas outside a galaxy or quasar. 
local inertial reference frame. A reference frune on which no rorces except grav

il.y at:t, that falls freel.v in l"C3ponse to gravity's pull, and lhat is small enough 
for tidal gravitational acceleraLions to be negligible inside iL 

magnetic field. The field that produces magnet.ic forces. 
magnetic field lines. Lines that point alollg the direction of a magnetic field (Lhal. 

is, along the direction that. a compass needle wl)uld point if it were placed in 
I.he magnetic field). Thl~'IC fil~1d lines can be Dlade twident around a bar 
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magnet by placing a sheet of paper above the rnagIll~t and scau.ering bits of 
iron on the paper. 

mass. A measure of the aITlount of matter in an object. (The obje<.'t's inertia is 
pl'Oportional to its mass, and Einsl.ein showed that mass is actually a very 
<.'Olllpat:t form of' energy.) The word "mass" is also used to nit-alI "all objl:<:l. 
made of mass," in contexts where the inertia of the obje(..'l is importalll.. 

Maxwell's laws of electromagnetism. The set of laws of physi(~'1 hy which James 
Clerk .Maxwell unified all electromagnetic pherlf)mena. From these laws one 
can predict, by mathelllatical calculations, Ibe behaviors of ell'Ctricity, mag
netism, and elcl:tromaglWtic waves. 

meta principle. A principll~ that all physical la\\"5 should obey. The princil,h: or 
relativhy is an example of a metaprinciple. 

microsecolld. One-millionth of a second . 
.microwaves. Electromagnetic radiation wit.h w<lvclength a little shorter than radio 

waves; see Figure P.g on page 2.'). 
Milky Way. The galaxy in which we live. 
mixmaster sin~ularity. A singularity near which tidal gravity osdllat.(.'8 chilol.ic.lllly 

wit.h lime, but does not necessarily VcUY in Spil(!t:. Sec also BEL sirlgularity. 
molecule. An entity made of several ato(O$ that share their electron clouds with each 

other. Water is a molecule madl! in I.his way from two hydrogen atoms Ilnd 
one oxygen. 

mouth. An entrance to a wormholc~. There is a mouth at each of the two eruls of the 
worrnholl!. 

naked singularity. A singularity that is not inside a bla(:k hol~ (not surrounded by a 
black-hole horizon), and that thl!rdcm.~ ('.an be seen and studied by someone 
outside it. See cosmic censorship conjecture. . 

National Science Foundation (NSF). The agency of the United States govern
ment charged with the support of basic scientific research. 

natural philosopher. A phrase widely used in the seventeenth, eightt.'Cnth, and 
lIillctccnth Ct'!l1turies Lo describe what we now call a scientist. 

nebula. A doud of brightly shining gas in interstellar spaCf>. Hefore I.he 193()s, galax 
ics were generally mistaken for nebulas. 

neutrino. A very light particle that resembles the phol.on, p.xcept that it interaets 
hardly at all with matter. :-.ieutrinos IlCoduced in the Sun's center, for exam
ple, fly out through the Sun's surrounding matter without bt!ing ahsorhed or 
SUI tt(:red hardly at all. 

neutron. A subatomic particle. ~eutrons IlIIII protons, h~ld togeLher by the nudear 
force, make up the lluclei of atoms. 

neutron c.ore. Oppenheimer's nalne for a lIeutron star. Also a neutron star at tllt
center of a normal star. 

neutron star. A star, about as massive a.~ the Sun but only 50 to 1000 kiloml!I.e1'll in 
circlUIlferell(:(!, and made from neutrons packed tightly together b.y I.he force 
of gravity. 

new Quantum rned'ani('~'i. The final version of the laws of quantum me('.hanics, 
formulated in 1926. 

Newtonian laws of physics. The laws of physi,;s, builL on Kewton's conception of 
space and time as absolute, which were the centerpiece of ninett>ellth-oontur.v 
thinking about the Uuivcrse. 

Newton's law of grdvity. Sl'(~ im.oenoe .~qlLare tau; of~raf)ity. 
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no-hair conjecture. The conjecture in the 1960s and 19706 (which was proved to be 
true in the 1970s and 19BOs) that all the properties of a black hole are 
determined uniquely by its mass, electric charge, and spin. 

nonlinear. The property of combining together in a more complicated way than 
simple addition. 

nova. A brilliant. outburst of light from an old star, now known to be caused by a 
nuclear explosion in the star's outer layers. 

nuclear burning. }luclear fusion reactions that keep stars hot and power hydrogen 
bombs. 

nuclear force. Also called the "strong interaction." The force between protons and 
protons. protons and neutrons, and neutrons and neutrons, which holds 
atomic nuclei together. When the particles are somewhat far from each other. 
the nuclear force is attractive; when they are doser it bccomE'.5 repulsive. The 
nuclear force is responsible for much of the pressure near the center of a 
neutron star. 

nuclear reaction. The merging of several atomic nuclei to form a larger one (fu
sion), or the breakup of a larger one to form several smaller ones (fission). 

nuclear reactor. A device in which a chain reaction of lluclear fissions is used 
to generate energy, produ(le pluwnium, and in some cases produoe electri
city. 

nucleolL Neutron or protoll. 
nucleus, atomic. The dense core of an atom. Atomic nuclei have positive electric 

charge, are made of neutrons and protons. and are held together by the 
nuclear force. 

observer. A (usually hypothetical) person or being who makes a measurement. 
old quantum mechanics. The early version of the laws of quantum mechanics, 

developed in the first two deeades of the twentieth century. . 
optical astronomer. An astronomer who observelIlhe Vniverse using visible light 

(light that can be seen by the human eye). 
orbital period The time it takes for one object, in orbit around another, to encircle 

its companion once. 
paradigm. A set of tools that a community of scientists uses in its research on a gi yen 

topic, and in communicating the results of its research to others. 
particle. A tiny object; one of the building blocks of matter (such as an electron, 

proton, photon, or gravit()n). 
perihelion. The location, on a planet's orbit around the Sun, at which it is closest to 

the Sun. 
perihelion shift of Mercury. The tiny failure of Mercury's elliptical orbit to close 

on itself, which results in its perihelion shifting in position eal:h time Mer
cury passes through the perihelion. 

perturbation. A small distortion (from ilB normal shape) of an object or of the 
spacetime curvature around an object. 

perturbation methods. Methods of analyzing, mathematically, the behaviors of 
small perturbations of an objett, for example, a black hole. 

photon. A particle of light or of any other type of electromagnetic radiation (radio, 
microwave, infrared, ultraviolet, X-ray, gamma ray); the particle which, ac
cording to wave/particle duality, is associated with electromagnetic waves. 

piezoelectric crystal. A crystal that produces a voltage when squeezed or stretched. 
Planck's constant A fundamental constant, denoted Ii, that enters into the laws of 
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quantum mechanics; the ratio of the energy of a photon to its angular fre
quency (that is, to 21t times its frequency); 1.055 X 1O-a1 erg-second. 

Planck-Wheeler length, area, and time. Quantities ilSSociated wil.h the lawlI of 
quantum gravity. The Planck-Wheeler length, JOn/c' = 1.62 X 10-'s centi
meter, is the length scale below which space as wc know it ce3-~ to exist and 
becomes quaIltum foam. The Planck···Wheelf'.r time (1/c times the Planck.
Wheeler length or ab()ul 1O-40S second) is the shortest time interval that can 
exist; if two events are separated by less than tllis, one cannot say which 
comes before and which after. The Planck-Wheeler area (the square of the 
Planck-Wheeler length, that is, 2.61 X to-·· square centimeter) plays a key 
role in black-hole entropy. In the above formulas, G = 6_670 X to-I dyne
centimeter2/gram~ is Newton's gravitation constant.. Ii = 1.055 X 10-17 erg
SflC'.ond is Planck's quantum mechanical constant, and c = 2.998 X 1010 centi
meter/second is the speed of light. 

plasma. Hot, ionized, eledrically conducting gas. 
plutonium-239. A specific type of plutonium atomic nucleus which contain .. q 239 

protons and neutrons (94 protons alld 145 neutrons). 
polarization. The property that electr()magnetic and gravitational waves have of 

consisting of two components, one that oscillates in one direction or ~t of 
directions, and the other in a differem direction or set of directions. The two 
components are called the waves' two polarizations. 

polarized body. A body with negative electric charge concentrated in one ~ion 
and positive ('.harge c()ncentrated in another region. 

polarized light: polarized gravitational waves. Light or gravitational waves in 
which one of the two polarizations is completely absent (vanishes). 

posldoc. Postdcx.:toral fellow; a person who has recently received the Ph.D. degree . 
and is contirluing his or her training in how to do research, usually under the 
guidance of a more senior researcher. 

pressure. The amount of outward force that matter produces when it is squeezed. 
Price's theorem. The theorem that all properties of a black hole that can be t.Xln

verted into radiation will be converted into radiation and will be radiated 
away completely, thereby making the hole "hairless." 

primordial black hole. A black hole typically far less massive than the Sun that 
was created in the big bang. 

prinCiple or absoluteness of the speed or light. Einstein's principle that the speed 
of light is a universal constant, the same in all directions and the same ill 
every inertial referenoe frame, independent of the frame's motion. 

principle or equivalence. The principle that in a local inertial reference frame in 
the presence of gravity, all the laws of physics should take the same form as 
they do in an inertial reference frame in the absence of gravity. 

principle of relativity. Einstein's principle that the laws of physics should not be 
able to distinguish one inertial reference frame from another; that is, that 
they should take on the same form in every inertial reference frame. When 
gravity is present: this same principle, but with local inertial reference frames 
playing the role of the inertial reference frames. 

pulsar. A magnetized, spinning neutron star that emits a beam of radiation (radio 
waves and sometimes also light and X-rays). As the star spins, its beam 
sweeps around like the beam of a turning spotlight; each time the beam 
sweeps past Earth, astronomers receive a pulse of radiation. 
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pulsation. Thc vibration or oscillation of an object, for example, a black hole or a 
SLar or a bdJ. 

quantum field. A field mat is governed by th(! laws of quantum rn(.'(~harlics. An 
fields, when measured wil.h sufficient ac:curacy, turtl out IQ bc.! quantum Be\ds; 
but when measured with modest accuracy, they may behave dassicldly (that 
is, they do not exhibit wave/particle duality or vacuum flucl.uaLions). 

quantum fields in curved spacetime, the laws of. A partial marriage of gen
(md relativity (curved spacetime) witb the laws of quantum fields. in which 
gravitaLional wav(~s artd nongravitatiOIl al nl'lds are rt'.garded as quantum 
mechanical, while the curved spacetime in whidl they reside is regarded lIS 

classicaL 
(Juantum foam. A probabilistic foamlike structure of space !.hat probably makes up 

the (.'Ores of singularities, and that probably occurs in ordinar.y space on scales 
of the Planck Wheeler length and less. 

quantum gra"tity. The laws of phYsi<.'S that are obtailled by merging ("marrying") 
general relativity wil.h quatHum mechanics. 

quantum mechanic. ... The laws of physics that gOVl!rn the realrn of the SUlall 
(atoms. molecules, electron, protons), and thaL also underlie the realm of the 
large. but rarely show themselves there. Among the phenomena that quall
tum meehallics predicts are the uncertainty principle, wave/particle duality, 
and fJUc.wlmjluctuatz:o/l.s. 

qU8JltuUl nondemolition. A rnethod of measurement that circumvents the stan· 
dard qualllum limil .. 

quantum theory. The same as qUD.IU.um mecJUJ.rlir:~c 

quasar. A COInpal:t, highly luminous object in the distant Universe, believed to be 
powered by a gigantic black hole. 

radiation. Any fonn of high-speed particles or waves. 
radio astronomer. All astronomt'r who studies the Cniverse using radio waves. 
radio galaxy. A galaxy that emits strong radio waves. 
radio interferometer. A dp.vicp. consisting of several radio telescopes linked to-

gether, which simulates a single much larger radio 1.d('."I:OPl~' 
l"ddio SOUI'{.'e. Any astronomical objecf. thal emits radio Wave!\. 
radio telescope. A telescope that observes the lJnivenlf! using radiI) waves. 
radio waves. Electromagnetic VI."aves of very low frequency, used by humans to 

I.rnnsmil. radio signals and used by astronomers to study distant astronomical 
objects; see Figure 1-'.2 011 page 25. 

redshift. A shifting of elei:tromagnetic waves lo longer wf1vcl(~llgths, that is, a "red
dening" of the wavf'.~. 

reference frame. A (possibly imaginary) laooralory for making physical meallurc
meJlts, which moves through tile Universe in some particular mannf!r. 

relative. Depcmd(mt on orle's reference fi-.lIne; difierent, as measured in one frame 
which moves I.hrough the Urliverse in one marmer, than as measured in 
another frame whieh moves ill arlother manner. 

resistance to compression, or simply resistance. Also ca1led adiabatic index. The 
percentage by which lhe pressure inside matter increases when the dl!lIsity is 
increased by 1 percent. 

rigor; rigorous. A high degree of precision, exactness, and reliability (a term applied 
to mathematical calculations and arguments). 

rotational energ~. The p.nergy associated with tile spin of a black hole or a star or 
some other 0 bjCL't. 
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Schwal"tsChild geometry. The geomel.ry of spacetime arollnd and insicle a spheri
(:<II, Ilonspinning hole. 

