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Preface , 

In Fearful Symmetry, I wish to discuss the aesthetic moti
vations that animate twentieth-century physics. 1 am interested 
more in conveying to the reader a sense of the intellectual frame
work within which fundamental physics operates and less in ex
plaining the factual content of modem physics. 

Albert Einstein once said, "I want to know how God cre
ated this world. I am not interested in this or that phenomenon, in 
the spectrum of this and that element. I want to know His 
thoughts, the rest are details." 

As a physicist, I am much enamored of the sentiment ex
pressed by Einstein. While the vast majority of contemporary 
physicists are engaged in explaining specific phenomena, and 
rightly so, a smrul group, the intellectual descendants of Einstein, 
have become more ambitious. They have entered the forest of the 
night in search of the fundamental design of Nature and, in their 
limiLless hubris, have claimed to have glimpsed it. 

Two great principles guide this search: symmetry and re
normalizabiHty. Renormalizability refers to how physical pro
cesses with different characteristic lengths are related to each 
other. While I will touch on renormalizability, my focus will be on 
symmetry as the unifying aest!letic viewpoint through which fun
damental physicists look at Nature. 

There has been a growing interest in modem physics over 
the last few years. Expositions of the "new" physics abound. By 
now many of us have learned that there are billions and billions of 
galaxies, each containing billions and billions of stars. We have 
been told that the world may be understood in terms of subnuclear 
particles, most of which live for a billionth of a billionth of a sec
ond. The informed reader has been astounded and dazzled. Yes, 
indeed, the world of modem physics is wonderfully bizarre. Parti-
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cJes carrying Greek names jitterbug to the music of the quantum in 
defiance of classical determinism. But ultimately. the reader may 
come away with a sense of being fed simply the facts whlch, while 
tmly amazing, become tiresome of themselves. 

This book is addressed to the intellectually curious reader 
who wants to go beyond the facts. I have a mental image of that 
reader: someone I once knew in my youth; someone who may 
have since become an architect, an artist, a dancer, a stockbroker, 
a biologist, or a lawyer; someone who is interested in the intellec
tual and aesthetic framework within which fundamental physicists 
operate. 

This does not mean that the astounding discoveries of mod
ern physics will not be explained in this book. They will have to 
be explained before I can meaningfully discuss the intellectual 
framework of modern physics. I hope, however, that the reader 
will come away with not only a nodding acquaintance with certain 
astol1nding facts, but also with a sense of the framework without 
which they would remain, simply, facts. 

I have not attempted to give a detailed and balanced history 
of symmetry in physics. Any account in which m<lclor develop
ments are attributed to a handful of individuals cannot claim to be 
history, and any assertion to that effect must be rejected categori
cally. In speaking of certain developments in modern particle 
physics, the eminent physicist Shelley Glashow once remarked: 
"Tapestries are made by many artisans working together. The con
tributions of separate workers c·annot be discerned in the com
pleted work, and the loose and false threads have been covered 
over. So it is in our picture of particle physics .... [The standard 
theory 1 did not mise full blown in the mind of one physicist, nor 
even of three. It, too, is the result of the collective endeavor of 
many scientists, both experimenters and theorists." And yet, in a 
popular account such as this I am forced, inevitably, to simplify 
history. I trust that the reader understands. 

-Santa Barbara, April J 986 
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In Search of Beauty 

What I remember most clearly was that when I put down a suggestion 
that seemed to me cogentalld reasonable, Einstein did not in the least 
contest this. but he only s~id, HOI1, how ugly." As SOOI1 as an equation 
seemed to him to be ugly, he really rather lost Interest In It and could 
not understand why somebody else was wiUlng to spend much time on 
it. He was quite convinced that beauty was a guiding principle In the 
search for importanl results in theoretical physics, 
-H. Bondi 

BEAUTY BEFORE TRUTH 

My colleagues and I in fundamental physics are the intellec
tual descendants of Albert Einstein; we like to think that we too 
search for beauty. Some physics equations are so ugly that we 
cannot bear to look at them, let alone write them down. Certainly, 
the Ultimate Designer would use only beautiful equations in de
signing the universe! we prodaim. When presented with two alter
native equations purporting to describe Nature, we always choose 
the one that appeals to our aesthetic sense. "Let us worry about 
beauty first, and truth will take care of itself!" Such is the rallying 
cry of fundamental physicists. 

The reader may perhaps think of physics as a precise and 
predictive science and not as a 'subject fit for aesthetic contempla
tion. But, in fact, aesthetics has become a driving force in contem
porary physics. Physicists have discovered something of wonder: 
Nature, at the fundamental level, is beautifully designed. It is this 
sense of wonder that 1 wish to share with you. 

TRAINING OUR EYES 

What is beauty? Philosophers pondering the meaning ofaes
thetics have produced weighty tomes, but an &.bsolute definition of 

3 



. , 

i , 

, ' 
: 
i 
i , 

SYMMETRY AND DESIGN 

aesthetic: values remains elusive. For one thing, fashion changes. 
The well-endowed ladies of Rubens no longer grace magazine cov
ers. Aesthetic perceptions differ from culture to culture. Different 
conventions govern landscape painting in the East and West. The 
architectural designs of Bramante and 1. M. Pel are beautiful in 
different ways. If there is no objective standard of beauty in the 
world of buman creations, wbat system of aesthetics are we to use 
in speaking oflhe beauty of Nature? How are we tojudge Nature's 
design? 

In this book, I wish to explain how the aesthetic imperatives 
of contemporary physics make up a system of aesthetics that can 
be rigorously formulated. As my art history professors used to say, 
one has "10 train one's eyes." To the architectural cognoscenti, 
the same principles that guide the Renaissance architect guide the 
postmodern. Likewise, physicists have (0 train their inner eye to 
see the universal principles guiding Nature's design, 

INTRINSIC VERSUS EXTRINSIC BEAUTY 

When I find a chambered nan[lIus at the seashore (or morc 
likely in a sheJishop), its beauty captivates me, But a develop
mental biologist would tell me that the perfect spiral is merely a. 
consequence of unequal rate of shell growth. As a human being, I 
am no less enthralled by the beautiful nautilus knowing this fact, 
but as a physicist, I am drivel) to go beyond the extrinsic beauty 
that we can see. I want to discuss the beauty of neither the crashing 
wave nor the rainbow arciug across the sky, but the mOre profound 
beauty embodied in tne physical laws that ultimately govern the 
behavior of water in its various forms. 

LIVING IN A DESIGNER UNNERSE 

Physicists from Einstein on have been awed by the pro
found fact that, as we examine Nature on deeper and deeper levels, 
She appears ever more beautiful. Wby should that be? We could 
have found ourselves living in an intrinsically ugly universe, a 
"chaotic world," as Einstein put it, "in DO way graspable through 
thinking. " 

Musing along these lines often awakens feelings in physi-
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In Search of Beauty 

Figure 1.1. (Top) Hokusai (1760-1849) "Mount Fuji Seen from Kanagawa." 
(Courtesy Minneapolis Institute of Arl) 
(Bottom) Microphotograph of a snowflake (R. B. Hoil, courtesy 
Photo Researchers. Inc.) 
The beauty of water on two different levels. 
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cists best described as religious. In judging a physical theory pur
porting to describe the universe, Einstein would ask himself if he 
would have made the universe in that particular way, were he God. 
This faith in an underlying design has sustained fundamental phys
icists. 

THE MUSIC VERSUS THE LIBRETTO 

Popularizers of physics often regale us with descriptions of 
specific physical phenomena, astounding their readers with the 
fantastic discoveries of modem physics. I am more interested in 
conveying a sense of the intellectual and aesthetic framework of 
contemporary fundamental physics. Consider opera. The aficio
nado likes Turando{, but not primarily because of its libretto. The 
absurd story takes flight because of Puccini's music. On the other 
hand, it would be difficult to sit through an opera without knowing 
the story or worse yet. to listen only to the orchestral part. The 
music and libretto inranu each otheL 

Similarly. to speak of the multitude of specific physical phe
nomena (the libretto) without placing them in the aesthetic frame
work of contemporary physics (the music) is boring and not 
particularly enlightening. I intend to give the reader the music of 
modem physics-the aesthetic imperatives that guide pbysicists. 
Bllt just as an opera with the vocal part taken out would be sense
less. a discussion of aesthetics without reference to actual physical 
phenomena is sterile. I will have to go through the libretto of phys
ics. Ultimately, however, both as a fundamental physicist and as 
an opera lover. I must confess that my heart lies more with the 
music, and not the libretto, 

LOCAL ORDINANCES VERSUS CONSTITUTIONAL 
PRINCIPLES 

In a book abom physics, the mucb-abused phrase "physical 
law" is certain to be bandied about. In civil law, one distinguishes 
between local ordinances and constitutional principles. So too ill 
physics, there are laws and there are laws. Consider Hooke's law, 
stating that the force required to stretch a metal spring is propor
tional to the amount by which that spring is stretched. It is an 
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example of a phenomenological law, a concis~ statement of an 
empirically obsetvedregulariw:--Imhe-t~"6s, the theory of metals 
was worked out, and Hooke's law was expluiQed in terms of the 
electromagnetic interaction between the atoms a metal. Hooke's 
law addresses one specific phenomenon. contrast, an under
standing of fundamental laws governing electromagnetism enables 
us to explain a bewildering variety of phenomena. ~ 

When I was learning about such things as Hooke's law in 
high school, I got the impression that physicists try to find as many 
laws as possible, to explain every single phenomenon observed in 
the physical world, In fact, my colleagues and I in fundamental 
physics are working toward having as few Jaws as possible. The 
ambition of fundamental physics is to replace the multitude of 
phenomenological laws with a single fundamental law, so as to 
arrive at a unified description of Nature. This drive toward unity is 
Fearful Symmetry's central theme. 
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Symmetry and Simplicity 

t want to know how Goo created this world. I am not lnterested 1n this or 
that phenomenon. it'! the spe<:trulii of this or that element 1 want to 
know His thQughts. the fest are detaHs, 
-1\. (]Ilsteio 

A GLIMPSE OF NATURE 

Suppose an architect wakes up to find himself imprisoned 
in a strange room. He rushes to a window to look out. He can 
glimpse a tower here, a column there: Evidently, he is in an enor
mous mansion, Soon, professional fascination overtakes the archi-' 
teet's fears. What he is able to see is beautiful. He is obsessed and 
challenged; starting with what he has glimpsed. he wants to deduce 
the underlying design of the mansion. h the mansion's designer 
a madman who piled complexity upon complexity? Did he stick a 
wing here, a pediment there, without rhyme or reason? Is he a 
hack architect'! The architect-prisoner is sustained by an inexpli
cable faith that the foremost architect in the world has designed 
the mansion based on an elegantly simple and unifying principle. 

We, 100, wake to find ourselves in a strangely beautiful 
universe. The sheer splendor and wealth of physical phenomena 
never fail to astonish us. As physics progressed, physicists discov
ered that the diversity of phenomena did not require 11 diversity of 
explanations, In this century physicists have become increasingly 
ambitious. They have witnessed the incessant dance of the quan
tum and glimpsed the eternal secrets of space and time. No longer 
content to explain this phenomenon or that. they have become 
imbucd with the faith that Nature has an underlying design of 
beautiful simplicity. Since Einstein, this faith in the ultimate com
prehensibility of the world has sustained them, 

Fundamental physics progresses in spurts. Understanding 
that has accumulated slowly is suddenly synthesized, and the en-
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tire outlook of the field shifts. The invention of quantum physics 
in the I920s furnishes a dramatic example. The years following 
1971 will also likely come to be regarded as one of those spurts of 
feverish creativity from which deeper understanding emerges. In 
their exhilaration and unlimited hubris, some physicists have even 
gone so far as to suggest that we now have glimpsed the ultimate 
design of Nature, a claim tnat we will examine. , 

This glimpse reveals one astonishing fact: Nature's under
lying design appears beautifuUy simple. Einstein was right 

AN AUSTERE BEAUTY 

The term "beauty" is loaded with connotations. In every
day experience our perception of beauty is tied to the psychologi
cal, the cultural, the social, and, often even the biological. 
Evidently, that kind of beauty does not lie at the heart of physics. 

The beauty that Nature has revealed to physicists in Her 
laws is a beauty of design, a beauty that recalls, to some extent, 
the beauty of classical architecture, with its emphasis on geometry 
and symmetry. The system of aesthetics used by physicists injudg
ing Nature also draws its inspiration from the austere finality of 
geometry. 

Picture a circle, a square, and a rectangle. Quick, which one 
is more pleasing to the eye? Following the ancient Greeks, most 
peop]e will probably choose the circle. To be sure, the square, 
even the rectangle, is not without passionate admirers. But there 
is an objective criterion that ranks the three, circle, square, rectan
gle, in that order: The circle possesses more symmetry. 

Perhaps I should not ask which geometrical figure is more 
beautiful, but which is more symmetrical. But again, foHowing the 
ancient Greeks, who waxed eloquent on the perlect beauty of 
spheres and the celestial musk they make, r will continue to equate 
symmetry with beautx,_ 
- The precise mathematical definition of symmetry involves 
the notion of invariance. A geometrical figure is said to be sym
metric under certain operations if those operations leave it un
changed, For example, the circle is left invariant by rotations 
around its center. Considered as an abstract entity, the circle is 
unchanged, whether we rotate it through 17° or any other angle. 
The square, in contrast, is left unchanged only by rotations around 
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SYMMETRY AND DES[GN 

its center through angles of 90°, 180°,270', and 360'. (As far as its 
effect on geometrical figures is concerned, a rotation through 360' 
is equivalent, of course, to a rotation through 0', or no rotation at 
all.) The rectangle is even less symmetric than the square. It is lefl 
invariant only by rotations around its center through angles of 180' 
and 360', 

Besides rotations, reflections also leave these simple geo
metrical figures invariant. Once again, the circle is more symmet
ric; it is left invariant by reflections across any straight line that 
passes through its center. 

There is an alternative, but equivalent, formulation of the 
notion of symmetry that is more convenient for physics. Instead 
of rotating a given geometrical figure, one can ask whether the 
figure appears the same to two observers whose viewpoints are 
rotated from each other. Obviously, if! tilt my head 17°, the square 
will look tilted but the circle will look the same. 

THE BEAVER'S LESSON 

You boil it in sawdust: 
You salt it jn glue: 
You condense it with locusts in tape: 
Still keeping One principal object in view
To preserve its symmetrical shape. 
-Lewis Carroll, "The Beaver's Lesson" in The Hunting 0/ the 
Snark 

In geometry, it is entirely natural to ask what one can do to 
a geometrical object without changing it. But physicists do not deal 
with geometrical figures. So how, then, does symmetry enter into 
physics? 

Following the geometer, the physicist might want to ask 
what one can "do" to physical reality without changing it. This is 
clearly not quite the right question, but it suggests one of the basic 
concerns of physics: Does physical reality appear different as per
ceived by different physicists with different viewpoints? 

Consider two physicists. Suppose one of them, for some 
nutty reason, always looks at the world with his head tilted 31 0 

from the vertical, while the other takes the more conventional 
view. After years of study, the two separately summarize their 
observations in several physical laws. Finally, they compare notes, 
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Figure 2. L All artist's conception of the beaver's lesson. 

We say that a physical law is invariant under rotation by 31 0 if they 
agree on that law. The nutty physicist now tilts his head to some 
other angle and resumes his study of the world. Eventually, the 
two physicists come to suspect that they agree regardless of the 
angle that separates their viewpoints. Real-life physicists have also 
come to believe that physical laws are invariant under rotation by 
any angle. Physics is said to have rotational symmetry. 

ROTATIONAL SYMMETRY 

Historically, physicists first became aware of the symme
tries of rotation and reflection-the symmetries associated with 
the space "!!..e aqui.lJ¥.nw; in. In the next chapter, I will tell the 
strange story ofrefiection symmetry. Here, I win discuss rotational 
symmetry as a particularly simple and intuitively accessible ex
ample of a physical symmetry. 

I have given a somewhat long, but precise definition of ro
tational symmetry: If we rotate our vieWpoint, physical reality 
remains the same. The inteHectual precision of our definition of 
rotat.ional symmetry is necessary lest we make the same mistake 
as the ancient Greeks. 1 could have simply said that physical reality 
is perfect, like a circle or a sphere. Indeed, this vague but striking 
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Figure 2.2, 11\ classical physics, rotational symmetry merely tells liS that if We 

rolate a planetary sy~tem through any angle we choose, the rotated orbit is also 
a possible orbit. The ancient Greeks thought erroneously that rotational symme
try implies a circular orbit. 

statement more or less paraphrases what the ancients believed, the 
sort of statement that lured them into the fallacious conclusion that 
the orbits of the planets must be circles. The correct definition of 
rotational symmetry does not require circular orbits at all. 

Evidently, to say Ihat physics has rotational symmetry [s to 
say that it does not pick out a special direction in space. To the 
modern rational mind, particularly the mind entertained by films of 
intergalactic warfare, the statement that no one direction is intrin
sically preferable to another is almost a matter of philosophical 
necessity. It seems absurd to point to some direction and say that 
that direction is special. But, in fact, not long ago everybody be~ 
lievcd precisely that. For eons, human perception of the physical 
world was dominated totally by gravity, and the realization that 
the terms "up" and "down" had no intrinsic significance came as 
an astonnding discovery. Though Eratosthenes in ancient Greece 
suspected that the earth was round, our understanding of rota
tional symmetry really started with Newton's insight that apples 
do not fall down to earth, but rather toward the center of the earth. 

It goes without saying that physics is founded on empiricism 
and that rotational symmetry can only be established by experi
ment. In the 19305, the Hungarian-American physicist Engene 
Wigner worked out the observable consequences of rotational 
symmetry applied to quantum phenomena, such as the emission of 
light by an atom. No, experimentalists do not actually tilt their 
heads. They achieve the same effect, instead, by placing several 
light detectors around light-emitting atoms. The rates at which the 
variolls detectors register the arrival of light are monitored and 
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compared with the theoretical rate Wigner predicted using rota
tional symmetry. 

Thus far, experiments have always upheld rotational invar
iance. If tomorrow's newspaper were to report the fall of this cher
ished symmetry, physicists would be shocked out of their minds. 
At issue would be nothing less than our fundamental conception of 
space. 

We intuitively know space to be a smooth continuum, an 
arena in which the fundamental particles move and interact. This 
assumption underpins our physical theories, and no experimental 
evidence has ever contradicted it. However, the possibility that 
space may not be smooth cannot be excluded. A piece of silver 
looks perfectly smooth and structureless to the eye, but on closer 
inspection, we see a latticework of atoms. Is space itself a lattice? 
Our experimental probes simply may not have been fine enough to 
detect any graininess to space itself. 

Thus, physicists developed the notion of symmetry as an 
objective criterion in judging Nature's design. Given two theories, 
physicists feel that the more symmetrical one, generally, is the 
more beautiful. When the beholder is a physicist, beauty means 
symmetry. 

SYMMETRY OF PHYSICAL LAWS 

It is crucial to distinguish between the symmetry of physical 
laws and the symmetry imposed by a specific situation. For exam
ple, physics students, traditionally, are made to work out the prop
agation of electromagnetic waves down a cylindrical metal pipe. 
While the laws of electromagnetism possess rotational symmetry, 
the problem obviously has only cylindrical symmetry: The axis of 
the pipe defines a direction in space. Physicists studying specific 
phenomena generally are more aware of 1he;;;ymmetry imposed by~ 
nh~l situations than of the intrjnsi£l'y-ml1)et!:y"Qf.1h~.j)1l¥~.iS.~J. 
laws .. _l.lJ_ contrast, in this book we are interested in the symmetry 
of fundamental Jaws. To underscore the point, let me give another 
example. In watching an apple fall, the fundamental physicist is 
interested in the fact that the law of gravity does not pick out any 
special direction, rather the fact that the earth is nearly sphericaL 
The earth could be shaped like an eggplant, for all the physicist 
cares. 
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SYMMETRY AND DESIGN 

This distinction between the symmetry of physical Jaws and 
the symmetry imposed by a specific situation was one of Newton's 
great intellectual achievements, and it enabled physics as we know 
it to take shape. While this distinction, once spelled out, is fairly 
obvious, it is easy to get confused since in everyday usage we 
invariabJY..!!1ean by sy~1IY thLsymmetry of specific situations. 
When we say a painting displays a certain symmetry,':::v=e""'r~e-";fer (0 

the symmetry in the artist's mTangement of the pigments, which 
has nothing to do, of course, with the symmetry of the physical 
laws governing the pigment molecules. In this book, I try to ex
plain abstract concepts by analogies involving concrete objects. 
The reader must keep ill mind that we are always interested in the 
symmetry of the physical laws rather than the symmetry of con
crete objects. 

SPRING REDUX 

In introducing this chapter, I said that physicists have 
glimpsed both beauty and simplicity in Nature's design. What do 
physicists mean by simplicity? 

In its drive toward simpiicity, the marcn of physics has been 
relentlessly reductionistic. Physics is possible because compli
cated phenomena can be reduced to their essentials. 

Historically, for physics to prob'TeSS, many why questions 
had to be reexpressed as hows. "Why does a stone accelerate as it 
falls?" The ancients thought that the stone, like a horse, is eager 
to return home. Physics began when Galileo, instead of asking why 
the stone fell, went out and measured how. 

As children we are full of Whys. But every answered why is 
replaced by another why. "Why are leaves so pleasantly green in 
the spring?" Well, the professor explains, leaves contain the chlo
rophyll molecule, a complicated assemblage of atoms that interacts 
with light waves in a complex way. The chlorophyll molecule ab
sorbs must of the light, but not those components the human eye 
perceives as green. The explanation bores the typical layman (and 
nowadays, many physicists as well). Ultimately, the explanation 
to this question, and to numerous others like it, boils down to how 
the electron interacts with the fundamental particle of light, the 
photon. 

Physicists began (he modem theory of the interaction be-

14 
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,r,WI~~1I electron photon around ]928 and completed it by the 
','",,,,,,.,, 19505. How the electron interacts with photon has been 

y understood for more than thirty years, and yet, one 
can't help but why these two fundamental particles inter-

in the rather peculiar fashion that they do. This question, too, 
has been answered. Physicists know now that the electron'·photon 
interaction is completely fixed by a symmetry principle, as 
the gauge prindple, which plays a pervasive role in Nature. 

, dently, physicists can DOW insist on asking why Nature Sh4JUllCl 

respect the gauge principle. contemporary physics stops, 
any discussion on this question, which amounts cssentiaJly to ask
ing why there is fight, dissolves into a haze of speculation, 

While whys have been replaced by other whys, enormous 
"' .. (urrp.<;~ has been made: why replaces many whys. The the-

of electron-photon interaction enables us to explain not only 
spring, but also the stretching of springs, not to 

the behavior of lasers and transistors. In fact, almost all 
phenomena of which we are directly aware may be 

interaction between photons and electrons. 
the most redllctionistic of sciences, In contrast, 

the I have read in popular ex of biology, 
although have been emphatically nonreductionistic. 
Often, explanations in terms of biochemical are more 
complicated than phenomena in question. 

Contempordry physics rests on the cornerstone 
tionism, As We delve deeper, Nature appears ever simpler. That 
this is so is. in fact, astonishing, We have no a priori reason to 
expect the universe, with its fantastic wealth of bewilderinglY com
plex phenomena, to be governed ultimately by a few simple rules. 

ena, 

SiMPLICITY BEGETS 

the oext contest for the Prix de Rome for architects ask 
UI;;:Sll<l:U of the universe, to design the universe, many 

tempted to oVerdesign, to things complicated so 
universe would display an interesting variety of phenom-

It is easy to produce complicated behavior with a compJi-
cated design. As children, when we a complicated me-
chanical toy, we expect to find a maze and wheels hidden 
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SYMMETRY AND DESIGN 

Figure 2.3. Football has complicated rule::;, the game of Go exceedingly simple 
ones. 

inside. The American game of footbaU is my favorite sport to 
watch, because of the valiety of behavior exhibited. But the com
plex repertoire is the direct result of probably the most compli
cated set of rules in sports. Similarly, the complexity of chess is 
generated by its rather complicated rules. 

Nature, whose complexity emerges from simplicity, is clev
erer. One might say that the workings ofthe universe are more like 
the oriental game of Go than chess or football. The rules of Go can 
be stated simply and yet give rise to complex patterns. The emi
nent physicist Shelley Glashow has likened contemporary physi
cists to kibitzers at a game whose rules they do not know. But by 
watching long and hard, the kibitzers begin to guess what the rules 
might be. 

As glimpsed by physicists, Nature's rules are simple, but 
also intricate: Different rules are subtly related to each other. The 
intricate relations between the rules produce interesting effects in 
many physical situations. 

In the United States, a committee of the National Football 
League meets every year to review the past season and to tinker 
with the rules. As every observer of the sport knows, an appar
ently insignificant change in even one rule can drastically affect the 
pattern of the game. Restrict slightly how a cornerback can bump' 
a receiver and the game becomes offense dominated. Over the 
years, the rules of the game have evolved to ensure an interesting 
balance between offense and defense. Similarly, Nature's laws ap
pear to be delicately balanced. 

An example of this balance occurs in the evolution of slars. 

16 
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typical star starts out as a gas of protons and electrons. Under 
effect of gravity, the gas eventualJy condenses into a spherical 

in which nuclear and electric forces stage a mighty contest. 
reader might recall that the electric force is such that like 

arges repel eac,h other. Protons are kept apart, therefore, by 
. mutual electric repulsion. On the other hand, the nuclear 
"", •• Ull between protons tries to bring them together. In this 
ggle the electric force has a slight edge, a fact of gre;;tt impor-

[lce to us. Were the nuclear attraction between protons a tiny bit 
•• ' • stronger, two protons could get stuck together, thus releasing en~ 

. Nuclear reactions would then occur very rapidly, burning 
out the nuclear fuel of stars in a short time, thereby making steady 
stellar evolut.ion, let alone civilization, impossible. In fact, the nu
clear force is barely strong enough to glue a proton and a neutron 

. together, but not strong enough to glue two protons together. 
• . Roughly speaking, before a proton can interact with another pro~ 

•• ton, it first has to transform itself into a neutron. This transforma
. tion is effected by what is known as the weak interaction . 