Schwarzschild singularity. The phrase used between \916 and about 1958 to de
scribe what we now ('.all a black hole. 

Sco X-1. Scorpius X-i, the brightp.s:t X-rdY star ~n the sky. 
second law of lbermodynamic.~. The law that eniiopy (:!in never decreao;e and 

almost always increases. 
sensitivity. The weakf'.st sigrlal tllat can be m(~asured by some dev icc. Alternatively, 

the abil ity of a devicf; to measure signals. 
sensor. A device for monitoring the vibrations of n bar or rnotions of a mnss. 
shocked gas. Gas that has bet.n heated and compre.'Ised ill a shock front. 
shock front. A pla(:c, ill flowing g3-'I, where ~he density and temperature of the gas 

suddenly jump upward by a large amount. 
simultaneity breakdown. The fact thal events which are simulr.illlcouS as mea· 

sured in one reference frame are nOl !>imult.aneous as mea.'I\Jn~d in another 
frame that moves relativl! to the first. 

8ingularily_ A region of spacetim(~ where spacetime curvature becomes so ~rong 
that the gelwral relativistic laws break clown and the laws of quantum graviLy 
take over. If one tries to describe a singularity u..<ing general rdativity alone, 
Olle finds (incorrectly) ~hat tidal gravity and spacetime Cllrvature are infl· 
nitely strong there. Quantum gravity probably replaces I.h~sc irlfinities by 
(iuantum foam. 

Sirius B. The white-dwarf star that. orbits around the IItlir Siri·J.s. 
spacetime. The four-dilnensional "fabric" that Jesulu when space and time are 

unil"ied. 
spacetime curvature. The property of !>pSIcctime that causes fr~ely falling particles 

that are initially moving along parallel world lines to SI1~(~qut'.nt.ly move 
together or apart. Spa(:etirne curvature and tidal gravi~r are d~ffcrent names 
for I.he same thing. 

spacetime diagram. A diagram with time plotted upward allli space plou.ed hori
zontally. 

special relativity. I~illstein's laws of physi(~ in tlle absen('.e of grdvity. 
speclrallines. Sharp f(~atures in the spec:trum of the light emil.\{~d by some source. 

These features are due to stroll{l emi..'lSion at specific wavelengths, emission 
produced by specific aLOms or rnolecules. 

Speclograph. A sophisticated versioll of a prism, for separating the various r,olors 
(wavelengt.l-as) of light and thereby measuring the light'S spelltrum. 

spectrum. The range of wavelel1gl.hll or frequencies o~'er which electromagnetic 
waves can ex:st, running from ex,.rcmely low ·frequency radio waves up 
through light to eXlfl'!mciy high· frequene), garnrna rays~ see Figure'! P.2 ill the 
prologue. Also, a picture of the distribution of light as a function of frp'c!u(~I'CY 
(or wavcll!ngth), obtained by sending the lighL through a prism. 

spin. Rotlltion. Sec angular momentum. 
Slability. The i.'lSU(~ of whethE:r an objcl,'t is unstable or nOI .. Sec also unstable. 
standard quantum limit. A limit, du~ to the uncertaimy principle, on how accu· 

rately certahl quantities c:m be mea.~ured using standard method ... This lirrlit 
('.an be circumvented using quantum nondernolition methods. 

stroboscopic measurement .II specific kind of qualltunl nomiemolition measure
mer. I. ill which one makes a seque.nce of very quick measurements of a 
vibraling bar, each measlJreJn<~"t st'parated by olle vibration period. 
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structure of a star. The details of how a star's pressure, density, temperature, and 
gravity change as one goes inward rrom its surfaCl~ to its center. 

superbomb. A hydrogen bomb that uses a prin('iple by which one can produce an 
arbitrarily large explosion. 

superconductor. A material that conducts electricity perfectly, without any resist
ance. 

supermassive star. A hypothetical star that weighs as much as or more than 10,000 
Suns. 

supemova. A gigantic explosion of a dying star. The explosion of the star's outer 
layers is powered by energy that is released when the stars inner core im
plodes to form a neutron star. 

surface gravity. Roughly speaking, the strength of the gravitational pull felt by an 
observer at rest just above a black hole's horizon. (More precisely: that gravi
tational pull multiplied by the amount of gravitational time dilation at the 
observer's location.) 

synchrotron radiation. Electr()magnetic waves emitted by high-speed electrons 
that are spiraling around and around magnetic field lines. 

thermal pressure. Pressure created by the heat-induced, random motions of atoms, 
molel.'ules, electrons, and/or other particles. 

thermodynamics. The set of physical laws that govern the random, statistical be
havior of large numbers of atoms and molecules, including their heat. 

thermonuclear reactions. Heat-induced nuclear reactions. 
tidal gravity. Gravitational accelerations that squee1e objects along some directions 

and stretch them along others. Tidal gravity produced by the Moon and Sun 
is responsible for the tides on the ,,~'s oceans. 

time dilation. A slowing of the Ilow e>f time. 
time machine. A device for traveling backward in time. In physicist-'1' jargon, a 

"closed timelike curve." 
topology. The branch of mathematics that deals with the qualitative ways that 

objects are connected to each other or to themselves. For example, topology 
distinguishes a sphere (which has no hole) from a doughnut (which has 
one). 

tritium. Atomic nuclei made of one proton and two neutrons bound together by the 
nuclear force. 

ultraviolet radiation. Electromagnetic radiation with a wavelength a littl~ shorter 
than light; see Figure P.2 on page 25. 

uncertainty principle. A quantum mechanical law which states that, if one mea
sures the position of an object or the strength of a field with high precision, 
one's measurement must necessarily perturb the object's velocity or the field's 
rate of change by an unpredictable amount. 

univp..l'8e. A region ()f space that is disconnected from all other regions of space, mu('.h 
as an island is disconnected from all other pieces of land. 

Universe. Our universe. 
unstable. The property of an obje<:t that if one perturbs it slightly, the perturbation 

will grow large, thereby ('.hanging the object greatly and perhaps even de
stroying it. Also called, in more complete tenninology, "unstable against 
small perturbations." 

uranium·255. A specific type of uranium nucleus which contains 235 protons and 
neutrons (92 protons and 145 neutrons). 
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vacuum. A region of spacetime from which have been removed all the particles and 
fields and energy that one can rt~move; Ule only things left are the irrenlOV
able vacuum fluctuations. 

vacuum fluctuations. R.andom, unpredictable, irremovable oscillations of a field 
(for example, an electromagnetic or gr-.\Vitational field), which are caused by 
a tug-of-war in which small regions of spaC'.c momentarily steal energy rrom 
adjacent regions and then give it back. See also TJQCUUm and virtual particles. 

virtual particles. Particles that are l,Teated in pairs using enl~rgy borrowed from a 
nf-.arby region of space. The laws of quantum mechalli('_~ I'(.'quire that the 
energy be given back quiddy, so the virtual particles annihilate quickly and 
cannot be captured. Virtual particlM are the particle aspect of va('.tlUm nuc
ntations, as seen by fl'(.'t)iy falling observers. Virtual photons and virtual gravi
I.ons are the particle aspects of electromagnetic vacuum l1uctuations and 
gravitational vacuum fluctuations, respectively. See also watle/particle duo.{.· 
ity. 

warpage of spar.etime. Same as curvature of spacetime. 
wave. An oscillation ill some field (for example, the electromattnetic field or space-

time curvature) that prl)pag-cltes through spacetime. 
waveform. lit. (~urve sho ..... ;ng the details of the oscillations of a wave. 
wavelength. Thl! distance between the crt.'Sts of a wave. 
wave/particle duality. The fact that all waves sometimes behave like particles, and 

aU particles sometimes behave like wav(."8. 
White-dwarf star. A star with roughly the circumferem.'c of the Earth but the ma!lS 

of the Sun, which has exhaustl~ all its nuclear fuel and is gradually cooling 
off_ It supports itself against the squeeze of its own gravity by means of 
electron degeneracy pressure. 

world line. The path of an object through spa(:etime or through a spacetime dia
gram. 

wormhole. A "hand~» in the topology of space, COntl(!(..'ting two widely separated 
loc.ations in our l; ni verse. 

X-rays. Electromagnetic waves with wavelength between ilial or ultraviolet radia· 
tion and gamma rays; see Figure P.2 on page 25. 

H9 
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what makes me confident 
o/what I say? 

SOLRCI!:S ANI) ABBREVIATIONS 

Sources cited in these notes are listed in the bibliography. 
Abbreviations used in these notes are: 

Page 

ReP-1-The Collected Papers of Alben Einstein, Volume 1, cited in bibliog
raphy as ECP-l. 

RCP-2-Tbe Collected Papers of Albert Einstein, Volume 2, cited in bibliog
raphy as ECP··2. 

INT-Interviews by the author, listed at beginning of bibliography. 
MTW-Misner, Thome, and Wheeler (1975). 

PROLOGUE 

25 {Of all the conceptions ... findingthem_J This paragraph is adapted from Thorne 
(1974). 

26 [From the orbital period ... ("10 solar masses").] ~ewtonJs formula is Mh = 
Co5J(21tGPo~)' where "'Ih is the mass of the hole (or any other gravitating body), 
Co and Po are the circumference and period of any circular orbit around the hole, 
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1t is 3.14159 .. , . and Gis ~ewton's gravitation cOllStant, 1.32; x IOu kilolrwwrs~ 
per seCOlll12 per solar mass. St':(~ note to page 61, below. Trlserl.ing into this formula 
tile starship's orbital period Po = 5 rnillul.es 46 seconds, and its orbital circumfer· 
ence Co = toll kilornet(!rs, one obtairls a mass l\.fh = 10 solar masst'-s. (One solar 
mass is 1.9R9 x lO~o kilograms.) 

28 r As for size, ... Surz's mass.~ Thl' formula for the hori1.on circurnfl~rellCf! is Ch = 
41t(~.Uh/c~ = 18.5 kikmleters x (Mh/l'vl.;.;)), where ,,,th is the hole's mass, G is 
Newton's graYil.ation constant (see aoove), (: = 2J}98 x lOs kilometers per 
second is thf! s}leed oflij.!ht, and ""to = 1.989 x 1()~ kilugrams is the Jnass ofthe 
SUllo Scl\ e.g., Chapter:; 31 and 32 of l\1TW. 

35 ;10 hOllor of those ticJt~st ... t.i.daijor'(:e.J The tidal fO(l:(\ f'xpressed as;! relative 
accderation betW(!(!n your head and feet (or betw(l~n any other lwn objects), is 
t::,.a = 161t'G("lfh/(~)L, wbeC(~ (; is ~ewton's gravitatioll (:Olllltallt (see above), 
Mh is till' black-hole ma.."S, C is I.he cireulrlference <!.t which you dre- locatt~, .and 
L is the disl.ance between your ht'ad allll l"eeL. ~ote that 1 Earth gravity is 9.81 
metel"ll per secondl • See, e.g., page;J9 01" MTW. 

37 fG(~rlf!ral relativity pte~diclS, ... at.:tually decreases. j The above formula (note to 
page 35) gives fur Lh~ tidal f(!rcc 6.aoci~f..~/C:S. When the circumf~rence is nearly 
that of the horizon. ex /\ljh (notf! to page 05), so b,aOC 1 I !l4ft 

37 CThe entire trip of 30.100 lighl.-years ... (Inly II years.~ Sl1u'Ship time '/~hip' 
Earth timl~ TE, and ,distaJlt:e D tra"elt'tl arc related by ~E = (2c~ G)siIlh(g1~h.i £II 
2c) arid D = (2c'Jlg}lcel.'Ih(g~~hir.l2c) -1], where g IS I.he ship's a(:cderatlon 
("one Earth gravity," 9.R1 meters per second2

), c is I.hf' speed of lighL, and cosh 
and sinh are tfw hyperbolic (!tl8inl~ and hyperbulic sine functions. See, e.g., Chap
ter 6 of MTW. For trips thaL laSt mudl more than one year, these formulas 
beCOD1t', approximately, TE = Dlcand TShip = (2cll?)lrl(gf)/C~), whe~ In is the 
natura! logariLhm. 

39 iTo rmnain in a eirculflr orbit, ... hurlf'.d you inward.] For a rnalhl~matical 
analysis of circular (and other) orbit.s around a nOIlspilllling black hille, see, e.g., 
Chllpter 25 of MTW, and especially Mox 25.6. 

4() [Your cait'UlaLiolls show ... 1.0001 horizon circumfererlcl!S." The accelercltion 
force you will feel, hovering at a circumferellt:(~ C above a bldck hnle of Was5 llflh 
and horiznn circumfere[lt!l~ Ch' is a = ,.1t~OO\flh/0) X (1/.Jl - C/Ch), where (7 

is N(.'wtoll's gravitation (:Ol15tant. If you are very close t.o the horizoll, then C ~ 
{:h OC i\lh, wllich implit's a OC II ;'),'h' 

40 [{~·sing tilt' llsualt-g acceleration ... crew in the: slarship.] Set! the second not(! ror 
page 37 abovl~. 

43 [The spot is smnll ... seerl rrom Earth.l W}It~n one hov~!rs al. a cirCUlrltl~r~nce 
C slightly ahoyE!' a hori:r.oJl with circlUl1fert~nc:e Ch, Olle sl:es all the lighl. from 
the: external Ullivcr!l~ (:or.centrated in a bright disk with angular diamett'r 
a. :::: 3.Ji . ./l - Ctl/C radians :::: 300J1 - ChiC degrees. Sl'e, e.g., Box 25.7 of 
MTW. 

44 [EquaUy pl!culiar, the colors ... 5 X 10-7 mcLtl!' light. ~ When one bovt!rs at 
a circurnfererlc:e C slightly abt>ve a horiwII wil.h eircumffmmce ql' Onl! sees 
the wavdcngths A of all IighL from the e"~rnal lJnivers(! gravitationally blue· 
shifted (the inVerSl! of I.he gravitational l-edshift) by A.fl:ceived I)'emitted = 
1/J1- elch· See, e.g., page 657 of .\1TW. 
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49 (Inserl.ing these numbers ... coait.'SCC seven days from now.~ WhCl1 two black 
holes, ea('.b with ("ass ","Ib, orbit each other with separation D, ttwy have an 
orbital pf'.riod 2:1t~TP/2GMh' and t.heir gravitational wave recoil fol1'R.s thl!1lI 
to spiral togel.her arld coalesce after a time (5/512) X k 5/G')(U/Mb). G is 
J\ewtoll's gravit.1.lioTl constant and c is lh~ sJX'(~d of light; see abo\'e. See, e.g., 
J<:quation (36.17 b) of :\-lTW. 

53 LThl~ rillg has a circumference of 5 million kilomt~t.crs .... curvature of 
sparel.ilnl!.] A person on the girder-work ring at a dislallC4~ I. from its central 
layer feels atl ac(.-eleration a = ('?i~:It'GMh/CS)L toward the ('.entral la)'er, 
caused half by the rotating ring's renuifugal force and half by thl~ hl)lc's tid
al force. G is !';ewton's gravitation constallt, lWh is the hole's mass, and C is 
thl' circurnfe::-ence of th(~ ring's centrai layer. li'or ('.(Jtnparison, 1 Earth grav
iLy of a(.'(~lercdon is 9.81 mel(~rs per second~. See the not.n for page 57 above. 

55 [The 1l1ws of quantum gravity ... usable for time travp.I.J 10-" l~cnt:((Ieter ;;;;: 
.JGh/c· is the "Planck-· Wheeler ll~ngth," ~.-jth G = Kewton's gravitation 
COllstanL, C = the speed of lighl., and Ii = Planck's constant (1.055 )( 10-$+ 
kilogram-meter~ p('r st!coml). See page 494- or Chapter 14. 

57-58 LArlOther is the fact that, ... nying colors.) See, e.g., Will (1986). 

CHAPTER J 
59 General commenl. about Chaptt>r 1: :'\10st of Lhis chapter's Ir.aterial about 

Einsteill's life comes from thc standard biographies of him: Pais (1982), 
Hoffman (19'72), Clark (1971), I-~instein (1949), and Frank (1947). ,"'or most of 
the historical perspective and quotations in Chapter 1. which I have glearwd 
from thes/! ~Landard biographies, I do not give individual citations lidoVI'. 
Much new histori.;allIlaterialIS bel'.oming a~'ailable with the gradual publicll
tion of Einstein '9 (:ollc(..-ted papers, ECP- t, )';CP-2, alld Einstt>in and ~1aric 
(1992). I do cite, below, materialfrom thf'.se ~()urces. 

59-60 [Professor Wilht'lm Olltw'ald ... J rerllJann Einstein.] Documellt 99 in Eep ·1. 
60 ["Cnthinldllg respect ... enl"~my of truth,"" Documenl 115 of E.CP- t, as 

translalP.d on page xix of Renn and Schulmann (1992). 
61 Footnole 1: The following example illustrates what is meam by"mathcrnati

r.ally manipulatillg" the laws of physi~. 
E.arly in the sevelllecmth (~entury, Johannes Keplt~r deduced, from Tycho 

Brahe's observations of the planets, that the rube of the circumference C of a 
planet's orbit di\";ded by the square of its orbital period P, i.e., 0/~, was Ule 
same for all the planets then known: Mer(..'Ury, Venus, Earth, \-lars, Jupiter, 
Satllm. A half century later, Isaac ~ewton explained Kepler's disc:overy by a 
mathematical manipulation of the Newtllllian laws of motion and graviLY 
(the laws listed on page 61 of the text): 

1. It'rom the following diagram and a fair amowlt of sw(~al, Olll! 

deduces that, as a planet endrclcs the Sun, tIle planet's veloci~y 
('.banges at Ii rate given by the formula, (rate of change of velocily) 
= IJ:ttC/pJ, where 1t = 3.14159 .... This r<Jt.c of chlUlge of velocity 
is sometimes ('.aIled the cenlTllu~al accele1"slion that the orbiting 
planet experienre.~. 

56} 
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2. !\ewton's second law of motioII tells u,. that this rate of cbange of 

velocity (centrifug.ll acceleratlon) must. be equal 1.0 the gravita
ti~nal ~'orc~, Fgrdv' t'xe~~ed hy the Sun 0:1 tl~e pla~e~. divid~ by the 
pia net 5 mass, ~1 p!anet' 111 other words, 27tC1 J:fl - Ii gra'!/lHrlanet. 

3. Newton's gravllatlonal law tells us that the graVltationa. force 
Fgrav is proportional to the Sun's mass ,J\.fSun tiult$ the plane!'s 
mass l\fEliU,t~ divided by !he square oftho planet'! orbilli.l circum
f:renc:., SLated as an equ~ity rath~~ tl:an a p~oportionality, Fgrav 
- 1:'t {T.M;.-;un/'W'planet/C . Here G IS ~ewtoII s r.onsta.!lt 01 gravlta· 

tion, equal to 6.670 X t O-~ kilometer per second" per kilogram, or 
equivalt'Iltly 1.527 X 10" kilometers! per se(:()nd~ per solar mll$5. 

4. Uy inserting this expression for the gravitational force F ray into 
:-lewton's S'ecl)nd law of motioII (Step 2 above), we obtail~ 27tCI fJIl 
== 47t'lGMSun/{~. By then multiplyiI,g both side>,; of this equation 
by (-:a/2ft, we obtain CS/~ = 21tG.I'\-fSun' 

ThllS, Newton's laws of !notiol! and gravity explain-in fact tbey enforce- -the 
relationship discovered by Kepler: CS/JJ8 is the same for all planets; it depends 
only on ~e\Vton's gravitation constant and the Sun's mass. 

As all illustration of the power of the laws of physics, the above manipulations 
110t only explain Kepler'lI discovery, they also offer us a method to weigh the Sun. 
By dh'iding the final equation in Step 4 by 21tG, we obtain an equation for the 
Sun's nUllS, MSuli = C"/(21f.GfJIl). By inserting into this equation the circumfer
ence C and period P of any planet's orbit a.s measured by astronomers and the 
value nf ]\ewton's gravitation constant G as measured ill Earth-bound laborato
ries by physicists, we infel· that the mass of the SUIl is 1.989 X lose kilograms. 

62 ["Weber lectured ... his every class."j Document 39 in ECP·.l; Documl'lnt gin 
Einstein IUld Maric (1992). 

6-3 [And since the aether ... at rest in absolute apace,] In this chapter, I ignore the 
spec:ulations by some physicists in the late nineteenth century tbat in the vicirli~y 
of the Earth the aether might be dragged along by the motion of the Earth 
through absolute space. There in fact was stmng eKperimental evidence against 
iluch dragging: If, near the Earth's surface, the aether was at rest with respect to 
the Earth, then there should be no aberration Qf starlight; but aberration due to 
the l£arth's motinn around the Sun was a well·established fact. For a brief discus
sion of the history of ideas about dle aethe.r, see Chapter 6 of Pai. (1982); for more 
detailed discussions, see references d:.ed therein. 

6+ [Albert Michelson ... had invented.] The technology of Mk.heIson's timt' was not 
capable of compari!lg one-utay light speeds in va.rious direction$ ..... ith sufficient 
accuTdcy (1 part in 104) to test Ihe ~ewtoni:m prediction. However, there was a 
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simil~r pl'(~il:tion of a difference in rou.nd.:irip light speeds (about 5 parts ill lOR 
differeru'.e hel.w(~ell a round·trip parallel to Lht~ Earth's motion through the aether 
and ane perpendicular). Midlelson's new IP.Chnique was idt'ally suited to meaSur
ing st)('.h round-trip differences; they wp.re what Michelson searched for and could 
not fjnd. 

65 rSy contrast. Heinrich Weber ... mislead young minds.] , do not knowforcerto.ill 
that "\-"eber was confident of this, llr that he in particular took the attitude that it 
would be inappropriate to mention the Micllelson-~10rley experimellt in his 
lectures. This passage is speculation l~}scd on the absence of any sign that Weber 
discussed the experiment, or the issoes raiSt.'fI by the experiment, in his lecwres; 
see the dfll.ail(~d notes on his lectures taken by ":instt!in (Document 37 in ECP-1) 
and the brief de8Cription (page 62 of ECP.l) of the only othl!r existing set of nOleS 
frortl \Veber's lectures. 

fi5 LHy comparing it with other cxpcrirnents,l The other experim'!nt.~ Wt!rc those, 
'\Jch as measurements of the ab~rratioJl of starlight, which implied that the 
aether is (lot draggt'd along hy the It'.arth; see note to page 63, above. 

65 [A tiny (five parts ill a billion) ... Michelson- Morley l!xperiment.l Recall (note to 

page (4) that Mic:hel!.on was actually measuring round-trip light speeds and 
looking for variations wil.h dil'(~ctioll of about five parLS in a billion. 

66 [If one expressed ... (see Figure 1.te).l This discussion of I.he "no ellds on wag· 
neti(, field lines" law, and the more detailed discussion in Figure 1.1, is my l)Wn 
Lraniilat.ioll, into modern picloriallangmlgl!, of one aspect of the Maxwell's equa
tions L'lSlIe with which Lorentz, Larmor, and Poincare strugglt'd. For a more 
precise discu9.'1ion ()f this issue and their struggle, !I~(! pa~es 123-130 of Pais 
(1982). 

66 ~lf the Fitzgerald contral-1;ioll ... "dilates" time.] To mak.e the laws beautiful 
required not only the con tral-1;ion of moving objet:1S and the d iJat iOIl 0 f their time, 
it also required pretending \.hat the concept of simultaneity is relative, i.e., that 
simultclIIeity depends on one's Sl.all~ of motion; and Lorentz, Larmor, and POinl'<lre 
paid C:Ollsid\~rable attention to thiq as well as to length contraction and timl' 
dilation. H()wever, for pedagogical simplicity, I igllore this in the text and take lip 
the i'IS,le of simultaneity somewhat later in Chapter 1. 

68 ~"I am more and more convinced ... not correel. "j Document 52 ill ECP-l; 
Document 8 in Einslein alld :\Ilaril: (1992). 

fif! LOver the next six years, ... dilation of tirne.l Here I am speculating. It is "ot 
really kllown to what extent Einst~in's mind focused on thest' issup.s duriTlg 
1899-1905. A~ Pais (1982, Section6b) makes dear, during these six years Einstein 
was unaware of the Lorentz-Poincare-l.arrnor deduction of length contractiOll 
and time dilat.iOTl from Maxwell's laws. Stated more todlrlicallv, he Ulas aware of 
Lorentz's derivation t}f thl~ T .orentz transformation up LO fin. .... ordl~r ill veloclty 
(including simultaneity breakdowt\), but not to second order when~ length (.'011-

tral--tioll and time dilation OC:Cllr. On the other hand, he presumably was aware. of 
I.he !-'iugerald-Lorentz infereu('.e of length contraction from the Micheis()n Mor
ley l!xpcr\lJlt'.nt; alll! we do know I.hat in his 1905 paper on special relativity hl~ 
g\VP.S his own derivation of the full Lorelll7. transformation. accurate to all orof!r!I, 
and of length oontril<:tion, time dilation, and simultanl~ity breakdown. 