••. Processes effected by the weak interaction occur very slowly, as 
.. the tenn "weak" suggests. As a result, nuclear burning in a typical 

star like the sun occurs at a stately pace, bathing us in a steady, 
...... warm glow. 

The central point is that, unlike the rules of football, Na
ture's rules are not arbitrary; they are dictated by the same general 
principle of symmetry and linked together in an organic whole. 

Nature's design is not only simple, but minimally so, in the 
sense that were the design any simpler, the universe would be a 
much duller place. Theoretical physicists:sometimes amuse them
selves by imagining what the universe would be like if the desi.b'll 
were less symmetric. These mental exercises show that not a stone 
can be disturbed lest Lhe entire edifice crumble. For instance, light 
might disappear from the universe, and that would be no fun at alL 

THE RU LE OF LARGE NUMBERS 

One reason that an underlying simplicity can generate com
plicated phenomena is the occurrence in Nature of ridiculously 
large numbers. A drop of water contains a lnind-boggling number 
of atoms. Young children arc fascinated by large numbers and are 
delighted when taught words like "thousand" and "million." They 
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want to know if there are numbers larger than a million. My three
year-old son was pleased to learn that infinity is the largest num
ber. But to young children. the words "thousand," "million," and 
even "one hundred" arc synonymous with "many." I am reo 
minded that George Gamow> the great Russian-American physicist 
who first suggested that the universe started with a big bang and 
who splendidly popularized physics, once told of a Hungarian 
COUllt wbose counting range was limited to one, two, three, and 
many. 

While physicists can talk of and compute large numbers, the 
human mind staggers and cannot tmly grasp the reality associated 
with the gigantic numbers Nature plays with, I cannot even com~ 
prehend the relatively small large numbers I read about in the 
newspapers unless I reduce them to per capita figures, By carryiog 
out this exercise, the reader will he delightfuUy surprised to dis
cover how often the figures cited in the popular press tum out to 
be nonsensical. 

A sociologist is certainly not surprised that systems with a 
large number of particles can behave quite differently from sys
tems with few particles. In this electronic age, we oblige electrons 
to rush about in a controlled collective frenzy. To record onc beat 
of rock video on tape, more atoms than the number of people on 
earth have to line up in just the right formation, 

As children, we wondered why so many grains of sand 
stretched along the beach. Some of the deepest thinkers in physics 
have also wondered: Why is the universe populated by so many 
particles? 

The issue of the oul11ber.2iP...<l,!1icles in the universe is logi
cally quite. .distinc(1'f6m~ the isslJe3l...§im12!ki!Y. pC design ."Alter 
devising some siinpIelaws governing the interaction betweenpar
ticles, a designer of the universe in the imagined Prix de Rome 
contest may decide to throw in a reasonable number of particles, 
say three protons and three electrons. Perhaps he Or she would 
also throw in a few particles of light, say seven photons. Such a 
universe, of course, would be rather uneventful, but this possibil
ity is not excluded, logically. Instead, the number of protons 
within the observable universe is estimated at about 10", and the 
number of photons, 10"', The reader probably knows that the num· 
ber 10 '" can also be written as the number 1 followed by seventy~ 
eight zeroes. These numbers are absurdly large! Who ordered this 
many protons, anyway' 
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So, the universe contains a zillion particles . Why? Ttti s 
sometimes referred to as the " population question," is 

~~~~~ related to the "vastness question" and the "longevity 
H ' Why is the universe so large, and so old? The universe 

lived a long lime when measured by the duration over which 
,br,uc,]], ,ar particles live and die. Wh y doesn't the universe expand 

collapse, all within this fundamental lime scale exhibited in 
laws? Until recently, most physicists regarded these 
as unanswerable. But thanks to exciting recent develop-

10 be desc ribed in later chaptcn;, some phy.sicislS think lhey 
have some of the answers. 

A HI ERARCHY OF STRENGTHS 

Mysteriously enough , not onl y is there a large number of 
in the visible uni verse. but the basic laws themselves 

large numbers_ According to modem physics. th ere are 
interac tions between particles: the electromag

: :) , neLi c. the gravitational, t ~e strong , and the weak. 
The electromagne tic interaction holds atoms together. gov

"""""',errlS th'e propagation of light and radio wa .... es . causes chemical 
:: ::;:: reactions, and prevents us from wal king through walls and sinking 
::.:::: through the floor. In an a lom, electrons, witb their negative elec
/ :): tric charges. are prevented from flying off because of the ir aurac
:::::: { tion to the positive charges carried by protons located in the 
H \ . nucleu s_ The gravitational interaction keeps us from flying off into 
. :. :. space, holds planetary systems and galaxies together , and cont rols 

the expansion of the unive!}i,.e .. T):Ie strong interaction holds the . -, -~-.' ..... _--
nucleus of the atom together, the weak causes certain radioactive 
nuct ci to d l smtegr~.te. Although of fund~~~ntal impo"rmn~~~n "Na
ture's a-eslgn~-the strong and weak intentctjQnS do riot appear to 
playa role in any phenomenon a,t Jh~ human scale.\,As we saw 

::' . earlier , all four interactions play crucial roles in stellar b"ilrning . _ 
:' :" As the na mes strong and weak sugges t, one interaction is 
:: :: ' considerably stronger than the electromagnetic interaction. the 
" '. 

... 

.' .' 
other considerably weaker. But most dramatically , th e gravita
tional furce is faLJa£. weaker thanlhe--otifer three. The electric 

. ---.-,------
force between two protons is stronger than the gravitational attrac
tion by the enormous rauo of I to abouCTO-~al'fOl'rrerab""fu-Ydty
large number. 
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lronicatly, we are normally most aware of gravity, by far 

the most feeble force in Nature. Although the gravitational altrae
lion between any two atoms is fantastically small, every atom in 
our bodies is attracted (0 every atom in the earlh, and the force 
adds up. In this example, the incredibly large number of particles 
involved compensates for the incredible weakness of gravity. In 
contrast, the electric force between two paJ~icles is attractive or 
repulsive according to the signs of the electric charges involved. A 
lump of everyday matter contaius almost exactly an equal nllmber 
of electrons and protons, so the electric force between two such 
lumps almost cancels out. 

Physicists refer to this peculiar arrangement of these four 
enormously different interactions as the hierarchy of interactions. 
Incidentally, "hierarchy" original1y referred to the system in" 
vented by Dionysius the Areopagite to arrange angels into three 
divisions, each consisting of three orders. Nowadays, we arrange 
the fundamental interactions of matter instead. 

Nature was very considerate to arrange Herself hierarchi
cally, When studying one interaction, physicists can usually ne
glect the others. In this way, they are able to disentangle the four. 
Because reality is arranged in layers, like an onion, we can learn 
about Nature in increments. We can understand the atom without 
understanding the atomic nucleus. Atomic physicists do [Jot have 
to wait for nuclear physicists, and nuclear phy,icists do not have 
to wait for particle physicists. Physical reality does not have to be 
understood all at once. Thank you, Nature. 

The two conceptually distinct occun·ences of large num
bers ill Nature, the large population of particles and the large 
disparity in the ,trengths of fundamental interactions, create the 
awesome range of scales in the universe, from the unspeakahle 
void between galaxies, across which it takes light eons 10 travel, 
to the barely conceivable distance between the atoms in a drop of 
water. We humans occupy the middle ground, between the micro-' 
scopically small and the cosmically large, between the ephemeral 
and the almost eternaL In one second, as many lifetimes of certain 
unstable elementary particles have elapsed as seconds since the 
birth of the universe. We dwarf atoms as galaxies dwarf us. Within 
the time scale of human experience, ranging from about a tenth of 
a second to a hundred years, we live and die and create our art and 
sCience. 
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GUlDED BY SYMMETRY 

We can now see 
::sunplle and comprehensible 

physical world. Later, I ...... "' .... 
decipher this underlying 11"'_""101"1 

that Nature may have 
Historically, phy 

·"",,,·tri!,;;: associated with 
and reflection. 

1-<;;;"-............ ". symmetry. BeCallSe 

SVl1nmt~trv and 

underlying design can be 
apparent complexity of 
physicists are beginning 

postulating various symme-

in our intuitive pelrce:ptilon, our discussion 
multou-y is not in the power and glory 

symmetry. Further on, when we em;OUlntl~r 
in Nature's design, 
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The Far Side of the Mirror 

Dear Miss Manners: 
Which way does one pass the food, to the right or left? 

Gentle Reader: 
Food platters should travel left to right. 

MIND AND SYMMETRY 

In the last few years, I have often watched my son Andrew 
and his friends play wilh blocks, Children up to a certain age sim
ply pile block on top of block, but then, in one of those develop
mental leaps described by Piaget, they suddenly begin to erect 
structures that display a pronounced left-right symmetry. Those 
children who grow up to become architects eventually end up 
building structures like those illustrated in Figures 3.1, 3.2, and 
3.3. Architecture is practically founded on the tenet of bilateral 
symmetry. Asymmetrical buildings are regarded as oddities and 
demand explanation. For example, the cathedral at Chartres is 
amusingly asymmetrical. Its construction took so long that archi
tectural styles changed. 

Not surprisingly, modern architecture, in tune with the 
rebellious character of our century, has spawned a number of 
dramatically asymmetrical buildings, but postmodernism, the ar
chitectural movement now in vogue, is partly a movement to re-· 
vive certain classical principles, such as bilateral symmetry. 

Given that the human body has such a pronounced bilateral 
symmetry, the notion of the world being divided into a left side 
and a right must come to us in early childhood. Obviously, biolog
ical evolution imposed left-right symmetry on the human body and 
on most animal forms. The symmetric arrangement of ears and 
eyes clearly is necessary for stereo reception, of legs, for locomo
tion in a straigbt line. Even the interstellar denizens we see in 
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The strikin.ll symmetry of the Taj Mahal conlribut~s to iu archi l~· 

lurtl l sp lendor (/Jlllyos.(]iraud(lIl. COllrtrsy A.n Rl'SOI/F('(>, NY) 

FiBUTe: 3.2. The j'on land Public S~ryices Building in Portland. O~gon. de
signed by Micb.llcl Gr.aye~. c!;cnlpli lies the rcemergcn!:c of .~)'mme[ry in PO~l 
modem architecture. / Michtl(1 Gru..,!:s; Buildings and P"Qj~(,/I. Published by 
RlllO!!. New York) 
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SYMMETRY AND DESIGN 

Figure 3.3. Chartres Cathedral: The Romanesque spire (on the right) was built 
in the twelfth century, the Gothic spire (on the left) in the sixteentb century. It 
has been said tbat the two asymmetric spires at Chartres marked the beginning 
and end of architecture in the Middle Ages. (Lauros-Giraudon. courtesy Art 
Resources, NY) 
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%~ff The Far Side of th~MIn:qr 
@t:::::::~;,..; .,.-, ~----------------:"::'~";':';":::';':':.:;;'::.;:::'l. , 

w~jl~~l:"::movies, interesting[~, tend to be e~dowed with ~ Jeft-ri~h.t sym.,. 
m~:~:::>metry. Indeed, left-right symmetry IS so prevalent m the bIOlogical 
tt~::< world tbat we find any deviations from it odd and fascinating. 
m~t).· The division of the human brain into left and right halves, 
%~f}.each with different functions, is well known. That one of the ova
~:tt?>ries in a chicken is atrophied and nonfunctional provides another 
.r."6"_~'. _, 

iMt/cxamp'e .. ~~rhaps t~e most astonishing ex~mp!e I kn~w of invo~ves 
W~f(:the Poecdlldae family of sn:all. fish ,that hve m tropical. 'Amencan 
~%::r::::·waters. I quote from a descnptIon gwen by Guy MurchIe: 

Their most unusual feature is the male sex organ, wbich evidently 
evolved from a ventral fin and can be half as long as its owner. In 
erection it enlarges and swings forward until, in some species, its 
tip is almost even with the fish's nose yet pointing perhaps 3~'' to 
the right or left, In several species this fishy phallus has fingedike, 
appendages that one can imagine must be delightfully h:andy fQf 
feeling its way into the female and it is sometimes also abetted by 
two sets of comblike retorse spines (apparentJy evolved from side
fins) for clasping her the while. But she definitely must bave her 
orifice on the correct side, right or left, to receive the male, else 

::;::.:;:;:::;:::.< the whole match is off'. 
{):~(::<:; . 
%j~t?C The human mind finds pleasing the economy of design as
~~~~~~~~?:sociated with bilateral symmetry, We simply have to look around 
H~~~f<at any number of common objects to see how often designers ad
~~;r~there to this principle. But the human mind is also capable of mak%, ... 
W~~;:ting rather strange associations, 
M~;g} The annals of Wes.tem pain~ing abund?~tly mu~tr~te th~se 
:%;:;=;::two bents. Look at a typIcal Remussance religiOUS painting, WIth 
~tl:~Tjts rigidly symmetrical placement of a saintly. pair on eit?er side of 
%tt,the .cent~a( ~acred. subJect., Normally, t~e saint to the nght of the 
ffih:;:"subject IS hIgher In the samthood peckmg order than the one on 
@lf~he left. In a case where the ~atro~s, ofte? man a,nd wife, are.also 
i@t:::portrayed, the n:a1e,. almost m".ana~ly, IS kn,eehng .on, the nght. 
l~r:Another conventl~n lS t~at the lIght III a dass~cal pamtIng usually 
IDf~:rcomes from th~ nght of the s~bject. Interestmgly enough.' ma~y 
@t~jj(~en-known art~sts, when, reachmg for the ma~s market, qmte wdl-
1~~~rmglY allow. theIr art to ViOlate these conventiOns: Rembrandt, for 
~M3~~~{:e~ample.' did not bother to make th~ necessary adJustments s,o that 
Ij~t:Ns etchmgs would ~ome, out obeymg, the st~ndard conventIon ,of 
W1~f/l"Ight-over-left. At thIS pomt, I would like to gtve the reader a qmz. 
~~t:::Form in your mind's eye the well-known image of Michelangelo's 
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portrayal of the creation of man on the Sistine Chapel ceiling. Did 
God touch Adam with His right hand or His left? 