69 [To the saucy ... :\Ilill!va Maric,] For a description of MariC's personality based 
largely on the lovp. 1(~t.LCrs between her and Einstein, see Rerm and Schulmann 
(199g); for the love letters sec I~CP-t or Einstein and ~fari~ (1992). 

565 
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69 ["I'm absolutely convinced ... bad recommendation."] Doculn(!nt 94 of 
KCP-1; Document 95 of .Einst(!in and Marie (1991). 

69 ["I could have found ... thick hide."] Document 100 of ECP· 1. 
69 ["This Mi5S Mari~ ... dislike her.") Document 138 of Eep·t. 
69 [''That lady seems ... w1('.ked people'''] Dorument 125 of OCP-1. 
69 [UT am bfo.side myself .•. f.>fIner teachers."J Document 104 of Eep-l. 
70 fan illegitimate child ... staid Switzeriand;J ECP-1; Renn and Schulmann 

{I 992); Einsteill and Marie (1992). 
70 (Most of these he spent studying and thinkingj I am speculating, based 011 

,:arious biographies of Einstein, that he spent most of his free hours ill this 
way. 

70 ;"He was litting in hi." study ... went on working."J Seelig (1956), as quoted 
by Clark (1971). 

7(}·71 [Sometimes it helped ... "J could not have found ... whole of Europe."] But 
see the discussion, on page xxvi of Renn and Schulmann (1992), of the COIltci
butions that Besso made to Einstein's work. 

77 [This proof is essentially ... devi5(!d by Einstein in 1905.) Section 2 of 
Document 23 of I<:CP-2. 

78 ~Indeed, a wide variety ... in just this way.J See, e.g., the appendix in Will 
(1986). 

79 l HatJing tkdlJCed that spat;e . . . to his principle oj relativity: J As Pais (t 982, 
Section (jb.6) makes cleat. Henri Poill<.:ai+. formulated a prirnitivt' version of 
the principle of relativity (calling it the "relativity principle") one year before 
Einstein, but waf unaware of its power. 

83 [Einsteill's article ... was p"blished.] Document 23 of ECP-2. 

CHAPTl!:R 2 

87 Genf'.l"al comments about Chapter 2: Most of this chapter's material about 
Einstein's life comes from the standard biographies of him: Pais (1982), 
HDffman (1972), Clark (1971), ~instein (1949), and Frank (1947). For most of 
the historical perspective and quotations in C..hapter 2, which I have gleaned 
from thest' standard biographies, I do not give individual citations below. 
Much new historical material will bt!come available in the next few years, 
with the gradual publk.ation of E.instein's collected papers: the volumes that 
follow the already published ECP-I and EGP-2. 

The intellectual route that Einstein followed to get from special relativity 
to geIleral relativity was basi('.ally that described in this chapter. However, of 
necessity I have siznplified his route substantially; and for darity, I have 
described t.he route in modern language rather than in the language that 
Einstein used. For a careful historical reconstruction of EiIl5tein's intellectual 
route, see Pais (1982). 

87 (The views of space and time ... independent reality.] Hennann Minkowski's 
address was delivered at the 80th Assembly of German Natural Scielltists and 
Physicians, at Cologne, 21 September 1908. An English trcUlslation has beell 
published in Lorentz, t~instein, Miniowski. and Weyl (1923). 

94 [The other, a pel.'uliarity in the :Moon's ... misinterpretation of the astrono
mers' measuremen ts.] The MooIl appeared to be speeding up ever SO slightly 
in its motioll around the Earth, an effect that Newton's gravitatibnal law 
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could not explain. In 1920 G. L Taylor and H. Jeffries realized that, in fact, 
the Moon was not speeding up. Rather, the Emh's spin was slowing down 
due to the gravitational puli of th" Moon 011 high-tid~ water in the Earth's 
oceans. My comparing the !\1oon's SLeady motion 'to the l!:arth's slowing spin, 
astronomen had incorrectly inferred a lunar speedup. See Smart (1953). 

96 [rel..iew article. . . Radioaktivitiit umJ. /<;lektronilc j :\n Eng) ish translation 
of l<~instein's beautiful review article is published as Document 47 of 
.ECP-2, 

tOO [Einsteirl discovered gravitational time dilation ... prf'.sented In Box 2.4,J 
Einstein's argument as presented in Box 2.4 was originally pU'olitthed in 
Einstein (1911). 

100 r.When starting to write his 1907 review article, ... &diaaktivitlU und 
El.ektronik] Document 47 of ECP-R 

105 [Einstein's life as a professor ... he was brilliant.j See Frank (1947). pages 
89-91. 

117 lThese conclusions ... on 25 November.] Einstein (1915). 
t 18-119 80" 2.6: Remark for readels who are familiar with the mathematical for· 

mulation of general relativity: The des('.ription of the Einst.f!in Held equa
tion given in tllis bo" corresponds to the mathematlcal relatior. 
Ru = 41tG(Tlt + T rz + 1'yy + Tze)' where Rtt is the tirne-time component 
of the Ricci curvature tensor, G is J\ewton '8 gravitation constarlt, Ttt is t.he 
density of mass expreB$Cri in enl!rgy un'lts (see Box 5.2), and 
1'rr + T yy + T~z is the sum of the principal pte55ures along three ortho·· 
gonal directions. See page 406 of MTW. This "time -time" component of 

. the Einstein field equation, when imposed in all reference framC5, guaran
tees that the other nine eompo!lents of the field equation are satislled. 

t 19 [As I browse ..• (a browsing which, ... into English!)j Einstein's persona) 
papel's and the rights to some of his published papers wert! tied up in a legal 
bat.tle for several decades. The Russian edition of his collected works was 
produced and published at a tiPlt' when the Soviet Union did r.ot adhere to 
the International Copyright Convention. The far more complete English 
edition is now being published, very gradually; the first two VOIUnlf'.s are 
ECP-1 and ECP-2. 

CIlAP1'Jo;1\ 3 

121 ["The essential result of this investigation ... reaiity." I Einstein (1939). 
122 [Ill 1785 John Michell ... should look like.] Michell (1784). For discussion5 

of this work see GibbmlS (1979), Schaffer (197!), Israd (1987), and Eisen
staedl (1991). 

123 lThirteen yea.rs later, ... subsequent editions of his book.; Lapla('.e (1796, 
1799). For discussions of Laplace'S publication..~ on dark stars, see Isrdel 
(1987) and Eisenstaedt (199 t). Eisenstaedt discll.'I.'ICl' the attern pts and fail
ure to verify, observationally, Michell's prediction that light crnittpd by 
massive stars ~s affected by" their gra\-1tatiooal pull, and the r:()tltribution 
that this failure might have had to Laplace's deletion of dark stars from the 
third edition of his book. 

124 lSchwaruchild mailed to Einstein ... curvature inside the star.i Schwarz
schild (1916a,b). 

567 
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151 [Jim Brault ... EiIlstein's prediction. J Brault (1962). For a deLailerl discus
sion of test., of Ein~lein's general c~]ativi..~lic laws of gravit), see WlII 
(1986). 

131'-132 ll-Iowevcr, few were ... highly compact slars.~ "'or a detailed discussion of 
the early history of }>l-,ople'll rcar.tion to the Schwarzschild gl~ometry and 
reseatf",h on it, see Eiscns~edt (1982). A broadl'c-brushf~d history t.hat covers 
the period from 1916 to 1974- will !x~ found in Israd (1987). 

135 [In 1939, I-~insteirl [Jublisl,cd ... cannot exit;I.J Eillsl.ein ('1939). 
l.~ lAs backing for ... Einstein believed.] SchwaIZ5(:hild (l9Hib). 
1~8 (UI am sure ... 1.0 that faith."] Israel (1990). 
159 ["There is a curiou~ ... dream of."] Israel (1990). 

CIIAP"'ER 4 

141,) Geller~1 comment about Chapter 4: The histor;(~l aspects of this chapter 
ue based largdy on !i) IlersoTlal oonver~1.tions with S. Chandrnsl!khar over 
the pil$t twellty-fh'e years, (ii) II taped interview with him (C~T·Chand· 
rasekhar), (iii) a book about Eddil'lgt.on by him (Chandrillo'(~khar, 198~a). 
ar.d (iv) a beautiful biography of hiPJ (Wali, 1991). I dv not cite speciri(; 
sources for specific- ItemS, except in special r.ases. <;handnlsekhar's sriell'ti ric 
publif'.ations 011 white dwarfs ar/! colkcl.ed together ill ChaJldrasekhar 
(1989). 

141-1· ... 2 [Especially ifltere8Ung was ... Royal A stro!/.Omica[ Society.] Fowler (19gb). 
142 rFowler's artidt? poinled ... Arthur S. Eddi(lglon,l F.ddingtun (1926). 
143 f<'ootnote 2: For a detailed discussion ofthe difficultip.s Adams faced Qlld tlw 

errors that he made ill his measurements, see Greenstein, Oke, l!tId Ship
man (1985). Tllis rp.lerellre also gives informatioll about obscrvatiollal 
sludies of Sirius R IIp tl) 1985. 

150 [Challdrnseithar work.ed out ... in prcssure.l Here J have takp.n literary' 
licemc in two ways. f'irst, Fowler (1926) had alrel\dy comput(:d the m~ist· 
am:!:> lO cornpressioll, so Chandrasekhar W'dS merely checkiIlg Fowll,r's cal
culaLion. &"COnd, this is not the routP. by whic:h Chandrasekhar carried out 
his computlltion (l~T-Challdra.seokhllr), though it is matlU!matically equiv
alent to the true route. This route i..~ the orlt~ that i~ easiest I'or me to explah\; 
the true route cntailed (:omputing the dectrQns' pressurl~ as illl integral over 
their momelltllm spa<:e. 

152 [Finally, a fllll year ... published.] Chandraselthar (t 951). 
152 Footllote 4: Stoner (1930). This contribution by Stoner is briefly lrlcnl.ior.ed 

by Chandrasp.khar (1931). r"or a discussion of the work of Shmer and related 
work by Wilhelm Andt'.cs()n, 5..oe lllrliel (1987). 

153 [In latP. 19~4 ... in Estonia.i Anderson (t929). Stollt'I (1950). 
154 Figure .... 3: The Inasst."S and eircllmfercnc;es of white dwarfs as shown in this 

figure, and Chandrasekhar's CP.8ults for tile interior structl4ces of white· 
dwarf stars, wl'.re lat-l'f' published in Chal1drllsckhar (t 935). 

160 r"The star rns to go on radiating . . . ill Lhis absmd wa y!"J Eddington 
(1935a). For further details of Eddington's specious arguments see Edding
tcm (1935b). 
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161-16g [To Leon Rosentdd ... "If Eddingtoll is right, ... EddingLon's stat<!rnents"] 
Wali (1991). 

162 [in Paris in 19~9, ... "Out there we don't bdic"l~ in Eddington."J Wali 
(1991). 

162 [If naLurc provided no law ... white-dwarf grave.j ) was told this in an 
authoritative fashion by all eminent Galtech astr()llomy prurcssor when I 
was an undergraduate in 1958-62. It is my strOI1~ personal irnpres!licm from 
that era that most a.~tronUrrien were taking Lhis view and had done so since 
the early 19405, but I cannot. be sure. 

I 65 ["1 felt ilia t ... into something else:." J Quoted by Wali (1991 ). 
165 [To EddingLOn, the treatment ... astrollomical establillhmenl..J Tais inter· 

pretation of Eddill~rt.o(l's behavior was sugg(!sted to me by Werner hOld, in 
a I'-ritique of all early version of this chapter; J believe it accords wen wil.h 
the historical record. 

CHAPTER 5 

164 General oommCllt about Chapter 5: The historical aspecu of this (~"apter 
are based in large part. (i) on my inte!view9 with participants in the evetlts 
de.v.ribed, or with their scientist colleagues and friends (TNT-Baym, I~T
Eraginsky, INT -Eggen, INT-Fowler, I~T-Gin:l.hl4rg, I NT-Greenstein, 
INT-HarrisOfl,INT-Khalatnikov, Il'4T-Lifshitz, INT-Sandage, Tl'"T-Serber, 
INT-Volkoff, TNT-Wheeler), and (ii) on my reading ()f the scicfltiric papers 
the participanl.s wrote. For general background on the history of physics in 
the '9'~0s and 19308, I have relied somewhat Oft Kevles (1971), and for 
background on the history of Soviet physics, on Medvedev (197~). Useful 
information and background about Landau came frorr} Livano\'&. (1980) 
and Gamow (1970), abolil. Oppenheimer from Rabl et al. (1969} and Smith 
aIld Weiner (1980), aIld about the development of Wheeler's ideas from his 
research notebooks, Wheeler (1988). Tn some places I halfe rdied on other 
sources cited helow. 