On a man's jacket, the buttons are on the right, while on a 
woman's they are on the left. The standard explanation is that 
when caught in a bind, a man could rip open his jacket with his left 
hand and with a sweeping motion, draw his sword with his right. 
It would also be easier for a right-hander to manipulate bnttons 
sewn on the right-hand side. However, a lady was dressed and 
undressed, not by herself of course, but by someone else, her lady
in-waiting, perhaps; hence, a left-hand approach was easier. 

ALICE AND NARCISSUS 

Let us now turn to physics. Does Nature, like dinner guests 
of old, care about the difference between left and right? If Nature 
does not care, then physicists say that the world is parity invariant 
or reflection invariant. Let me be precise here and provide an 
operational definition of parity invariance. Take your favorite 
physical pbenomenon-anythiog from two billiard balls colliding 
to an atom emitting light. Put a mirror in front of what is happening 
and ask, Does the process we observe in the mirror contradict the 
laws of Nature as we know them? If nol, we say thai the laws 
governing that process are parity invariant. This definition is care
fully worded to exclude any reference to left-right asymmetry that 
is not of intrinsic physical interest. 

To say Ihat physics is parity invariant is nOUQ..§.[l:'JhaUhe 
worldj.iJ.silt~.tE.~ mirror.is !1Jl' s~<liipuf world. When I look at 
myself in the mirror, I see a person who looks like me. But his 
heart is on his right side, his watch hands sweep counterclockwise. 
Even the double helixes of his ON A molecules coil in the othel' 
direction. The point is that the laws of physics do not forbid the 
existence of a persoll with his heart on his right. If we had always 
fed him (and his ancestors) biological molecules iliat are mirror 
images of ours, his double helixes really would coil the other way. 
While it is beyond the biologist's ability to construct such an indi
vidual, the clockmaker could easily construct a watch whose hands 
would sweep counterclockwise. It would be governed by the parity 
invariant laws of physics and would keep precisely the same time. 

To physicists, the fact that our heart lies slightly on our left 
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intrinsic significance, merely an accident of biological ev-
. Some early clockmakers had simply agreed on the conven

hands on clocks sweep, we]], clockwise. SimiJarly, that 
organic molecules spiral one way or the other is regarded 

of no fundamental significance. Chemists are able to con
mirror images of molecules found in Nature, and these mol