164 l"Ey the time I knew Fritz ... wrong,"] I~T-Fowler. 
164 LJesse Greenstein ... "a self-proclaimed genius ... other people."] IXI'

Greenst..ein, and Greenstein (1982). 
165 [He even went on the air ... popularize his neutron stars.l Zwicky 

(1935). 
166 ["Zwicky called Baade ... same room," recalls Jesse Greellstein.] I NT

Greenstein. 
168 [(Today we know, ... factor of 1O,J Eaade (1952). 
168 [By combining Baade's knowledge ... larger factor, 10 million,J These are 

Baade and Zwicky's numbers, as they appear in the ahstract of a talk that is 
replicated in Figure 5.2 (Baade and Zwidty, 1954a), except for the "10,000 
aIld perhaps 10 million," whil'.h ('.orne from their more de!.ailed paper on 
the issue (Bilade and Zwidty, 1934b). Their error resulted from assuming 
that whf'.n the supernova is brightest, the circumferenl'.e of its hot, radiatiJlg 
gas is in the range of 1 to 100 solar circumferences. In fact, the circumfer
ence is far larger than this, and when one traces through their argument, 
this results in far less ultraviolet ligJlt and X-rays. 
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t 71 LThe neutron arrived ... it seernro to Zwicky.] In this section and through
out Chapk~r 5, I att.ribute to Zwicky the COllCept of a neutron star Rnd 118 

coIlSt'qucnces for SuperIiovac !lnd cosmic ra:rs, althougll th(: publication of 
the idea .. was john with Baade. Giving Zwicky the credit. ror the illea!> (and 
Baade the credit for the k~y understanding 01 the observational dat.a) is all 
illfonned speculation based 0.1 my discuStiions with I. heir sdcmist col· 
leagues: TbiT-Eggen, J:--'T.Fowler, J~T-vreensteill, IN1'.SaJldage. 

174· I-'igure 5.2: Baade and Zwiciy (19548). For some jU~I.ificatiorl of the num
bers ill ilie abstrclct see thl" more detaill~d presentation in Uaade and Zwicky 
(19~b). 

171i [Landau'S publication .•. ("IY for help:) This interpretation of l..andau's 
publication was explainr.d to me hy his el~st, lifdoDG fril"lId, Evgeny 
Michailovich Lifshitz (J~T-Liflhit.z) . 

. 180 [A fe!low pclStdoctoral ... "I vividly remember ... 01 the paper."] Quowd in 
Liv4I1ova (1980). 

180 .j 81 ["All the nice girls ... are Icft,") Quot.«! in Livanova (1960). 
1°1 r· (~G '.R." . I' . ,,,'1 o. , nS .yec>rge amow,...· USSlan !lClence . . . capita 19ur coun/.nes. 1 

Gamow (1970). 
181 1)11 1936 Stalin, ... Wfo.re de5troyed.] Th(~ slatistics 1m imprisomnents dnd 

deatbs under Stalil! are somewhat uncertain. Medvcdev (1978' gives what 
are perhaps the In<>St reliable numhE'n; available in Lhe 1970s. Howe",.~r, in 
the latc 1980s glasnost made possible tht'> public di.~emination of inforrna· 
tioll that drovt: the nUTnbcJls upward. The nllmbe~ I quoLe are all overall 
asses&ment made by Russian friendfl of mille who have sLudied tllIl issue ill 
some depth in the light of the glasllOllt re\'Clatiolls. 

182 [Arthur Eadington ... nuclear fusum;) Chapl.er 11 (I f ":ddingt')fl (1926) lind 
rp{erences Lhp.rein. 

184 ~Landau had a.ctually ... fail in atomic lIud~.i.] Landau (1932). 
184 (In latl~ 1937, I ... uldau WTOte a manuscript] Larldau's maI1us.~ript was puo. 

lislied irl Landlm (1938). Unbeknowns •. lO Landau, his close friend (h:()rge 
Gamow had alrp.ady published the same illea (GlIlnow, 1931). Gamow had 
es(:aped from the U.S.S.R. in 1953, shortly after Stalin's iron ellrlain de
scended (5(.'C Gamow. :970), but bf!fore escaping he held learned Lmdau's 
original pm-neutron idea ofkt.'(~pjng a star hot by a dlmse celltral core. After 
the neutron was disr.overed, jt_ was natural that VllnlOW aud l.andau (nClw 

out o[ contact wilh each other) would independently reinterpret Landau's 
193/ core as a Ileutron (~re. 

185-186 fLandal: sent Hllhr ... 'vrhe new idea of L. Landau is c."'":ellent and very 
promisillg."j Landa.u's elosest persol!al frielld, Evgeny Michailovich Lif· 
shitz, called my attention to this (:orrespond(~nce in 1982 (INT-Lit:~hitz) and 
explairl( .. -d to me the history behind it, as ret'..ount(~d here. After Lifshit;r.'s 
death, the full corresponderl(:e -illcluding that between K.api\Jlfl and !\10Io
tov. Kapil8a and Stalin, and Kapitsa alld Beria, which ultimately produced 
I..antlau'~ ~least' from priSOIl -'''''"as published in Khelatnikov (1988), The 
exoerpls quoted here are my own translation from tile RUll.t~ian. 

186 f -thoagh ill Landau's (:''lse, ••. KGH files:'j G"reliit (1991). 
186-187 LLandau was lucky ... (Supernuidity had bt'eli disl:"vered ... power of 

Soviet sdcnre.)J See note to pages 185-186. 
188 ["Well,.Robert, ... damned word.") Quot~~ in Ropl (1969). 
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188-189 L"Oppie ... Lwcnty-five dollan a month."j Serber (1969). 
191 [(..0\5 of the early 1990s, ... Landau's mct:hanlsm.)J These ~ianl. stars are 

thought to be r.n~lIted in binary star syslmrll; when ont~ star imploot.'S to 
become a neutron star, and LhEm, much lawr, spirals into the core (If its 
(!ompanioll bt.ar and lakes up rp.8idencc there. These peculiar be/ist~ have 
corne to be callM "Thorne-Zytkow objPcts" hecause Anna ZYlkow and 1 
were the fiI'llI. to cornpute thci r structu rl'..8 ill dptail. Sec Thorne and 7.ytkoW" 
(1917); also ('..annon pt al. (1992). 

191 (they submit.ed lhl~i r critique ... "An estimaw of Landau ... of the SUII." J 
Oppenheiult'.r and Serber (1958). 

192 [In th~ 19905, ... 3 solar masses,) Shapiro and Tcukolsky (I9R3), lIartle and 
Sabbadini (1977), 

193 ·196 Box 5.1: In this box, most <If my desr.riJltion of tlle sequence of SII'I)8 by 
whir.h the research was done is informed sp<x:ulation, hasl~d on an inLerview 
with VolkofT (INT- Vulkoft), the T"lman ar('.hi .... (·t; (Tolman, 1948), and I.he 
participants' public<l.ljons (Oppenheimer and VolkofT, 1939; Tolman, 19:;<». 

195 [On 19 OClober, ... mon.~ formulas.j The corresplHldell(·e belween Tolman 
and Oppenheim<:r is archivl~d in Tolman (194-8). 

195· 196 [0'1 remember being ... my (,.alculations."] J NT-Volkoff. 
196 [Th(',re must still 'Of;' ••• severalsolar masses.~. This condu81OJI was published 

ill Opp4'.nheimer and Volkoff (1 %9). Tolman's analytic aualysl.'S, 011 whl(:h 
Oppenheimer and VolkolT relied foc their estimal~~s of the effnl't. of nuclear 
fQrces, were published irl Tolman (19~9). 

1.97 [In March 19.56, \'\'heeler ... and Oppenheimer and Volkoff.~ Voluml~ 1-. 
pag('_~ 3.~ 10 of Wneder (1988). 

199 f.''Vheelcr wa(l; superbly preparl~ ... hydrogen bomhj t'or detailll (If 
Wheelcr's background i:\nd earlier work see Whl:'eler (1979) and Thorne 
and Zurek (1986). 

200-202 BOll 5.5: This equation of state (1.1ll! fmit of 1.1ll! work of Harrison and 
WheelPr) was published in J larrison, Wakuno. and Wlwtlier (1958), and in 
greater dptail in Harrison, Thome, Wakllno, and Wh"eier (19b!). The 
more weent, solid curve at alld above nu<:iear densil.ies (10 14 grams p<:c 
c\lbic (:cntimeter) it; 1m approximation to various modern (:()Ilatiolls of Sl.fIL(' 

as reviewed by Shapiro and Tlmkolsk.y (1983). 
203 ,,'igure 5.5: From Harrison, Wauno, alld Wheeler (1958) and Ilarrison, 

Thl)rne, \Vakano, and Wheder (1965). The solid neutron·star CIJr"" is an 
a})proxirnatioll til various modl~rrJ IJOmpllLalions as re"iewl~d by Shapiro ami 
Teul10lsky (1983). 

g06 ['Thus, his ankle with Volkof'f ... "On Massive ~eutror. Cores.".i Oppen
heimer and Volkoff (1939). 

207 [Ilis best !'.ffllrt ... "On t.he Theory :lIId Obsprv;lIiorJ of High1y Collapst'd 
Stars.".; Zwicky (1959). 

20f! [Isidore I. Rabi, ... "[1]1. S(~elns to me ... had already gone."; Rahi et at 
(1969). 

CHAPTER 6 

209 (jeneral oomrnent about. Chapter 6: Tht. llistorical aspects of l.hioS dl'lpter 
nee ba~d in 1~t"Ke p~T't on t.he fol\~wi\\g: (\) m~ inl.er ... i(~ws with pact.i(·.ip·,mts 

571 
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in the evellts described, 0(' "'rith their scientist colleagues and friends (TJ\T
Bra.ginsky, I1\T-Finkelstein, 1NT-Fowler, INT-Ginzburg, INT-Harrison. 
I~T-·l..ifshib, INT-Misner, tNT .Sether, Il'tl'-Wheder, INT.Zel'dovich), 
(ii) my OWII participation ill a small portion of the history, (iii) my reading 
of the s()ientiflC papers the participants wrote, (iv) the dt?Scriptions of the 
American nuclear W"eapon~ projocts in Bcthe (1982), Rhodes (:986). Teller 
(1955), and York (1976), (v) the desl..Tiptions of the Soviet nuclear weapons 
projef:ls and other events ill !.he U.lL'i.R. in Golovin (1973), Medvedev 
(1978), Rhus (1990), Romanov (1990), and SakllliCOv (1990), and (vi) Jolw 
Wheeler'~ research noteixlOks (Wheeler, 1988). 

209-.211 tit was Ttlesday, 10 JUlie HJ58 ... "It is very difficult to believe 'gravita
tional cutoff is a satisfactory answer," J A written vt!rsion .)f Wheeler's 
lecture and thf! interchange of comments between Wheeler ana Oppen
heimer are pllblisht!d in Solvay (1958). 

210 [uthere 800ms no escape ... [below about 2 Sun8]"] This qUOk! is para
phraaed from Harrison, Wakano. and Wheeler (1958). with minor challges 
of detail to fit the r.hraseology and colivention15 of this book. 

212 ("Hartland pooh-poohed ... Jibeol politics."] INT-Serher. 
212 (hOppie was extremely cuhured; ... mnit independcnt."j JNT-Fowler. 
~12 ["Hartland had mt>re talent ... rest of us did:'] I~T-Serber. 
212 [Hefore embarking ... quick survey of the problem.] Here) am speculatiIlg; 

1 do not know for sure that he cafTied out such a quick survey, but based on 
my unde~tanding of 0pp4'.nheime,r ~ld the contents of the papt~r he wrote 
whell the research was finished (OPllenbeimer and Snyder, (939), I 
strongly suspect that he did. 

ll6-217 [By scrutinizing those formulaa •... loob on the star's surfaoe,l Oppen· 
heimer ar.d Snyder published the results of their rl'.5('.ardl irl Oppenheimer 
aJld Snyder (1939). 

219 iAt Caltech, for e1Carnple, ... was very convinced.! I~T-Fowler. 
219 lTbere Lev Landau, ... human mind to comprehend.IINT.Lifshitz. 
220 ["In personality they ... I chose Breit.") Wheeler (1979). This reference is 

an autobiographical account 01 Wheeler's research in nuclear physics. 
220, 222 [Wlleeler and Flohr at Princeton ... The Bohr - Wheeler article ... Phy.fical 

Revieu·j Bohr and Wheeler (1939), Wheeler (1979). Bohr and Wheeler did 
not name plutonium-259 by nune in their paper, but Louis A. Tumer 
inferred directly from their Figure 4 that it was an ideal nucleus for sus·· 
l8.iI1ing dlain reactions. and proposed in a famous classified memorandum 
that it be used as the fuel for the atomic bomb (Wheeler, 1985). 

2':l5 [Zel'dovich and a close friend, ... for an the world to see.) INT-Zel'dovich, 
Zel'dovich ~ld Kbariton (1939). 

22:1 [Wbeeler was the lead sciemist ... Nagasaki bomb.] For lome details of 
WheeleT's key role, !lee pages g-5 of Klauder (1972). 

223 ["If atomic oombe ... at Los Alamos and Hiroshima."J From a speech by 
OppenhElimer at 1..08 Alamos, l'~",. ~ex;co, on 16 Octoher 1945; see page 
172 of Goodchild (1980). 

225 ("In some SQrt of ('.Tude senlit'! ... cannot lose."1 Page 114 ()f Goodchild 
(1980). 
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223 ·2240 ("As !look back ... August 6, 1943."j Wheeler(1979). 
225 [While this massive effort ... over to the American design.] These details 

Wf'll'C re\'ealed by Khariton in a k't--ture in MOIICOW, which was reported in 
the New York Times of Thursday, 14lanuazy 1993, page A5. 

225 [accumulation of waste ... square mile6 nf countryside.] Medvedev (1919). 
226-227 L"We base our recommendations ... genocid~."] Report of 30 Octoh('r 1949 

from the General Advisory Committee to the U.s. Atomic En~rgy Comrnis
sitUI. Repl'Oduced in the appendiJ< ofYor;' (1976). 

227 ["Nine out of ten ... str(,ke of genius."] Bethe (1982). 
227 [As Wheeler recalls, "We did an immense amount ... get things out."J 

INT. Wheeler. r 

228 lWheeler recalls, "While I was stclrting ... on the project."] J:'oITWhceler. 
229 ["The pragram we had ill 1949 ." once you had it."] lJSAEC (1984), p. 25t. 
229 ["I'm told ... thermonuclear devices"] I~T-Wheeler. 
229 [In spring 1948, fjfteen mOl1ths hef(,relThere seems to be some confusion 

over the dat.c on which .he Sovitrt H-bomb design work. was initiated. 
Sakharov (1990) dates it as spring .948, out Ginzburg (1990) datfo.s it as 
1947. 

2'29 [In June 1948, a. second superhomb team) This is the date giVffll by Salt
harov (199(1); Ginzburg (t990) place.s the dllte in 1947. 

229 Foomote 5: Sakharov's speculation is outlined in Sakharo\-" (1990). Zel'
dovich's assertipn was Illade verbally to close l\ussian friends, who trans
mitted it to me. 

230 ["Our job is ·to lick Zel'dovich's aI1u6."] Quoted to me by Vitaly Ginzburg, 
who was present. Sakharov was also pr~nt; in the English version of his 
memoirs (Sakharov, t990), the quotation is expressed as "Our job is to kiss 
Zel'dovif-.h's ass." For some of my own views (In the complex relationship 
betw~n Zel'dovich and Sakhal'ov, see Thorrle (1991). 

230 ["that bitch, ul'dovich."J This quotP. by Landau has been passed on to rnt' 
independently by several Soviet theoretical physicists. 

230 [Sakharov proposed ... lithium dcuteride (LiD).J Romanov (1990). 
231 [it was 800 tiOles more powerful ... Hiroshima.] The Ilumbers I cite for th(~ 

energy reles5e in vanous bomb explosions are ta!ten from Ycrk (1976). 
a."!31 l"I am under the influen~ ... his humanity."] Sakharov (1990). 
232 [In Marcb 1954. Sakharov ... TeUer-l~lam idt."Il,l Romanov (1990), ~ak.-

harov (1990). Romanov, ill an article in honor of Sakharov, attributes th\! 
discovery jointly to Sakharov and Zel'dovich. Sakharov says that U(sleveral 
of us in the theoretical departments came up with r this idea i at about the 
51U1le time," and be then leaves the impl'f'.ssiop that he hilnself deserves the 
greater share of the credit but says that "ZeI'dovich, Yuri Trutnev, and 
othCrlI undoubtedly made significant contributions." 

2:55 ["In a great number of cases ... not to grant clearance.") USAEC 
(1954). 

235 [Teller had "had the COtlrage ... deserved consideration,") J. A. Wheel~, 
telephone ~nversatio" with K. S. Th(lfne, Jllly 1991. 

235 [Andrei &dkharov, ... ('.ame to agree.} Sa!iliarov (1990). 
259 {At Livermore ... produced a black hole.J The motivatIOn for this research, 

57) 
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a quest to understand supernovae and their roles as sOllrces of cosmic rays, is 
described in Coigate iUld Johnsoll (1960j. Cnlgate and White (1963, 19(6) 
C"drried out the small-mllSS, supernova-fonning simulations, using l\cwton's 
description of gravity rather than Einstein's. :\IliIy an.d White (1965, 1966) 
did the large-mass, bJack-hole-fo!ming simulations, using Einstein's gen
eral relativistic descriptiorl of gravity. 

240-2-+1 [To puzzle out the details ... nearly identi('A"l1 to tll(~ AmeriCllns'.] lnlshen· 
nik and Kadezhin (1964), Podure\$ (1964). 

2# r"you cannot dppreciate ... true simultaneously,"J l::-ff-T..ifshitz. 
2# (Then one day in i958, ... David Fillkelstein,] It'inkelstcin (195S). 
2~ llt'oot.note 5: See, c.g., tbe discussioJls in Box 31.1 and Chapter 31 of 

MTW_ 
2-+5 [Finkelstein diS(:()Vered, qllite by ehance ... and sl.eUar implosion.J Fo! 

Finkclstei!I's dCSf'.l'iption of how the disoovery VI.'a5 made, Il~e Finkelstein 
(1993). 

g46 [an article in ScientifIC American.] Thorne (1967). 
254 [In 1964 and 1965 ... stellar implosion.] Harrison, Thorne, Wakano, and 

Wheeler (1965). 
256 [He tried it Ollt at a conference ... "By reason ... increase its gravitational 

attraction."~ Wheeler (1968). 

CIIAP"'ER 7 

258 GeIleral COlliment about Chapter 7: The hilltoriC'cd aspects of this chapter 
are based 011 (i) my own personal experien<'e as n participant, (ii) lily 

interViews with other participanl8 (n~T-Carter. TNT-Chandraselthar, I~T
Detweiler, INT.Eardley, DIT-F.llis, I~T.Geroch, I~T-Ginzbllrg, 1ST· 
Hartie, INT-Ipser, INT-Israel, I~T-Misl1er, l;11'l'-Novikov, J~"T··Penl'OSc, 
l:\lT-Press. I~-Pri{:e, Il\"T-Rees, INT .. Sciama, INT-Smarr. I~T-Tcll
kolsky, INT.Wald, INT-Wheeler, I N'l'.Zel'dovich), and (iii) my rearling of 
the sd('.ntific papers the participants wrote. 

262 r"There have been few occasions ... consummated.',] Wheeler (I 964b). 
266 !hoop conjec/urt':11 first published the concept of [he hoop conil~cture in fI 

It'E'.s~hrif~ ,roluDle ill honor o{ Wheel",r (Thome, 1972), and ill Box 32.3 of 
MTW, 

g68 [the idea that the implosion of 0\ star ... cun backw·ard.l This idt'a was 
called by ~oviko\' aml7.cl'dovich the semi-dosed unirJerse. Th"y ultimat.ely 
published separate papers describing it: Zel'dovjch (1962) and !\Iovikov 
(/963). 

269 ["Maybe you "'ou; don't ... but you llIiU want to."] I~T-Novjkov. 
269 i."Yakov Boris'ell would ... next ~y."J I~T-Novikoy. 
274 [To test this speculaLion ... no magnetic field whatsop.ver.l The key ideas 

and irlitial calculations of this research were published in Ginzhurg (1964); 
mOTe complete matht'lnatiCliI details were worked out by Ginzbu.rg and a 
young colleague, l.eonid Moi...eevich Ozernoy (Ginzburg and OzecJlt>y, 
1964). 
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275 [Dor08hkevidl, ~ovikov, and Zel'dovich quickly ... no prouusion) They 
published their analysis aeHi (~onclusions in Doroshkevich, Zel'dovich. and 
:'-lovikov (1965). (The order of the authors is alphabetic in the RU$$iall 
language.) 

278 lin London, Novikov presented ... anything like it.] Readers can ~ the 
flavor of Novikov's lecture in the influential n:~vi(~w articles that he and 
Zel'dovich wrote shortly before the conferenr.e: Zel'dovich and ~ovikov 
(1964, 1965). 

278 [The writwn version ... in R.ussian.~ Doroshkevich, Zel'dovich, and :'Ilovi
kov (1965); see note to page 275. 

279 [The first was Werner Israel, ... will become clear ht!lowJ Israel's analysis 
was published in Israel (1961). 

281 rHe got there third, aftl!r ~ovikov and after Israel,] ~ovikov (1969), dt! la 
Cruz, Chase, arId brad (1970), Price (1972). 

283 ""284 [(The IDl~(:hanism, ... Ted Chase.)] de la ('.dUZ, Chase, aIlti Israel (1970). 
284 lThc field now threads the horizon, ... leaving the hole unmagnetiz.ed] For 

a more detailed and complete discussion of the interaction of maglletic 
fields with a black hole, see Figures 10, 1 1, and 36 of Thorne, Price, and 
:\;la<.'t!oIlalcl (1986). 

285 [The lioll'S share ... Ma~ur.] For a review and references, see Section 6.7 of 
Gartl!r (1979); the subsequent, final stage ...... 1\.5 published in Mazur (1982) 
and Runting (1983). 

288 (John Graves and Diett'T Brill, .. " charged hlack hole.] Graves and Brill 
(1960) and references therl~in. 

289 rRoy Kerr had ... outside a spinning star.] Kerr (1963). 
290 [Within a yeal Carter ... Richard Lindquist,] Carter (1966), Hoyer and 

Lindquist (1967). 
290 [Garter and others ... possibly exist.] Carter (19"79) and earlier references 

therein. 
290 [Carter, by plumbing that mathemati<.'S, ... should be.] Carter (1968). 
293 [WernerIsrael showed ... always f"ail.J Jsrael (J986). 
294 [In 1969, Roger PeIlTose .•. marvelous discovery.) Penrose (1969). 
295 (Ted ~ewman ... Robert TorrenCf:.j Ne ..... -man et al. (1965). 
295 [In autumn 1971, Bill Press, ... black bole itself.] Press (1971). 
297 lThe winner was Saul Teukolsky,i Teukolsky (1972). 
298 [Teukolsky recalls vividly ... "Somdilncs when you play with matbeltlat

ics, ... terms together."] lJ\"I"-Teukolslty. 
298 [Teukolsky himself, ... its pulsations are stable.~ Press and Teukolsky 

(1973). 
299 [The lI4athematir:al1'heury C?lBlaclr Holes] Chandrasekhar (198:5b). 

CHAPTER 8 

300 IGencral (.'Ommen!. abollt Chapter 8: The historical aspl!<."U; of this chapter 
are based on (i) my own personal experience as II participant, (ii) my 
interviews with other parti(:ipants (INT-Giacconi, IYf-Novikov, INT
Rees., IKT Van Allen, INT-ZeJ'dovich), (iii) my reading of the scientific 
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papers tbe participants wrote, and (iv) the fo!lowing published accouJlts of 
the hirtory: friedman (1972), Gia(;('.oni and Gursky (1974), Hirsh (1979), 
and Uhuru (1981). 

30t ["Such an object. ... another star"] Wheeler (1964a). 
501 [If you are Zel'dovich ... stellu impiosion.] Twenty-two years later, in 

: 986, Zel'do\·ich expressed 1.0 nlE: regret lhat he had nor. becn mOl"e open
minded about the issue of what gOlltl on inside black holes; rr..vr ·Zerdovich. 

306 (Together, Guseinov and Zel'do"kh ... the catalogs.J Zel'dovich and 
Gusei rlOV (196:5). 

307 rBy searching through ... eight black-hole candidates.J Trimble and 
Thorne (1909). 

307 WO"l"tunately, his brainstorming ... ~p.w York.] Salpeter (1964), Zel'dovich 
(lg64). 

308 [Zel'dovich md ="'o .... ikov together ... i!l!allillg g-cI.S idea] Novikov anel 
l.el'c1ovi('h (1966). 

309 ["the roriet returned ... OIl illlpact:'l JiTledman (1972). 
511 [th(!y annou(lcc~ their discoveIY: ... luui pndicled] Giacconi, Gursky, 

l'aolini, I\nd Rossi (1962). 
3H! [(suggest.ed in 1972 by Rashid SLlDyaev, ... Zei'dovich's team)J SLlnyaev 

(1972). 

CIIAPTI!:R 9 

3g~ General (;omment ab'J\lL Chapter 9: The histc>l'ieal aspccl.'l of this chapter 
are bas(.'<i on (i) my own personal experience CUI II peripher-cll participllIIt. 
froIf) 1962 onward, (ii) my interviews with several participants (INT.GiI17.
burg. INT-Greenstein, ~T -I\CC!I. INT -le;'dovich). (iii) my reading of the 
scientific papers the participants lI.'Tote, and (iv) the following pub1ishc~d 
arid unpublished accounts of the history: Hey (t 973), Gre,~nstein (1982), 
Kellermann and Sheets (19M). Struve and Zche-rgs (1962). And Sullivan 
(1982, 1984). 