,5, indeed, have the same physical properties. One can easily 
~~~~~;ij(tli\,girie that at the dawn of life both types of organic 'molecules 

:::;~:::i~eli'e present. Because of statistical fluctuation, one type happened 
:;:;::::t6r)c slightly more numerous than the other and ended up domi-

:@:ji!lcUn:g and driving the other type into extinction. 
In Through the Looking Glass, the sequel to Alice in Won

;~:::::::{llJ'r,UJ!nu, Lewis Carroll articulated a fantasy that most of us have 
::::::::::IX~'" particularly as children. I have observed with great interest 

relationship my young son had with his mirror image. At some 
p.??~~;~:~;: _""~T, a young child rather suddenly appears to realize that the 
r::::::::':::::;:: tnirror image is not an independent person, and thereafter looks 

the mirror with the eyes of an adult. Narcissus is evidently a 
r::::::::':,::::> :'<otr'"" O'f' character. 

Alice climbed through the mirror on the mantel and found 
in another world. CarroH's fantasy offers us a sharp way of 

. . the notion of parity invariance. Let us follow Alice into the 
• . mirror world. 

Everything looks slightly and amusingly different, but that 
. does riot concern us. We want to find a physicist to ask him what 

.•• he knows of the fundamental interaction between particles. If his 
.. version of the physical laws agrees with ours, we would conclude 

that Nature does not distinguish between left and right. 

A CHERISHED BELIEF SHAKEN 

If I were to poll the man on the street as to whether the 
basic design of Nature is left-right symmetric, I suspect that 1 
would receive, besides the "no opinion" and "who cares" that 
afflict any pollster's life, at least a few "perhaps not." Yet, until 
the year 1956, physicists held it as self-evident that Nature does 
not distinguish between left and right. Physicists of the nineteenth 
century had subjected this belief to experimental tests and had 
found no sign that Nature wouI',! favoileft over right, or vice versa. 

-.-.--~---~~" .. -
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With the advent of atomic and nuclear physics in the early decades 
of the twentieth century, the assumption of parity invariance again 
was tested in a number of experiments. By the mid-1950s, parity 

I invariance was regarded universally as one of the few sacred prin
ciples dear to physicists, who were loath to think that Nature 

, would favor right over left or vice versa. The idea that Nature 
\ would subscribe to the same kind of arbitrary convention as a 

society hostess seating an honored guest on the right seemed ab-
surd. But the physics community was soon to be shocked. 

By the mid-J950s, physicists had discovered a number of 
new particles whose existence was so unexpected that they were 
dubbed "strange particles" in exasperation. Using the newly built 
accelerator at the Brookhaven National Laboratory, Long Island, 
New York, experimentalists studied the strange particles with 
great care. By Jate 1955, thanks largeJy to detailed analysis by 
R. H. Dalitz, an Australian physicist, it became clear that some of 
the strange particles were exhibiting very puzzling behavior in the 
way they decayed. 

In April 1956, at a conference on high energy physics held 
at Rochester, New York, the puzzle of the strange particles was 
much discussed, but none of the proposed resolutions ofthe puzzle 
was satisfactory. The Chinese-American physicist C. N. Yang 
gave a summary lecture on the strange particles. After Yang's 
lecture, a spirited discussion ensued. At that point, Richard Feyn
man brought up a question that Martin Block had asked him, 
whether parity invariance, which Dalitz used as an implicit as
sumption in his analysis, should be questioned. Yang replied that 
he and another Chinese-American physicist, T. D. Lee, had been 
analyzing that possibility but had not yet reached a conclusion. 

With hindsight, it is easy to see that parity violation-the 
notion that Nature would distinguish between right and left
would offer a natural way out of this puzzling situation. However, 
the idea of a left-right symmetric Nature was so deeply ingrained 
that parity violation was considered the least likely answer to the 
mystery. 

Lee and Yang continued to struggle with the problem. Yang 
recalled later that he felt like "a man in a dark room groping for an 
outlet." In early May 1956, Yang came to visit Lee, and the two 
of them ended up driving around Columbia University, where Lee 
was a professor, in an unsuccessful attempt to find a parking space. 
While they were going round and round, Lee and Yang discussed 
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:nOISSllOIJUY of parity violation. Finally, in exasperation, they 
lil:V~i:<:-UIJ and double-parked in front of a Chinese restaurant. The 

. frustration of wrestling with the mystery of the strange 
and of simultaneously looking for a parking space must 

peculiar things to their minds. for history records that 
. they sat down, they were struck by the crucial point that the 

evidence in support of parity invariance comes from 
~:~:@.I.:esses that involve either the electromagnetic force, such as in 

of light by an atom, or the strong force, such as in the 
;:;::c.itiUisiou of two atomic nuclei. The decay of strange particles, in 

had been determined by 1956 to be governed by weak 
;:;:;:{Of:(;e. , known to be responsible for certain radioactive decays of 
:,:,:,:<i:tOrnll'. nuclei. 

The crucial idea which came to Lee and Yang is that Nature 
m!::m(jlY resp~.kLJ!'iT!!y'.jI.! ... ,many of Her laws, but ~aws gov
@:!i!inling the weak int~r.!ilG,ti.on betw.e~m particles. Imagine thitone of 
~:~:~:~:Jtll,e fundamental principles of our legal system, that the accused is 

m~;~~~~~:;~~'t::sume~~ innocent until proven otherwise, is decreed to hold only 
t;:;:;:;::;::::::·r:of' certain crimes, while for other crimes the opposite is to be the 

, Just as judicial philosophers would surely cringe at this no-
, physicists find Nature's selective violation of parity rather 

. philosophically. 
For the next few weeks, Lee and Yang engaged themselves 

a detailed analysis of the numerous completed experiments in
ving the weak interaction and concluded that a possible parity 

would not have shown up in any of these experiments. 
next task was to invent an experiment sensitive to parity 

.•. violation. In June, they published their now-historic paper, ques
•. tioning parity in variance in the weak interaction and outlining ex

periments that would settle the question. 

IS THE MIRROR WORLD THE SAME AS OURS? 

One of the experiments Lee and Yang proposed involved a 
spinning nucleus. 

Many species of atomic:_ nu~i .f:!L~nently spinning 
inside the atom. As the reader knows, the atom resembles'a min
iature solar s ysfem:-Th'e"1lUt:leus' i'slfie'sun:'arotind'wliiCh -electrons 
orbit like planets. The radii of the electron orbits are so much 

29 





, Tne Far Side Qf the 

The reader should understand that there is absolutely noth
profound about the preceding. The iong discussion is necessary 

that we will know exactly what we are talking about next. 
Lee and Yang suggested studyi~~ t~.~ .~~y. of ').,.~el2,I!~§. 

:ra(iIOllCtive nucleus. A nucleus may oe tnought of as a collection 
l1t5fOi'iSa'ffif1ieutrons stuck together. In a radioactive nucleus 

arrangement of protons and neutrons is not quite stable, and, , 
a given period of time, there is a certain probability that the 

ve nucleus will decay. If the weak force is responsible for 
I>:.::::!:::,:::::thf>. decay, then the probability per unit time is extremely smaiL 

rSPreciseTy why the force is called weak. The decaying ou
, , '. eus s~elep.t~l!4;lQQtAer..paGi§l.e:JJD1~mn~g;;Zhich 

ill not be detected in the experiment. The electron flies off at high 
leh''',.:.:' :soef:d. This electroIJ.~1.,¥,i(l:!.JM.Jl,ycay, is not to be confused 

the electrons that have been orbiting the nucleus some large 
tance away. 

As previously explained, the spinning nucleus establishes a 
..... r,",.. .. ,'''n. We can now ask, Does the electron come shooting out 

~~_-.A 

this direction or in the opposite direction? To see how the an-
to this question will reveal whether Nature violates parity, 

apply the criterion explained eattier and compare what happens 
·m our world with what would happen in the mirror world. 

Suppose the electron emerges in the direction of the nuclear 
. Now, look inside the mirror. (See Figure 3.5.) Just as the 
s on the watch in the mirror sweep counterclockwise, the 

· nucleus in the mirror is spinning in the opposite direction. In 
· the mirror world, the electron emerges in the direction opposite to 
· nuclear spin! A physicist ooIrervlnlf"fliis-decay, and his coi
·league, likewise observing in the mirror world, will reach totally 

• ,opposite conclusions about the law governing how the electron 
in a radioactive decay. If N atl.lre respects parity, then 

"'rf ... onr'" should emerge with equal probability in the direction of 
•• the nuclear spin and in the opposite direction. In the actual exper-
.UH'''''", many nuclei are involved, and one observes the electrons 

•• emerging from many decays to see if they prefer to emerge in one 
• direction or the other. 

It is clearly necessary that the nucleus must spin in order to 
LUL'''''·'' a reference direction. (This does not mean, however, that 

.... -"-,t,, violation can only be observed in a process involving spin
particles.) It is also worth emphasizing that this proposed 

does not involve strange particles in any way, so its 
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Figure 3,5, A spinning nucleus (represented as a large ball) ejects an electron 
(the small ball), In our world the electron emerges more or less in the direction 
of the nuclear spin; in tne mirror world it emerges in a direction opposite to that 
of the nuclear spin, In the actual experiment the direction of the ejected electron 
relative to the nuclear~spin direction was tabulated statistically for a large number 
Dr nuclei. If the eiectron emerge, preferentially in the n"clear-spin direction (as 
is suggested by the figure), then we can conclude that Nature violates parity 
invariance because a physicist in the mirror wor1d would ;;ee the electron emerg
ing preferentially in a direction opposHe to the (juclear~spin direction, Our world 
and the mirror world would then be governed by different pnys!call£1.ws. 

interpretation is not clouded by the then-unknown dynamics of 
strange particles. 

THE LADY AND THE LEFT HAND OF GOD 

The next step for Lee and Yang was to persuade someone 
capable of doing the experiment to do it, Physics journals are fuil 
of proposed experiments, but an experimentalist has to be con
vinced that the significance of the experiment warrants the enor
mous amount of effort required. 

It was painless for Ptolemy to speculate that the source of 
the Nile lies in the heart of Africa, but it was another matter for 
Burton and Speke to devote their lives and sanities to the question. 
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approaching a number of experimentaJists, many of whom 
skeptical, Lee and Yang managed to talk Chien-Shiung Wu, 

of the leading authorities on weak interaction experiments, 
taking a chance on a long shot. 

Madame Wu, as she is universally known in the physics 
'~D'''J' is a remarkable figure. Born in China in 1912, only 

year after the demise of the infamous Manchu dynasty, she . , 
:;::.(:litttllf to be known as the "reigning queen of experimental nuclear 

s," and she served as the first woman president of the Amer
. Physical Society, blazing trails for women experimenters in a 

dominated field. Her experiments are characterized by a me
.... 1'"' .... " care and a stylish simplicity that some of her coUeagues 
e described as feminine. Madame Wu was so intrigued by what 

, and Yang had to say that she canceled her summer trip and 
ed work immediately. Thus it came to pass that Nature first 

:l'f)'vealCU her" handedness" to a lady. 
Madame Wu, like Alice before her, looked inside the mir

In so doing, she met with a number of obstacles. Although 
UllJogs look quite simple to theorists (see Figure 35), the real-life 

tions that experimentalists must address are quite formi
For instance, no one handed Madame Wu a single spinning 

, ..... '." •. ,,,. The enormous number of nuclei contained in the experi
tal sample are all spinning in different directions, The experi

would work only if she could, somehow, Jine up aU the 
spins in the same direction. At room temperature, atoms 

. vibrate about in perpetual agitation, so that the nuclear spins, once 
.•• lined up, would soon again point in different directions. Hence, 
.. she had to conduct the experiment at extremely low temperatures 
•• to minimize the thenna] agitation of the atoms. Sophisticated re

frigerat.ion devices, pumps, and so forth, all had to be brought in, 
> and we all know how such machines arc apt to malfunction. (Ex-

perimental and theoretical physics attract rather different person
ality types, with different temperaments and abilities. Sociologists 
should find here a ripe field for a fruitful study.) Madame Wu, 
therefore, contacted and coHaborated with a team of low-temper
ature physicists at the National Bureau of Standards in Washing
ton, where the required refrigeration device was available. 

By December 1956, she and her coworkers had found strong 
•. evidence that parity is in fact violated: In decays governed by the 
• weak force, electrons prefer to emerge in one direction over an
"other. Independently, a group led by Valentine Telegdi at the Uni-
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versity of Chicago had arrived at the same conclusion by doing 
another experiment proposed by Lee and Yang. 

On Friday, January 4, 1957, Lee described the definitive 
result ofWu's experiment to a goup of his colleagues. The discus
sion was particularly animated during l!lllch whe[] Leon Lederman, 
an experimentalist at Columbia, suddenly realized that, with luck, 
he might be able to detect parity violation in the decay of the pi 
meson, a subnuclear particle then known for a number of years, 
Later that evening, he called Richard Garwin, a noted experimen
talist now at IBM, By two in the morning, the two excited physi
cists had designed and sel up the experiment, and proceeded to 
take data. But just when they thought they 100 had seen the left 
hand of God, the equipment broke down. They enlisted the help of . 
another experimentalist and together they repaired the equipment, 
then set to working around the dock. At six o'clock on Tuesday 
morning, Lederman called T. D. to say thaI Nature is unmistakably 
handed. 

Modem particle experiments are normally mammoth multi
national efforts involving, sometimes, a hundred or more physi
cists and lasting for years. The experiment of Lederman et al. is 
surely the shortest on record, Leon Lederman is nOW the director 
of the gigantic Fermi N aliona] Accelerator Laboratory in Batavia, 
Illinois. One imagines that he gets things done, 

The news of panty violation stunned the physics commu
nity. It was as if la plus grande dame of etiquette had committed 
an unspeakable faux pas, The public was fascinated. For instance, 
Ben-Gurian, then prime minister of Israel, asked Madame Wu 
how parity relates to yoga. The New York Times editorialized on 
the meaning of panty. The news filtered slowly through society, 
becoming totally garbled and misunderstood. When! was a boy. 
a businessman friend of my falher's told me that two Chinese
American physicists had overthrown Einstein's theory of relativ
ity, whatever that was. 

THE CURMUDGEON AND HIS GHOST 

The discovery of panty violatioll profoundly altered our 
preconceived notions of Nature. But it also had an immediate and 
far-reaching impact all our understanding of the physical world. It 
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. S out that parity violation was the missing ingredient needed 
constructing a theory of weak interaction, 

To understand the state of weak interaction theory in 1956, 
have to go back to the early 1930s, when the English physicist 
D. Ellis carefully measured the speed of the electron ejected in 
decay of a radioactive (mc\eus. This involves the same physical 

FU\,"'Ol,Ol examined by Madame Wu and company, but as is often 
case in physics, different physical quantities are m~asuied in 

t experiments. Ellis did not have the difficult task of lining 
1':--"-~~:~9:->:Up the radioactive nuclei; on the other hand, he had to measure 

. energy of the electron accurately j which Madame Wu did not 
ve to do. 

Ellis became a physicist under unusual circumstances. An 
officer in World War I, he \vas captured early on. In the 
camp, he befriended a luckless fellow Englishman, James 

dwick. Ymmg Chadwick, whom we will meet again in a star
role in :a later chapter, had gone to Berlin to study radioactivity 

Fritz Geiger, of the counter fame. When war broke out, the 
arrested him as a spy. Out of sheer boredom, Chadwick 

proceeded to te..ach Ellis physics. Ellis was so fascinated that he 
abandoned his military career after the war. 

. When Ellis did his experiment, theorists thought they knew 
what energy the ejected electron should have. After ali, the famous 
Albert Einstein told us how mass could be converted into energy 
according to his formula E = mc2• Knowing the mass of the radio
active nucleus, and the mass of the daughter nucleus, one can 
determine, using simple subtraction 'and Einstein's frJnnula, the 

• energy that the electron should corne out with. Call it E*'. 
Surprise! Ellis found that the electron does not aJways come 

out with the same energy (although its energy is always less than 
~-. 

E*). In one decay, the electron might corne out slowly, in another, 
much faster. Rarely would it have the energy E*. Where did the 
missing energy go? Could Einstein possibly be wrong? 

The resolution of this conundrum was glven by Wolfgang 
Pauli, thejovial and rotund Viennese physicist who played the self
appointed role of curmudgeon in the drama of twentieth-century 
physics. Pauli was the master of the devastating put-down. It was 
said that Pauli, when told of a new theoretical resul t, wOllld remark 
sadly, "It is not even wrong." He also went around lamenting that 
physics is too difficult, that he should have been a comedian in
stead. Of the many stories about Pauli circlliating in the physics 
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community, a favorite tells of Pauli, after his death, asking God to 
reveal His design (a standard fantasy among physicists). When 
God lold him, Pauli exclaimed, "[t is nOI even wrong." 

In 1933, Pauli suggested that a hitherto unknown particle, 
which interacts neither strongly nor electromagnetically and thus 
would escape detection, carries away thelruSSing energy, like a 
black-clad thief disappearing into th6Jijgiit:l~ mysterious parti
cle, later to be given the Italian name "neutrino," was the first 
particle predicted to exist before it was actually discovered. Now
adays, in an age when particle theorists hypothesize the existence 
of experimentally unknown paltic1es with wanton abandon, Pauli's 
boldness can only be appreciated in its historical context. 

Pauli deduced that the neutrino has fantastic properties, In 
quantum mechanics, one speaks of probabilities. Since the neu
trino is postulated to interact only via the weak force, the proba
bility is very small that it interacts with an electron or a nucleus it 
encounters. (That is precisely why the weak force is called weak.) 
Knowing how weak the weak interaction is, Pauli concluded that 
a neutrino, like a ghost, can pass through the entire earth without 
interacting. On the other hao(e we wbo are of flesh and blood 
cannot walk through walls because the probability that the atoms 
in our bodies would interact electromagnetically with atoms in the 
walls borders On certainly. 

Ever critical of himself as well as of others, Pauli wrote to 11 

friend that he had committed the worst mistake a physicist could 
commit: postulating a particle that cannot be subjected to experi
mental scrutiny. Bul he was overly pessimistic. In 1955, American 
physicists F, Reines and C, Cowan managed to "see" a neutrino. 
Nowadays, particle accelerators routinely shoot out beams of neu
trinos and a few of these have been observed interacting with other 
matter. (To produce a neutrino beam, experimentalists first pro
duce a beam of subnuclear particles that decay in flight into neutri
nos.) The reader may well wonder how that is possible. The 
probability that a neutrino would interact with a nucleus, while 
almost inconceivably small, is not zero. To beal the small proba
bility, one can pile an enormous number of nuclei in front of a 
beam of neutrinos, and wait. Once, the U.S. Navy junked some 
old battleships and gdve the ~crap iron to experimentalists. Even 
with that huge pile of iron, the experimentalists had to wait for 
months before they caught one neutrino interacting with an atom, 

Pauli also deduced that the neutrino is massless because the 
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in Ellis's experiment does have the energy E* once in a 
:wuu-. If the neutrino had mass, then according to Einstein, part of 

available energy E* must be budgeted to produce the neutrino 
JU'!'>''':', thereby leaving a smaller amount for the electron. Knowing 

the electron, the radioactive nudeus, and the daughter nu
;:>X~;:;5:;: 1<n, .... " (which the radioactive nude us decays into) spin, Pauli also 

uded that the neutrino is endowed with a perpetual spin. The 
novelist John Updike was so fascinated by th'e neutrino 

he wrote a poem about it, to the best of my knOWledge the 
written about a subatomic particle by a major 

Neutrinos, they are very small 
They have no charge and have no mass 

And do not interact at alL 
The earth is just a silly ball 

To them, through which they simply pass, 
Like dustrnaids down a drafty hall 

Or photons through a sheet of glass. 
They snub the most exquisite gas, 

Ignore the most substantial wall. 
Cold-shoulder steel and sounding brass, 

Insult the stallion in his stall, 
And scorning barriers of class, 

Infiltrate YOLI and me! Like tall 
And painless guillotines, they fall 

Down through our heads into the grass, 
At njght, they enter at Nepal 

And pierce the lover and his lass 
From underneath the bed-you call 

It wonderful; I cali it cmss. 
-John Updike, "Cosmic Gall" 

THE CULPRlT 

Pauli's elusive particle turned OLit to be just what Enrico 
Fermi needed, in 1934, to construct a theory of the weak interac
tion. Fermi synthesized in precise mathematicru terms what was 
then known. For the next twenty.years, theorists tried to improve 
his theory. But they always presupposed parity invariance, and 
things never quite fit. 
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Once parity was known 10 be violated, theorists were free 
to write down previously forbidden equations, and a basically cor
rect theory of the weak interaction was formulated in 1957 by 
Richard Feynman and Murray Gell-Mann, and, independently, by 
Robert Marshak and George Sudarshan . 

With fUlther sleuthing, theorists were able to point their 
fingers at the elusive neutrino as the culprit "responsible" for par
ity violation. I will now explain how the neutrino was convicted. 

Given a spinning particle moving along a straight line, we 
can ask whether the spin direction (as defined earlier) is in the 
direction of motion or in the opposite direction. Physicists say that 
this particle is left-handed or right-handed, respectively. (Theorists 
proposed originally that this handedness be referred to as "screw
iness," but tbe editors of the leading American physics journal, 
The Physical Review, insisted on the more dignified terms "helic
ily" and "chirality." As guardians of the language only slightly' 
less august than the forty "immortals" of the Academie Fran~aise, 
they have won and lost their share of baUles in their ongoing strug
gle with the physics community.J 

Chirality, or handedness, can be defined as an intrinsic 
property only for massless particles. Why can'\ handedness be 
defined for a massive particle? Suppose we see a massive particle 
moving in a certain direction, eastward, say. To an observer mov-, 
ing eastward faster than the particle, the particle would appear to 
be moving westward. Since handedness describes how the spin 
direction is aligned with the direction of motion, that observer 
would disagree with us on the handedness of the particle. In con
trast, a massless particle, such as the neutrino, always moves at 
the speed of light-the maximum speed possible, according to Ein
stein's theory of relativity. Since no observer can move faster than 
a massless particle, its handedness is an intrinsic property. For 
instance, (he massless particle of light, the photon, can be either 
ieft- or right-handed, If Nature respects parity, this would hold for 
any particle. But experiments showed conclusively that the neu
hine has yet one more bizarre property: It always travels left
handed. The neutrino was caught "red-handed"! For almost thirty 
years now, experimentalists have searched high and low for a 
right-handed neutrino, but in vain. 

Interestingly the German mathematician Hermann Weyl, 
whom we will meet again, played with the equation we now use to 
describe the neutrino way back in 1929, but his work was rejected 
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. sics because it obviously violates parity. Weyl's equation 
.. resuscitated in 1956. 

I already mentioned that while physicists were shocked by 
violation, they were even more shocked that Nature violates 

:<:·:,X" ... l·V selectively. After the conviction of the neutrino, the selec-
· ... ""'nJ becomes, to some extent, understandable, since the neutrino 

participates in the weak interaction (and gravity). But Pauli 
~~~~::::;~n·, .. :)stm upset. In a letter to Madame Wu, he wrote: "Now, after 
~~:~ii:h;. first shock is over, I begin to collect myself. ... What shocks 

... [now is that] God still appears left-right symmetric when 
expresses Himself strongly." Twenty years had to pass before 

'-;"'Ih"~'r·sts were able to have the first deep understanding of the 
::~:arot}[elrn bothering Pauli. It turns out that the other three interac
,,',".H'''' must have a special structure in order for parity violation to 

confined to the weak interaction. 

INTO THE ANTIM!RROR 

The plot now thickens. In the summer of 1956, Lee and 
. '. ang received a letter from Reinhard Oehme, a. physicist at the 

ruversity of Chicago, mising the issue of symmetry between par
u""'"'' and antiparticles. Back in 1929, the brilliant English physicist 

Adrian Maurice Dirac had startled the physics world by prCm 
that antiparticles exist. By 1956, the existence of amiparti

was well established. The alltielectron (called the positron) 
the antiproton had both been discovered. 

When a particle meets its antiparticle, they annihilate each 
r, releasing an enormous arnount of energy which then mate

rializes into other types of particles. The annihilation of particles 
with antiparticles is now routinely observed and studied at accel
erators around the world. A beam of antiprotons, for instance, can 
be produced and made to collide with a beam of protons. The fact 
that the antiproton exists and is annihilated with the prolan had 
long ceased to be of fundamental interest. Rather, physicists are 
now interested in what novel types of particles may emerge from 
the annihilation. 

A particle and its antiparticle have exactly the same mass. 
but opposite charges. Thus, the electron has a negative electric 
charge, the positron a positive one. Given that the elusive neutrino 
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does not carry electric charge, the curious reader may wonder how 
one distinguishes a neutrino from an antineulrino. Let me explain 
one possible way. The positively charged pi meson sometimes de
cays into a positron and a neutrino. Its antiparticle, tbe negatively 
charged pi meson, decays into an electron and an elusive particle 
that we shall call, by definition, the antineutrino. 

Dirac's work indicates that the laws of physics do not favor 
matter over antimatter. To be precise, I define an operation called 
charge conjugation, whereby one replaces all the particles partici
pating in a given physical process with their respective antiparti
cles. For example, under charge conjugation, the collision between 
two protons becomes the collision between two antiprotons. By 
definition, charge conjugation does lIot change the movement of 
the particles or the way they spin, For example, charge conjuga
tion replaces a left-handed particle witll a left-handed antiparlicle. 

Given a physical process, we apply charge conjugation to it 
and obtain the so-callcd charge-conjugated process, If the charge
conjugated process occurs with the same probability as the original 
process, the physical laws governing it are said to be charge con
jugation invariant. This is a long-winded but precise way of ex
pressing the notion that Nature, in Her laws, does not prefer 
matter over antimatter, (See Figure 3.6,) 

We can imagine an antiworld made up of antimatter, just as 
we can imagine the world inside the mirror. Charge conjugation 
invariance implies that if a physicist from our world ever gets to 
compare notes with a physicist from the anliworld, the two Rhould 
agree completely ahout physical laws. For example, an anticarbon 
atom built out of 3ntieiectrons, antiprotons, and antineutrons will 
have exactly the same physical properties as a carbon atom. 
Evcryday objects built out of antiatoms will also have the same 
properties as the corresponding objects built out of atoms. We arc 
unable to build lumps of antimatter merely because no container is 
available to hold them. 

By 1956, charge conjugation invariance had been verified in 
numerous experiments, But with the fall of parity, Oehme and 
others naturally wondered if charge conjugation inllanance might 
also fall. 

One can pul the issue simply by once again considering the 
neutrino: Charge conjugation in variance implies that the antineu
trino would also be purely left-handed. Experimentalists, there
fore, wellt out and "looked" at an antineutrino. They found that it 
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fA) A pictorial representation of a physical process in which Iwo 
(the larger circles) comde and are transformed illto two other particles 

(tile smaller circles.) 
un The charge-conjugated process of the process in Pigure A: Given a 

.. particle. the artist represents the antiparticle by reversing the black-and-white 
pattern carried by [he particle. Charge conjugation in variance states that the 
processes in Figure A and Figure B occur with the saMe prohability. This .states 
precisely the notion Ihal OUf world camiot be distinguished fmm the antiworld. 

is in fact right-handed. Weak interaction also violates charge con
jugation invariance! 

Remarkably enough, the question in tbJs case can also be 
settled by pure theory. A theorist, in a few lines of mathematical 
manipulations, could ascertain that charge conjugation invariance 
is indeed violated by the theory of weak interaction formulated in 
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1957, This illustrates a most awe-inspiring aspect of theoretical 
physics, A "good" theory has a life of its own, governed by a' 
secret inner logic. A priOli, parity and charge conjugation invari- .' 
ances are logically unrelated issues, Yet, when we incorporate' 
parity violation in a theory (whicb also has been constructed to 
respect various established physical facts and principles), the tbe
ory comes back to tell liS that charge conjugation in variance also 
fails, 

The great theories in physics have far more in them than 
theorists can imagine at first sight. Indeed, in a philosophical 
sense, it is misleading 10 say that a particular theorist invents or· 
creates a certain theory, Mon, properly, he or she merely discov
ers a theory which, with its myriad mathematical interconnections, 
has existed for all time, Some of these interconnections may be 
noticed immediately, but others could lie hidden for decades, or, 
perhaps-who knows?-forever. 

A TANTALIZING PERVERSITY 

The simultaneous violation of parity and charge conjugation 
invariances suggests that if we can constroct It magical mirror tliat 
not only reflects left and righI, but also turns particles into antipar
ticles at the same time, then the world inside the mirror may be 
governed by the same physical laws as ours, In other words, while 
Nature violates charge conjugation, C for short, and parity, P, She 
may be invariant under the combined operation cp, This possibil
ity is artistically portrayed by the seventeenth-century Dutch 
painter Pieter de Hooch, The painting of a Dutch courtyard shown 
in Figure 3.7 is not invariant under reflection alone, but it is ap
proximately invariant if one also turas the woman around, inter
changes light and dark, and so forth. The twentieth-century Dutch 
painter M, C. Escher has fascinated physicists with hisgeometricaJ 
paintings, invariant under reflection followed by interchanging 
light and dark. (SecFigllre 3,8,) 

Faced with the breakdown of P and C, physicists could at 
least take a modicum of comfort in the belief that CP is not vio
lated, But even that "secllrity blanket" was to be yanked away 
several yearS later. Oehme, collaborating with Lee and Yang, 
worked out possible experimental tests of CP illvariance, In 1964, 
a team of experimentalists from Pri nceton U ni versity, led by Val 
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.~ .~ :j\ Figure 3.7. Pieter de Hooch, "Co~[yard of a House in Ddfl." 1658 (COllfUSY 

: .. ":: ; NatiolllJi'CallefY, Lo'ldon): This painting reminds me of the CP (charge conju
: .. :. g..,tion and pari ty) operatiou. Tile womau on lhe ri~h! (il(,:CS us while the wOJU~n 

on the left shows us her back . Tho: ligbtcd figul't' of the woman on the righl is 
emerging from a dark background while the dark mass of the woman on the left 
i. going inlO a lighted background . (See a/so Figure 3.6.) 

Filch and lames Cronin, ,mnounced lhallhey saw Nature violating 
CPo AI that time, I had star1ed my undergraduate studies at Prince
ton, and I recall [hat one evening a professor gathered a group of 
us together and lold us the news. Everyone was excited and 
shocked that Nature had once again been caughl commil :ing an 
impropriety. That Nature could be so tantalizingly perverse per· 
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Figure ),8, M. C. Escher. "Study of Regular Division of the Plane with Birds:' 
1938, (Courtesy M. C Escher Heirs do Cordon ACf-/J(WTn, Hofland) 

haps contri buted to my decision to study physics instead of art 
history. 

The landmark experiment of Cronin. Fitch, et aL involves 
examining the decays of a certain species of K meson, a strange 
pa.ticie, An analysis based on the principles of quantum mechanics 
predicts that if CP in variance holds, the K meson should decay 
into two pi mesons, The K meson does decay into two pi mesons, 
as predicted by CP invariance-mos! of the time, Those patient 
experimentalists from Princeton noticed that once in several thou
sand decays a K meson would decay into three pi mesons! 

As a theoretical physicist. I am not particularly interested 
in Ihe details of how the K meson decays-in itself, that is no more 
interesting than, say, the behavior of chemicals with unpronounce
able names, The deviation of Nature from what is expected of Her 
interests me. 

Parity violation. while shocking enough, is maximal and abo 
solute, in the sense that every neutrino ever "seen'" is left·banded. 
never right-handed, Nature violates parity with a clean-cut finality 
that some theorists ultimately find comforting. In disturbing con
trast. Nature appears to be saying, lazily, that once m a long while 
She will throw in a bit of CP violation just to confound those nosy 
physicists. 
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Since t 956, parity violation has been observed in every sin
:~rOCI~SS involving the weak force. Yet after twenty years of 

experimentalists have not found CP violation in any pro
than the decay of K mesons. Perhaps we will have news 

Meanwhile, theorists have failed to agree on a theory of CP 
!IAI"""'" In contrast, an accepted theory incorporating parity vi

was alread y formulated by 1957, as I mentione'd earlier. 
theorists, myself among them, think that CP violation is due 

new interaction, weaker than the weak interaction. Others 

While a deep understanding of CP violation lacking, an 
!::lnl~rigUl'Il Ig consequence has surfaced from cosmological considera

::;:~i~>ns. Several years ago, theorists managed to produce a script in 
:;=:WIUC:!:l the universe could have started out empty and evolved to 
::~~~)nt:am matter, and, by extension, us humans. This is a very inter

story in its own right, a story that we will pick up later. 
llUH;e it to say here that for the scenario to work, obviously the 

of physics, at some level, must favor matter over antimatter. 

WHAT SHE PLEASES 

The reader probably wants to ask why Nature violates par
. Well, who knows? Nature, like the gonUa in the classic joke, 

what She pleases. 
I am among a group of physicists who still feels, deep down, 

Nature really should respect parity. The New York Times 
edltorm' on parity was entitled" Appearance and Reality," Did the 

·.editorial.writer mean to imply by the title that, in the esteemed 
••. opinion of the newspaper, Nature only appears to violate parity? 

the editorial writer made a Faustian dea1 and knew more 
than he or she let on! 

The Austrian philosopher and physicist Ernst Mach (1838-
19J6) once gave a beautiful illustration of appearance and reality. 
Mach, an extreme positivist who had the distinction of being at
tacked by Lenin, wrestled with the philosophical problems posed 
by physics, and his musings deeply influenced Einstein, among 
others, Mach wrote that, as a child, he was profoundly disturbed 
to learn that upon the passage of an electric current in a wire placed 
along a compass needle, the needle would tum. (See Figure 3.9,) 
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: .. TiI""" 3.9. The phenomenon which profoundly disturbed the young Mach, In 
:r'il~U.I:e A an electric wire is placed over a compass in the direction of the compa,,!> 
:neir:;dL1i:, The two ends of the wire are connected to a baltery (not shown), The 

switch indicates that the wire is not carrying any electric current. 10 Figure 
switch is closed and a current flows along the wire. llway from the mirror, 
",rdS outraged to learn that Ihe magnetic field produced the electric 

:~~,;irel~1 would cat.lSC the compas~ needle to turn. Believing that Nature could Tlot 
right over left or vice versa, he argued that the needle should refuse to 

::?/.J:::~.pVI;:, since by moving the needle would be manifesting Nature's pr~ference for 
&:::::'~::tn'1 'e' side over the other. The conundrum is underlined by considering what would 

'~~j~~;I: in the mirror world, (See D and E.) Many compass needles are tradition
~ marked with two different colors so Ihal Ihe norih-seeking end can be dislill

bed from the south-seeking end. For the sake of definiteness, the artist 
::PllUltt:a the south end white. If in our world the current flows away from the 

• then in the mirror world the current would be flowing into the mirror. 
:.>,!"~UU facing the min'or so that the cllrrent is flowing toward you; you see the 
... "" ...... end of the compass needle swing to your left (8), However, your mirror 

:~::',f:,efl<~ctJlon would see, with the current flowing towards him, the sOllth end of the 
1000nP:iss swinging to his right (E). 