323 lCosznic radio waves ... 1932 by Karl Jansky,] Jansky (1932). 
32~ 324 [The t'\\o exceptions ... Jansky wa~ st.-eing.] Whipple and GreelJStein 

(1937). 
324 l"l never met ... not one a.~tronomer,"J I~T-GreensteiIl. 
~g+ (So uninterested ... Cllll number W9GF7..J For Reber's own historical 

description of his work, see Relw.r (1958). 
327 rIn 1940, having made ... paper for pllblir.ation.] Reber (1940). 
327 (Greenstein descrihes Reber iI.~ "the ideal American illVentor ... a million 

dollars."j 1::-rT -Greerlsteill. 
327 l"The Cnivcrsity didn't want ... independeIlt cuss."] )~T-(~ref'nstein. 
?>30 [The first crucial beIlchmark, ... radio sources must lie.] Boltoll, Stanley, 

and Slee (1949). 
331 [When naade developed ... two galaxies colliding wit h each oth~r] Baado 

and :\1 inkowski (19:;.t.). 
333 [R.. C. Jennison and ~f. K. Has Gupta ... opposit.e sides of I.he "colliding 

galaxies:'l Jenlli&on and ))11£ Gupta (1953). 
3M (Greenstl.'in organized ... 5 and 6 January 1954.~ Tbl' proceedir.gs of this 

cOllfereIltx.: are publishl~ in Washington (1954). 
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335 [The mental block ... MaarLfm SchmidL,J Schmidl. (1965). 
336 [Greenstein turned, ... 37 pE'.rcent of Lhe speed oflight.j Greenstein (1963). 
337 rHarlan Smith ... as short as a month.l Smith (1965). 
339 [Building 011 seminal ideas ... till interstellar spacei Alfven and Herlofsoll 

(1950), Kiepenheuer (1950), Ginzburg (1951). For il discust;ion of the his
tory of I.his work see Ginzburg (1984). 

339 [Geoffrey Burbidge ... WO percent efficiency.] Burbidge (1959). 
341 rTo foster dialogue ... Dallas, Texas.] The proceedings of this conference 

are published in RobinsoCl, Schild, alld Shucking (1965). 
342 [So, as Kerr got up to speak, ... picked til) pace.J This df'.~ripLiol1 is from my 

own vivid memory of Lhe ronferell(,.f:. 
343 [In 1971, this suggested ... that powers quasars.j Rees (1971). 
343 ~Malcolm Longair, ... elPCtromagnetic waves.] Longair, Ryle. ane! Sdwlwr 

(1973). 
546 LThe idl~a that gigantic bla(:k holes ... I/.dwin Sal~t.(!r and Yakov Boriso

vich 7..el'dovichj SalpcLer (1964). I'..el'dovich (1964). 
346 [A more compleLe ... by Donald Lynden-Bell,~ Lynden-Bt'll (1969). 
346 [How can a blaf'lt hole ... ans" .. er in 1975:] Bardeen and Petterson (1975). 

347·348 [How strong will the swirl of space be ... nearly its maximum possihle raw_: 
Bardeen (1970). 

348 LFirst, Blalld ford and Rl't~ rllaliZ:f.:d,J Klancifi,rd and l\(~l~ (1974). 
548 lSecond, ... J.ynd~n-Kcll pointed ollt,j Lytld~n-Kell (1978). 
348 [Third, Blandford realized,] Blandford (1976). 
350 [The fourth method .. . Bla1l(i.fo~Zn.aje"· proces.t 1 Blandford and Znajek 

(1977). 
~S1 rlf quasars and radio galaxies are pO ..... "erl'll by the saIne kind of black-holl~ 

engine,l For more detailed discussions of the present state of Ollr under
st.andiIlg of quasars, radio g'dlax ies, jl!ts, and the roll.$ of hlac:k holes imd 
their accretion disks ,lS thl~ ccntral cmginC!S thaI. power I.hem, see, e.g., 
Begelman, Blandford, and Rees (1984) and Blandford (1987). 

354 [The evidence for such a hole ... far from firm.l Set', e.g., Phinnt'y (1989). 

CHAP'I'I!:R 10 

357 General comment about Chapwr 10: The hist'ori('.al aspecLS of thi.'I chapter 
are based on (i) my 0\0\0'11 personal experience as a participant, (U) my 
interviews ...... ith several participants (I~T Braginsky, INT-Drever, TXT
Forward, I:ST·Grisbchuk, INT .Weber, I~T Weiss), and (iii) my reading of 
scientific papers the participants wrote. For more tedmical overviews of 
gravitational radiation and efforts to cletect it, stlC, l~.g., Hlair (1991) and 
Thorne (1987). 

366 [While Weber was publishing his COnf'.tlpt,] Weber (195.3). 
366-367 [Through late 1957, ... broad..~idr. lO the incoming waves] The fruits of 

Weber's work were published in Weber (1960,1961). 
367 [His sole guide ... near the critical circumference.] I..etter from Weber to 

me, dated 1 October 1992; \-Vebt'l' did not publish this argument. at I.hl: timl~. 
Weber's colleague Freemall J.lYSOII was the first 1.0 show that nature is 
likely to produCl~ gradtational-wave burst.s nf"A'lr the frequencies Weber had 
chosen (Dyson, 1963). 
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369 I_Hnwever, in \.he early 1970s, ... a rt~alj\.y.) Weber'lj allnOUlJ(~crnen[ of obsl~cva
r.ional t'videncl~ for gravitclt.iollal WaVl!S was made in Weber (1969). Tbt' eIlsuing 
experilnl!lunl activity (dld controversy o'lrer whlll.her \\-aVl~ had really bc~n de·· 
tectt!d arc document.cd, e.g., in dcSnbbata and Wt'ber (1977) ami papers cited 
thcrl!in. For a socinlngical study ofthe controversy see Collins (1975,1981). 

369 Itwo-month Slunmer schoolj The lect\lr{~s presented at. the surnnll~r school, in·. 
eluding Weher's, were published in DeWitt and DdVitt (1964). 

~72 IDuring our 1969 mecting, ... ultimate lilnitar.ion.] Thito initial version of 
Bragimlky's warniIlg was published in BragiIlsky (1967). 

3i2 nlowever, in 1976, ... ~ertaiflly principle.J The clarified warnings were pub
lishl!c in BragiIlslry (19i7) and Giffard (1976), and the uncertainly prinl~iple 
(lrigin of the limiL was explained III Thorne, Drever, Caves, Zimmermann, and 
Sandberg (197R). 

37:1 I~Roughly to-U was til(! allswer,~ &~(:, e.g., the quasi-transcript. of a 1918 confer
ence Iliscussioll ill Epsr.ein and CL'lrk (1979) . 

. 375 [,"Ve boLh found the answer ... different roLltes.l Hraginsky, Voront.sov, and 
Khulili (1978); Thome, Drever, Caves. Zimmel'maIlII, Imd Sandberg (1978). 

378 I)n principle ir. would be possible to widen the bars' handwidth:oj Michelson Ilnd 
'Taber (1984). 

383 ~Illterft!r()meters f('f gravitationai-wave det(!(~tion ... as did Robert Forward and 
colleagues) Gert5eJl$hr.ein and PllSLovoit (19fi2), Webl~r (1964), Wci511 (1972), 
)'1oss, :\'1iller, aIlCI FOl'ward (1971). 

383 rand Drever hud added ... tn their design.~ See, e.g., Drevt'r (1991) and rdi!r
~nl)es tbert~i rI. 

387 [he retiin:cted most or his own team's efforts ... and znodcst funds.] See Bra
ginsky a/ld KhaIili (199'2). 

391 [A key to sut:Cess in Ollr endeavor ... or L1Go. J For an ovcrv iew of thl~ plans for 
LIGO $I.!(, Abramovid I!L al. (1992). 

CHAPTER. 11 

597 Genercli (~lmmellt about Chapter 11: Tht: (rather minor) historical aspt.'Cts of this 
chaI>ter are hased on (i) my own pcrsonal experience as a participant, (ii) my 
intervil'ws with two ol.her particirmnls (II\T-}),ln1our, I~T-Wald), (iii) Illy read
illg of !\(,.lentifj(~ papers thl' ~}rticipants wtl>Le, and (iv) my expc:rience as a 
st.udent ill a (!Qurse on pal'adigms and 5CiC!lllific revolutions taught by Thomas 
Kuhn at Priu(:NOll Universiry in 1965. 

401 ;. The StTUctun~ c!l&ientijic; Revolutionsj Kuhn (j 962). 
405 LThis freedom carries power.] Richard Ji~yllman, OIW of the gr('al.est physicisLs of 

our century, described hr~al.ltifully the power of having sl~v~cal dill't!l'l:~nt paIa· 
digrns at OllE-'S l'ingerr.ips in his lovely little hook Tlte CIl(lrar.ter l!f Ph,ysical Law 
(Ft!ynrnan, 1965). 1\01e, however, Lltat he I\(!vp.r uses thc word "paradigkrJ.," and 1 
susJJCct. that he I1l~vt~r read Thomas Kuhn's writings. Kuhn described how pl'Oplc 
likl: 1"eynlJlIUI I)pl~rate; Feynmall just operated that wn)'. 

+03 I ThaL is why physicists ... supplemt'nt to it.) The n.lI. spacetim~ paradigm wa.,; 
deVised Illorc 01' less independently b.y n number of different pc.>ple; it is known. 
techniClllly, as a "field theory in IlllL spacetimr- formulatinll of ge/ll~ral relativ
ity." "'or an oven-jew nf its history and COllCC:PU, sel' the followirlg »<'l!i.~ages in 
M1"W: &Ctior.s 7.1 Ilnd 18.1; Hoxes 7.1, 17.2, and /8.1; ExercilJ(~ 7.3. Far 1m 
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ek!gant generali7:ation of it, which elucidates its rt.lat.ionship to the curvml spacr:
t.ime paradigm. see Grishcbuk, Petrol.', and Popova (1984). 

406 [In 1971 Hanni iind Ruffini, ... JeffC..ohenj Cohen ami Wald (1971), Hal'.lIl and 
Ruffini (1973). 

,,·il7 [Five years later Roger Blandford ... power j~\Sj Blandford arul Znajck (1971). 
409 I,Ouri.ng 1977 and 1978, Znajek and ... pi(,.~orial interprt!tation:J Znajek (1978), 

Damour (1978). 
409 [BlacA: Holes: The Membrane Paradigm..; Thorne, Pric.e, an,j .\Iacnunald (1986). 

See also Price and Thome (1988). 

CU.4t'TER 12 

41.:1. General comment about Chapter 12: The historical aspet:ts of I.his chapter arc 
based on (i) my own personal experience a~ a partkipam, (ii) my interviews 
wit.h other participan'.s (INT-l)eWiLt, I!.\'T-&rdl~y, INT-Ilartle, INT-Haw'K
ing. INT-lsrael, J~T-Per.rose, INT·Unnth, I~T-Wald, IJl.;T- Wheel'~r.II\'1··Zel'
dO'lrich), (iii) my reading of scientific p.'lpers me participants wrote, allli (iv) tht' 
following pu blished accounts of lht! hist.ory: Bekt~nstein (1980), Ilawkilig (1988), 
brael (1987). 

412 [The Idf',3 hit ... so Quick1y . .i This and the SUI16equfmt description of how 
Hawking Illriv~d at the idea come I'rom l:'llT·Hawking and Hawking (lYR8). 
Hawking pubhllhl.d th~ details and consequences of his idea, as ,kl'tched in th,~ 
first section of this chapter, "Hla('.k Holt'S Grow," in Hawking (1971b, 1972. 
1973). 

414 [following Rogt~r Penrose's h:ad,j PtmfOSt. (1965). 
414 Box 12.1: Hawk.ing (1972, 1975). 
417 [Stephen Hawk.ing was not the fiut ... Wt!rner Israelj II\'T .Luael, INT·Pt'llrt>5e, 

INT -Hawking. 
41 7 [P~nro~'9 1964 discov~ry ... sir;gulnrity at its centcr. i Pf:nrose (1965). 
418 Bo" 12.2: Hawking (1972, 1973). 
419 IIHawking aud Janlcs Hartle ... graviLY of oth'~r bodit.'$.~ Hawking <lnd Hartle 

(1972). 
422 I.Demel.rios Christodoulou ... equatioll.~ of tlll~rrJlodyncllnks.~ Chri.'II.lltioulou 

(1970). 
42~ [JaCl,.b Beiwnstein was not persuaded.] Ht'kel19w,in describes this and t.llt' collt.ro· 

yersy with Hawkh'g that f'ollowr.d in Uekenswin (198(;). &kcnstein publistwd 
his bla(~k .. hoh~ entropy conjecture and hi~ arguments for it in Hdl.enstein (1972, 
1973). 