This shocking violation .of parity is however only an illusion. [f we examine 
:,:,:·;,tI1'C compass needle io Figure B microscopically, as the artisl has indicated with 

"""""",<0 magnifying glass (C), we would "see" that the magnetism of the compass 
::f,lI';:'''''''' is due to a large number of electrons all spinning in the same direction, 
",n.l'\""""."" when viewed from above, as the artist ha.d indicated with the three 
" rled arrows, \Vhich end is north and which end is south is determined by the 

direction of the electrons. The paradox is now resolved by examining the 
'rhmr",ss needle in the mirror world (E). Because of the mirror reflecl,ion, 

electrons in that compass needle are spinning anti clockwise when viewed 
above, as the artist had indicated in Figure F. Thus, in the mirror world, the 

pail1led while would actually be the north end. We were fooled by the black
';'",1.un"tl'" markings into taking the north end as the south end! In other words, 

the last sentence of the preceding paragraph, the word "south" should be 
replaced by "north," The physicist in the min'or sees the north end of the com

needle swinging to his rigiu. 
Will a deeper understanding reveallhe parity violation presently observed 

in the weak interaction also 10 be an illusion? 
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Since the experimental arrangement is completely symmetrical, 
the needle should not prefer one side or the other, but should 
simply decline to budge. The young Mach was upset because par
ity appeared to be violated. However, if we examine a magnet 
microscopically, we see that it is simply a piece of metal in which 
electrons happen to be all spinning in the same direction. The 
direction of spin points to the "north" end of the compass needle. 
Suppose now we place a mirror perpendicular to the wire and 
climb into the mirror world. We would see that the direction of 
spin inside the magnet is reversed, and thus the compass needle in 
the mirror has its north and south interchanged. A careful study of 
Figure 3.9 shows that electromagnetism in fact respects parity. The 
parity violation that disturbed the young Mach is only an illusion. 

Weyl, and later Yang, seized upon Mach's intellectnal 
trauma as an analogy to snggest that with a deeper understanding 
we may realize that Nature does respect parity. I believe that they' 
are light. Indeed, several theorists have already proposed plausible 
schemes in which Nature, at a deeper level, will show that She is 
impartial toward left and right. We will discuss some of these pro
posals in a later chapter. 

When we look at an oriental carpet, any left-right symmetry 
is immediately apparent. We will now go on looking for subtler 
symmetries in the tapestry that Nature has woven for us. As with 
art appreciation, the subtler the symmetry, the greater our plea
sure. 
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.·'""~· ...... rriage of Time and Space 
[llij~{ "' 

INTELLECTUAL FOUNDATION VERSUS ASTONISHING 
CONSEQUENCES 

For almost three hundred years, physicists had only reflec
and rotation invariances as examples of symmetry. Since 

.ul~'''''' two symmetries could be immediately perceived, physicists 
Mln~I'a !y did not make a big fuss over symmetry as a fundamental 
concl;,:pt. Indeed, the notion of symmetry was rarely stated ex
.,.","""y before the twentieth century. 

In 1905, Einstein proposed the special theory of relativity 
revolutionized our understanding of space and time. I like to 

·"',..,-n-ri Einstein's theory as the very first instance in which physics 
nr.""'~rp't1 a symmetry that Nature has taken some pains to con

. As we will see in this chapter, it took a considerable amount 
connoisseurship to recognize the symmetry of relativity in Na

's design. 
The layman interested in physics has long been captivated 

y the astounding, almost science fiction-like conclusions reached 
. y Einstein. In this book, however, I draw a sharp distinction 

<between the physical consequences and the intellectual foundation 
. a physical theory. 

The intellectual foundation of Einstein '5 theory consists of 
.. profound appreciation of the power of symmetry, and it was on 
this foundation that the actual physical consequences of the theory 
were worked out. 

Yes, indeed, the physical consequences of Einstein's rumi
..... (:n,~}1'" are astounding beyond belief: Mass is equivalent to energy 
and time is manied to space. Who could but be amazed? It is 
natural that most popular expositions of Einstein's work empha-
size these strange features. As a result, such treatments fail to 

• highlight what I consider to be Einstein's truly magnificent intellec-
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lual legacy, namely, his views on symmetry, He is the one who 
groomed symmetry for its starring role in modern physics. 

GENTLY DOWN THE STREAM 

.-,-,. 

i 
:::~~ 
".',,0 

The concept of relativity did not originate with Einstein,::] 
Rather, it is deeply rooted in our everyday perceptions of motion .. ,' 

.:;~ 
and, as such, had already been built into Newtonian mechanics, ,;;r 

:~::: 
Bishop Berkeley (1685-1753), the fellow who wondered," 

--:::::~ 
whether a falling tree deep in the forest made noise if no one was "'a 
around (0 hear it, worried about how one could say that an object@ 
was movmg unless another object was present. Anyone who has "1 
ridden trains probably has experienced what the bishop had in',~ 

<B mind, Sitting in a train in a dark station, on occasion I have been ,,:j 
":; 

so absorbed in a magazine that I did not notice if the train had' ::~ 
:::.; 

started moving. Suddenly, looking out the window, I see the train } 
".0j' 

next to my train slowly gliding out of the station. But is thaI tmin:; 
moving, or is mine'? In the absence of engine noise or any jerking J 

:::;: 
motion, I am eerily confused, I desperately look for some archi!ec-'" 
tural elements, a column perhaps, or a stationmaster standing on n: 
the platform. Similar experiences occur in other common situa- ) 
lions, such as in a plane taxiing on a IUnway, or in a boat drifting n 
smoothly downstream. In a four-line, lyrical poem describing a::! 
boat trip on a windy day, the Sung dynasty poet Yu-yee Chen ::;:, 
0090-1138) wrote: 

The boat looks red amidst the dancing flowers, 
A hundred Ii of elms in a half-day', wind, 
Reclining I watch the clouds standing still, 
Not knowing the clouds and I are both traveling east. 

In this case, the poet's conception of motion agrees with the phys- .~ 
ieist's. To the poet, the clouds can quite accurately be described:: 
as standing stilL , 

Bishop Berkeley's point is that when we sayan object is 
moving, we really mean that the distance between it and another .' 
object is changing with time. The train passenger knows that he is" 
moving when he sees the stationmaster receding, " 

" 

In an inflationary economy, we are interested in whether' 
our income is increaSing relative to that of our neighbors, If every-
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A contemporary artist's interpretation of a !welfth-centlll1' expla
on of the relativity of motion . 

. dy's income increases at the same rate, then no one is actually 
aUVaJilClng economically. If we are in the happy situation in which 

income is rising relative to our neighbors', our neighbors couJd 
Iy feel that their incomes are falling relative to ours, Thus, the 

bishop wondered, if we sayan object is moving because its dis
... u, .... '" from another object is changing, why can't we say that the 

object is moving in the opposite direction? After all, the 
.. distance between two objects is defined without favoring one or 

other of the two objects. The train passenger could say, with 
.• perfect justification from a physical-philosophical point of view, 

.•• that the stationmaster, together with the platform and the entire 
•. earth attached to it, is moving in the other direction. 

From a practical point of view, it is, of course, more con
venient to say that the train is moving. But we must keep in mind 
that the .. common sense" description is more convenient merely 
because the earth is so much larger than the train. Nowadays, we 

• can watch in our living rooms an astronaut grappling with a dis-
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abled satellite, In this situation, the astronaut and the satellite are •.•.•. , •.• , •. : •.. , •.• ,.,;". 
not 100 disparate in mass, When the astronaut gives the satellite a 
push, we see him drifting away from the satellite, but we could say:::5. 
equally well that the satellite is drifting away from him. )§ 

In our everyday perception of motion, we are cued by en-:j':: 
gine noise and jerkiness of motion. But imagine traveling in the.'~ 
distant future in a stars hip deep into space, far away from any /~ 
galaxy. Engineering has reached such a state of perfection that@ 
there is no engine noise whatsoever. We look out the window and)J 
see only the darkness of space. How can we tell if we are cruising i~ 
steadily or sitting at rest? According to Bishop Berkeley, we can-;* 

,',:r 

not; absolute motion cannot be defined, .<a ..... / 
Now suppose we look out of the window and see another ::@l 

'"'N 

starship approaching. Are we moving toward this starship, or is it}~ 
moving toward us? It is not possible to tell, so the question isJ 
meaningless. We can only say that Ollr starship is moving relative A 
to the other one. :~~ 