426 lLes Jiouches5ununcr schoo 1,1 The proceedings of the 1972 sunltner 5r.hool w~re 
pllblish~cl in Dt~',\,1:itl and DeWitt (~973). 

427 [Bardeen. Caner, and Hawking ... iaW.f 0/ blo.ck-hole mechanic:s\ Bardcen, 
Carter, and Hawk ing (1973). 

428 [Zel'clovich had brought me t.o1 M()SCOw ... ~ Charles Misner and John Wb .. ~der 
accompanic·d me orl my JUlie 19i1 visitt<.l Mosr.ow, hur. they were 110t with m(~ at 
Zel'dovich's aparl.ment during Lhe discumon dt.'5Cribed in UJ(! following pari!' 
graphs. 

429 ~Zel'd()vich, his eyes dancing, ... J ) have Tt~nstru(~ted "he follpwing conversa
tioTI from memory, and have tra.llslat.ed it into less teclmiC".a1 !lI.ngu~e than we 
actually used. 
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453 [Zel'dovic:h, however, did not forgct.; ... his paper was published] 7 . .e!'
dovid. (197t). 

1.3 .... ··405 [Starobinsky described Ze1'dovir.h's conjel:ture ... docs, indeed, radiate.l 
Zel'dovich and Starobinsky (1971). 

455 [Then cs.m.e a bombt;hell.] Hawk.ing describes, in Hawking (198a), how he 
arrived at his "Dombshell" discovery tha.t all black holes radiate. He vub
lished tbe discovery and its implications in llawking (1974,1975,1976). 

437 [Thill and the demand for a perfect mesh, ... almost completely.] See, e.g., 
Wald (1977). 

457 Footnote 11: Wald (1971). 
4~9 I.Perhaps the simplest ... particles rather than wavl'.s:] HQwking (1988). 
442 !Gradual1y ... new W1detSlanding embodied in It'.gure Ig.5.] Chapter 8 of 

Thorne, Price, and Macdonald (1986), and references therein. 
444 Box 12.5: Davies (1975), Unruh (1976), UIltuh and Wald (1982. 1984). 
446 [a highly ab.~trdet proof .. , in 1977.] Gibbons and Hawking (1977). 
446 [The totallifet.ime .... Don Page] Page (1976). 
447 lDetailed calculations by Hawking, ... to produc(! tiny hoJes.j E.g., Hawk

ing (1971 a); Novikov, Polnare,r, Starobinsky, and Zel'dovich (1979). 
#7 (The abrellce of excess gamma rays ... soft equation of litate.] Page and 

Hawking (1975); Novikov, Polnarev, Starobil1sky, and Zel'dovich (1979). 

CHAPTEI\ 15 

449 General comment about Chapter 13: The historical aspe!."t.~ of this ehapter 
are based on (i) my own penonal experience (though as an observer rather 
than a participant), (ii) my interviews with participant.'I (INT-Belinsky, 
INT·DeWitt, INT-Geroch, INT-Khalatniko .... , I~T-Lifsbitz, I].Io;T-MllcCal
lum, INT-Mimer, U';T-Penrose, INT-Sciama, INT· Wheeler), and (iii) my 
reading of IK'ientific papers the participants wrote. 

449 [John Archibald Wheeler taught . . . outside thp. horizoll.] Hamson, 
Wakano,and Wheeler (1958); Wlleeler (1960). 

450 [Wheeler retained his conviction ..• pursuing.] Wheeler (t 964a,b); llnrri
SOll, Thorne, Wakano, and Wheeler (1965). 

450 [J. Rabert Oppenheimer and Hartland Snyder,] Oppenheimer aod Snyder 
(1939). 

400 [Perhaps Oppenheimlll"'s UIlwillingness to 8~culate,] See the Jast several 
Pilge5 of Chapter 5. 

451 [The singularity predicted by the Oppenheimer-·Snyder cakulations) The 
singula.rity 88 described here is that. in the vacuum outside the Unploding 
star, and since the va<:uum region is described by the Scbwarzschild solu· 
tion of Einstein's equations, this Singularity is often referred to as the 
singularity of the Sch~~r:hild geometry. It is analy7;ed quantitattveiy, e.g., 
in Chapter 3!2 of MTW. 

45 t Figure t 3.1: Ibid . 
... 53 [One group, ... general relativity fails1 Wheeler (1960, 1964a,1o); Harrison, 

Tborne, Wakano, and Wheeler (1965). 
450 [A sec:ond group, .. _ Khalatnikov and Evgeny Michailovich Lifshitz ... 
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could not be LrusLf:d.J This viewpoint and the cair.ulatioJls that led Khalat
nikov and LifshiL7. \.0 it were published in Lifshil.7. and Khalatnikov (1960, 
·196~) and in Landau and) .ifshitz (1962). 

+54 ~Khalatllikov and Lifshitz ... smallperturbati.ons.] Ibid. 
456 [TILe Classical Theory C!f Fields.] l.alldau alld Lifshitz (1962). 
457 Figure 13.4: It was obvious in the early 1960s to students in Wheeler's 

group, where I.he Grdvf..>$·-Brill (1960) research had bl~l!n done, that there 
must exist a solution to Einstein's eq·.latiolls of the sort depicted here. 
Howl~ver, I gather from a discussion with Penrose that researchers ill most 
other groups diu not become aware of it ulltil the late 1960s. It was diffic:ult 
to construct such solutions explicitly, arId we in \Vheeier's group did nol. 
try, and did riot publish anything on the issue. The first publication of the 
idea and the firsl. attempt at an explicit solution, so far as r kIlOW, were by 
]\" oviko .... (1966). 

458 llialls Reissner and Gunnar Nordst.rom ... Dieter Brill and John Graves,] 
Graves aId Brill (1960) and references therein. 

459 ~Roger Penrose grew up in a British ... J This biographical discussion of 
Penrose comes largely from I::-rT-Penrose and II'\T-Sciallla. 

460 [The seductian began in 1952,) Ibid. 
46g [One day in late autumn of 1964, ... ] INTPenrose; Penrose (1989). 
462 l "My conversation with Robinson ... crossing the street."] Penrose (1989). 
+62 La short artide for ... Physical R(tIJiew Letrers, 1 Penrose (1965). 
465 [glo/Jul methQds.l The global methods were codilied in a dassic book by 

Hawking and }.;)Iis (1973). 
465 [Hawking and Penrose in 19·70 proved ... big crunch.J Hawking and 

Penrose (1970). 
+66 [Lifshitz. though Jp.wish, ... 19·76.; From my privatc dis(:'.lSSiolls with 

Lifshitz in the 1970s. 
466 [Khalawikov had two strikp.8 agailll.'t him; ... come to London.] l.P.1.I.er from 

lChalalllikov to me, 18 June 199(1. 
466 [As he spoke in the packed London lecture hall, ... Pelllf>se, they asserted, 

was probably wrollg.J From my own men:ory of t.he meeting and its after·· 
math. 

468 l "Please, ... submit it 1.0 Physic:al Review Letters, ~ Khalatnikov and Li f
shil.z (19iO). See also Belinsky, Khalatnikov, and Lifshitz (t970, 1982). 

469 [I carried th(~ JII anuscript ... pu blished.] J hid. 
470 rLev Davidovic-.h J.auclau ... great physics di.~vcries.: IXT-Lifshitz., 

Livanova (1980). 
47l [Curiously, topological techniques .. ' Pimenov.] IIp.acncd this from Pen· 

rose. 
471 [In 1950 59, \leksandrov ... that. c-.allnot.j Aleksanurov (1955, 1!159). 
471 [Flicked up alld pushed further by Pimenoli,J Pimenov (1968). 
473 ~(due LO Khalatllikov and Lifshitz) ... "Ltllstable ag"clinst small perturba

tions."~ l.ilshiu and Khalatnikov (1960,1963). 
173 rThe Reissnp.r-:'lord~1:rom ... large universe] e.g., 1'\ ovikov (1966). 

473-474 [it is unstable ... many different ph)-sicists.] In technicallanglJagl:. it is the 
inner Cauchy hOriZOll of the Reissnl!r I\orustrom solution that i~ 1J11.~lable. 
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The coniectul'~ is in PMJ'O$e (1968); the proofs are in Chandras~khar and 
Hartle (1982) and earlier references cited therein. 

+7+ [Belinsky, Khalatnikov, and Lif"hiu ... (This is the lind ... holes.)] 
Belinsky, Khalatnikov, and Lifshiu (1970,1982). 

474 (Charles Misner ... mirnuzstero$CiliariLln] Misner (1969). 
476 rJuat when does quantum gravity take over, ... ()r less.] This was first 

deduced by WheeL!r (1960), building on his own earlier ideas t)f vac:\Jum 
fluctuations of the geometry of spar..etime (Wheeler, 1955, 1957). 

476 Footnote 2: The Planck-·Wheeler time. \vas introduced and its physical sig
nificance deduced by Wheeler (1955,1957). 

476· ...... 77 [Quantum gravity then radically changes ... random, probabilistic froth,] 
This WIlS first suggellted by Wheeler (1960), and has />ep.D made more 
quantitative since via what;s now called the "Wheeler-DeWitt equation." 
See, e.g., the discussion ir. Hawking (1987). 

477 [John Wheeler, ... qwuztumfoam.) Wheeler (1957,1960). 
479 [Clearllnswers ... DeWitL] See, e.g., Hawking (1987,1988). 
479 (The tidal forces ... alld gradually disappear.] Doroshkevich and Novikov 

(1978) showed that the singularity age,,; Poisson ane:! Israel (1990) and Ori 
(1991) deduced the details of the aging in idealized m()dels; and Ori (1992) 
has 1.entatively shown that these models are good guides to the behavior of 
singularities in rerd black hole~. 

481 [Some implosions, ... might actually create naked singularities.] For details 
of these simulations see Shapiro and Teukolsky (1991). 

482 [Just four months ... tiny naked singularity.] Hawking's evidence was 
published in Hawking (1992a). 

CHAPTER 14-

485 General comment about Chapter 14: The historical aspe<:ts of this C".hapter 
are hued almost entirely on my owkl experiencet a8 a participant. 

485--486 [Wormholp..!I ue not mere figments ... in 1916,] l.udwig Flamm (1916) 
diS<.'()vered that, with an appropriate choioe of topology, the Schwa1'7.8child 
(1916a) solution of ~:instein's equation describes an empty, spberical worm
hole. 

487 Figure t 4.2: Kruskal (t 960). 
490 fWe wrote slowly ... At1k1rican JourNJ.l oj Phy.tic·~l Morris and Thome 

(1988). 
of.9O [(the topic of the Hawking and Ellis book)] Hawking and Ellis (t973). 
491 [vacuum jluctuatiOflS near a hole's kortz.on are exotic: 1 Hawking inferred this 

only very indirectly and somewhat tentatively from his discovery of black
hole evaporation. It was firmly demollstrated to be so six years later, by 
Candela .. (t 980). 

492 [The answer has not come easily, ... thereby makes them e1otic.] See Wald 
and ¥urtsever (1991) and other referen~es cited therein. 

494 fIn 1955, John Wheeler, ... quantum foam-] Wheeler (1955, t 957, 1960). 
497 [In 1966, Robert Gp.roch ... to travel backward in time,] Geroch (1967). 

Friedman, Papastamatiou, Parker, and Zhang (1988) have gi"'m an explicit 
~xample of wormhole CTelltion of the $()rt envisioned by Geroch'lI theorem. 

4-99 jI"'oamote 8: "'an Stockum (' ~7), Godel (949), Tipler (1976). 



NOTES 

508 [Our paper was published.] Morris, Thorne, and Yurtsf"ver (1988). 
509 l we conjectured so in our paper.] Morris, Thome, and Yurtsever (1988). 
509 Foomote 12: Friedman and Morris (1991). 
511 [Echeverria and Klinkhammer ... two 8U(,.h trajectories.] Echeverria, Klink

hammer, and Thome (1991). 
513-514 Box: 14.2: Echeverria, Klinkhammer, and Thome (1991). 

513 [Robert Forward ... discovered a third trajectory] Forward (1992). 
515 [but there seem not to be ... unresolvable parcldox. j For a careful and fairly 

thorough technical discussion of the issue of paradoxes when onp. has a 
wonnhole-based time machine, see Friedman et al. (1990). 

516 [California J7lagaune, ... on Palomar Mountain.} Hall (1989). 
517 [Though we were helped ... KonkowskiJ Hiscock and Konkovl"ski (1982). 
520 [a similar calculation by Valery Frolov ... our results] Frolov (t 991). 
521 [we managed to cha.",ge ... got pu bIimed] Kim and Thome (1991). 
521 [the chronology protection conjecture,) Hawking (199gb). 
521 Footnote 14: Gou (1991). 
521 [1 am not willing to take ... the laws of quantum gravity.] I-'or a somewhat 

technical description of my 1993 reasons for skepticism about time ma
chines, and a detailed overview of research on time ma('.hines up to spring 
1993, see Thome (1993). 
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