',,,' 
In a sense, we are traveling on a starship right now, Our'~ 

entire galaxy is known to be moving toward the Virgo cluster ofji 
galaxies at a couple of hundred kilometers a second-faster, liter-l~ 
ally, than a speeding bullet-yet we hardly feel it. There is no ,~ 
engine noise to speak of. But are we moving or is Virgo moving:' 
~~~~~~? y 

-~.~ 

That the relative motion is at constant velocity is essential. ' 
As soon as the starship pilot "steps on the gas," we will know that I 
we are speeding up. We experience this point almost daily. when:.i 
a car suddenly speeds up, passengers are thrown back. .{ 

All of this was well understood by Galileo. Instead of star-: 
ships, he spoke of good old-fashioned sailing ships, 

RELATIVITY 01' MOTION AS A SYMMETRY 

The impossibility of defining absolute motion can be seen as 
the manifestation of a symmetry known as relativistic invariance. 
In the. ~a\fle w_Z!Y ~~:!!!Jl!'ri!y..i.m!!Lrifll1Cc tells us that we cannot 
,<!j§!!!!llyfu)Ul'!e ~mirro..!;:j!lHlg.~l"0rld fromoilr.'>:::2r!Q, ~liVfstic_ln- . 
variance tells us thaI it is impossible to decide whether we.1!J:S' at: 

~"fest' o.cm~~fult;!'?i'Al[Y: ""cii aV01':fpossibie confusioillater, iet -;;s •. 
pin down a precise definition of this concept. 

Consider two observers moving relative to each other, per-
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4.2. On a train moving smoothly at 30 feet per second, a stoker throws 
of coal forward at 10 feel per second. Standing on the ground, we see the 

.. flying forward at 40 feet per second. 

mi~f~~tlY smoothly, at a velocity that does not change with time. We 
refer to this type of movement as motion at constant velocity. 

an example, we may picture a train moving smoothly at thirty 
~!)<z·:·:v~,.+ per second relative to the platfOlm. Suppose a passenger sit-
1:<:w.~:::::~,~U5 at the back of the carriage tosses a ball to the front of the 

at ten feet per second. How fast does the ball travel, as 
by the stationmaster on the ground? Most of us intui

would find it obvious that to the stationmaster the ball 
...... r.'upn forward at 30 + 10 = 40 feet per second. Generally, for 
,,"VI'n., physical quantity measured by two observers in relative mo-

at constant velocity, be it the velocity of a ball or the temper
of a cup of coffee, a formula relates the two measurements. 

our example, if the velocity of the ball, as measured by the 
passenger and the stationmaster, is denoted by v and Vi, respec-

.• tively, and if the velocity of the train relative to the station is 
denoted by u, then we conclude that Vi = v + u. (For the specific 
numbers given previously, u equals thirty feet per second, v, ten, 
and v', forty.) The collection of all such formulas, relating velocity, 
energy, momentum, temperature, and so forth, as measured by 

.. two different observers, is known as a Galilean transformation. 
Now, suppose the two observers are physicists who want 

to determine the Jaws of physics. For instance, the passenger and 
the stationmaster could both decide to determine the law governing 
the motion of the ball. Relativistic invariance says that two observ-

. ers in relative motion at constant velocity must arrive at the same 
physical laws, in spite of the fact that they differ in their measure
ments of various physical quantities. Thus, in our example, while 
the passenger and the stationma..<;ter differ in their perception of 
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~~ fast the ball is moving, they must both arrive at Newton'sm~ 

This definition of relativistic invariance expresses in precise Xl 
terms that it is plWsically impossible to tell which one of two ob-::~ 
servers in relative motion is actually moving, If the physicallawsM~ 
observed by the two observers in relative motion at constant ve-;;~> 
locity, were not the same, then Nature would be distinguishingYj~ 

- ... -... ...: 
between the two observers. . .:::f. 

In the precedmg chapters, I spoke of observers with their ;"'~ 
heads lilted relative}o ~ac~. other,. and of an observer "outside" %~ 
the mIrror, another inSide the mIrror. In thIS chapter, I speak of "~~ 
observers in relative motion. The basic notion of symmetry is the:}~, 
same in all these cases. The issue of symmetry is whether different:W 
observers perceive the same stmcture of physical reality, :::it. 

ON THE ELECTRODYNAMICS OF MOVING BOOtES 

By emphasizing the bizarre aspects of Einstein'S theory, 
some popular expositions end up making relativity sound more 
mysterious than it really is, In fact, relativity represents a logi
cal, almost inevitable progression of ideas flowing out of the 
nineteenth-century understanding of electricity and magnetism. 

A proper understanding of Einstein's theory is impossible 
without some understanding of its roots in electromagnetism. After 
all, Einstein, with a modesty unheard of nowadays, titled his 
epoch-making paper simply "On the Electrodynamics of Moving 
Bodies." Thus, I propose to show the reader a flashback of the 
development of electromagnetic theory, 

FROGS AND LODESTONES 

Electric and magnetic phenomena had been known for a 
long time, The magic of amber and lodestone fascinated the an
cients. After a piece of amber is rubbed Oil a furry substance, it 
can pick up bits of hair and paper. (Children know that a plastic 
comb works just as well,) As for the mysterious lodestone, we now 
know it to be a naturally magnetized piece of iron are. The ancient 
Chinese discovered enough of its properties to be able to constmct 
the magnetic compass. 
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William Gilbert (1544-1603), the royal physician to Eliza
I. was the first to recognize the distinction between electric 

magnetic forces. His work cleared up a great deal of confusion. 
Gilbert, electric and magnetic phenomena were studied sep-

Progress was slow and sporadic. For instance, Charles 
u .. " ... ..."·,, de Cisternay du Fay, a swashbuckling courtier of Louis 

and a leading scientist of that era, would amuse the' court by 
ing people to elicit sparks from their fingers. (Physicists 

. more fun in those days!) 
In 178.5, Charles Augustin Coulomb 0736-1806) determined 

the electric force belween two electrified objects varies in
v .. .r·"~ly as the square of the distance separating them. This quanti~ 

description of the electric force became known as 
"""u .... "mb's law. 

Further progress had to wait for the "accidental" discovery 
.ma(le by anatomist Luigi GaJvani 0737-1798) while dissecting a 

in that momentous year, 1789. He found that when two differ-
metals came into contact with the frog's legs, the frog twitched. 

e know now that an electrical impulse went through the frog's 
: Animals can produce electrical currents. Indeed, om nerves 

and muscles are controlled by electrical impulses. 
The biologist Count Alessandro Volta 0145-1827) then 

took the crucial step of separdting biology from physics. Volta 
demonstrated that the electricity produced does not depend on the 
frog. which can be ignominiously replaced by a chemical fluid. An 
arrangement of metal plates immersed in a suitable chemical bath 
will produce electriciLY. And so the battery was born. 

With batteries providing a controllable flow of electricity, 
physicists could experiment with electricity and magnetism sys
tematically. In 1819, Hans Christian Oersted (1777-1851) discov
ered, supposedly by accident, that when an electric current flows 
through a wire, a compass needle in the vicinity moves. (See Fig
ure 3.9 6n page 46.) As we have seen, the apparent violation of 
parity in Oersted's phenomenon deeply disturbed the young Mach. 
An electric current can generate a ma.!"rnetic field! Electric and 
magnetic. phenomena are related, and physics was soon to have a 
new term: electromagnetism. 

Oersted's astounding discovery opened a most exciting era 
in which science and technology evolved together at a dizzying 
pace. Imagine. one could telegraph across the Atlantic less than a 
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hundred years after Galvani', frog gave up his life. Within a fifty· 
year period, roughly between 1825 and 1875, such inventions as 
telegraphy, the electric motor, ·and the electric generator, aU of 
which provide the foundation for the modem world, were devel
oped, 

Let us return to physics. Two mysterious phenomena were 
found to be related, and many new questions were raised. 

In Oersted's experiment, an electric current moves Ii mag
net. What about the reverse'! Holding the magnet fixed, could one 
cause the wire carrying the electric current to move? The answer 
is yes. Exploiting this phenomenon, one can construct the electric 
motor. 

If electricity can generate a magnetic force, as Oersted bad 
shown, can magnetism produce electricity? If Olle moves a magnet 
around a wire, wonld that cause an electric cum:nt to flow? The 
answer, once again, is yes, a moving magnet generates electricity .. 

And so the race was on. We can easily picture Victorian 
physicists in their laboratories, with wires, magnets, and voltaic 
cells (primitive batteries), in feverish excitement trying all possible 
configurations as Nature revealed Her secrets one after another. 

MAY THE FIELD OF FORCE BE WITH YOU 

Of the many eminent experimenters of the era, Michael Far· 
aday (1791 -1867) is often regarded as the greatest. While Fara
day's genius manifested itself in the laboratory, he also introduced 
into theoretical physics the important and fruitful concept of a 
"field afforce," or "field" for short. 

Unlike most physicists until his time, Faraday did not come 
from a comfortable background. Bom imo almost Dickensian pov
erty, Faraday started as a bookseller's errand boy, later promoted 
to an apprentice. While rebinding a sel of the Encyclopaedia Bri
tannica, he became spel1bound by an article on electricity he 
chanced upon. In Victorian London, educational lectures were 
often given to the public, typically for a charge of one shilling a 
lecture, a fee the young man was hard put to come up with. For
tunately, the famed Sir Humphrey Davy started to give free lec
tures at the newly founded Royal Institution. They were highly 
popular. The educated public was intimately interested in science, 
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and electricity was, well, electrifying the public, (This fine tradition ::~i~ 
of free lectures has persi$!cd to this day in many countries, and ,;;,,,,, 

--)~: most physics centers 1 know of cao boast of one or two strange;* 
wild·eyed characters in regular attendance at seminars and COllo·'~ 

;/a; quia,)", 
Faraday, who attended the lectures religiously, eventually ::1l 

:::::~ 
approached Davy, As luck would have iI, Davy was at that very :@ 
moment in need of a laboratory assistant, Furtnennore, he was to )~ 
go on a tour of European selenee centers a few months later andm 
offered to take Faraday along, So Faraday did end up with an ;~ 
education 10 be envied, The Dickensian scenario was complete,;~~ 
however; Lady Davy was a horrid snob who insisted that Faraday' :;:~ 
eat with the servants and generally made life unpleasant, He was ';;;:'~ 

often red'uccd to performing thc tasks of a valet. But it was an A~ 
exciting trip, scientific and otherwise; the Napoleonic wars were .'~!?! 
in full swing, and, as "enemy scientists," they tlad to travel on ' .. m 
"safe-conduct" through the [ines,Jll 

Davy's young assistant quickly established himself, making 'ili 
discoveries one after another and outshining his mentor. Jealousy::~ 
is a powerful human emotion and unpleasantness soon developed::§ 
between thc two men. Among other things, Sir Davy tried to block };i 
Faraday's membership in the Royal Society, but in vain, At the:;;: 
height of his career, Paraday was showered with honors. The hum·:", 
ble apprentice was to refuse a knighthood as well as the presidency):; 
of both the Royal Institution and the Royal Society, Even Davy:~ 
admitted that of ali his discoveries, Faraday was the besci; 

But what is this field of force discovered by Faraday and} 
now known to every child who has seen films on interstellar war,: 
fare ? ~ 

, ,-
In OUf everyday experiences, we tend to think of a force 

being exerted only when contact is made between material bodies, 
as when we p\lsh open a door, Newton's law of gravitation had 
already introduced the notion that a force could act at a distance, 
But this idea of "action at a distance" deeply troubled many think· 
ers, At any moment in time, the earth has to "know" instanta· 
neously the sun's position and to "feel" the appropriate force, The 
phenomenon of electromagnetism demonstrated this apparent ac· 
tion at a distance even more dramatically, That magnets would act 
on each other while separated by empty space is most alluring to 

children, and to physicists as welL 
Like many of his predecessors and contemporaries, Fara-
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grappled with this philosophical problem and finally reached 
following picture. 

He proposed that ao electric charge produces around it an 
·"I",{'trtl' field of force, When another charge is introduced into this 
electric field, the field acts on this charge, exerting on it a force in 

wirh Coulomb's law. 
The important point is that this electric field is to be thought 

as a separate entity: The electric field produced by an electric 
exists, regardless of whether another charge is introduced 

t(.) feel the effect of the field, Similarly, one envisages a magnetic 
field produced by a magnet or an electric current. Thus, Faraday 
introduced an intermediary: Two charges do not act "directly" on 
each other but they each produce an electric field that, in tum, acts 
on the other charge. 

A pragmatic physicist was apt to dismiss al] this as just talk 
that did not advance our knowledge one whit. Faraday's notion 
does not explain Coulomb's Jaw in any sense; rather, it appears to 
be merely another way of describing Coulomb's law. Faraday sup-

.. posed the strength of the electric fieJd produced by a charge de
creases as one moves farther away from the charge, in such a way 
as to reproduce Coulomb's law. 

But this view 1l1issed the point The real content of Fara
day's picture, as it turns out, Jies in the fact that the electromag
netic field not only can be thought of as a separate entity, it is a 
separate physical entity. Physicists were to learn, for example, that 
it makes pCI1'ect physical sense to talk of the energy density in an 
electromagnetic field. As we wiU see, the notion of a field would 
bear fruit in the hands of Scotsman James Clerk Maxwell (1831-
J879), 

TELECOMMUNICATION, FRENCH PHILOSOPHERS, AND 
PIGEONS 

Because of his up-from-rags background, Faraday had a 
self-admitted hlind spot-mathematics-and he was unable to 
transcribe his intuitive notions into precise mathematical descrip
tions. Just the opposite, Maxwell, scion of a distinguished family, 
received tbe best education that his era could provide, and was 
thereby able to achieve the grand mathematical synthesis of elec
tromagnetism. But before he was to begin his investigations, Max-

61 



EINSTEIN'S LEGACY 

well made a resolution: "To read no mathematics on the subject 
[of electrici!}'] tilll had first read through Faraday's Experimental 
Researches on Electricity." 

Some young contemporary theoretical physicists are so en
amored of mathematics that they might well take heed of Max· 
wen's comment. Indeed, Maxwell was to consider Faraday's 
deficiency an advantage, He wrote: 

Thus Faraday, with his penetrating intellect, his devotion to sci· 
ence, and his opportunities for experiments, was debarred from 
following the course of thought which had led \0 the achievements 
of the French philosophers, and was obliged to explain Ihe phe· ' 
nomena to himself by means of a symbolism which he could un
derstand, illstead of adopting what had hitherto been the only 
tongue of the learned, 

By "symbolism," Maxwell was referring to the notion of field, 
actually called "lines afforce" by Faraday, Earlier, Maxwell bad 
said, "Ihe treatises of [the French philosophers] Poisson and Am· 
pere [on electricity] are of so technical a form, that to denve any 
assistance from them the student must have been thoroughly 
trained in mathematics, and it is very doubtful if such a training 
can be begun with advantage in matllre years," Indeed, the ·pace 
at which sophisticated mathematics has been introduced into the
oretical physics in recent years is such that many phySicists "in 
mature years" would share heartily the sentiments expressed by 
MaxwelL 

The American schoo! of theoretical physics by tradition has 
stressed physical intuition, at the expense of what is sometimes 
referred to as "fancy shmancy mathematics." ! will refrain from 
exploring the historical and sociological origins of this emphasis, 
which has been, at once, this philosophy's strength and its weak· 
ness, Generally speaking, European physicists receive a mllch 
more vigorous training in contemporary mathematics than their 
American connterparts. The French philosophers, now referred to 
as the French physicists, still are regarded by many Americans as 
incomprehensibly mathematical. Of course, what is considered 
fancy by onc generation i, often thought basic by the next. The 
mathematics used by Poisson et a1. now looks like child's' play and 
is familiar to any undergraduate student of physics, 
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LET THERE BE LIGHT, BUT WHAT IS LIGHT? 

At mid century, Maxwell took stock of the accumulated 
•• knowledge about electromagnetism. The end result of a century of 
• arduous experimentation had been distilled and summarized al
•. ready in various laws, named after various investigators. Maxwell 
•• put it all together in four mathematical statements, known ever 

...• since as Maxwell's equations. The equations specify how the elec
•••• tromagnetic field varies, in space and in time. For instance, one 

equation states how the electric field varies in space, in the pres-
• ence of a magnetic field that is varying in time. It expresses, in 
.. concise mathematical terms, Faraday's law of induction: By mov

ing a magnet around a wire, one produces an electric field that 
pushes charges forward in the wire, generating a current. Another 
equation specifies how the electric field around a charge decreases 
with distance away from the charge, thus reexpressing Coulomb's 
law. 

Consider a detective faced with a complicated crimina] 
case. He has spent weeks gathering testimonies. FinaUy, he sits 
down to check whether the testimonies are mutually consistent. 
Hmm, the butler couldn't be telling the whole truth. But ... aha! 
If the butler actually said] 2 A.M. instead of 12 P.M. then everything 
falls into place. So, too, Maxwell sat down and asked if the four 
equations he had written were mutually consistent. Hmm, this one 
can't be right-it contradicts the other three! Remarkably, Max
well then noticed that by modifying the offending equation slightly, 
he could bring the four into harmony. 

Armed finaUy with the correct equations, Maxwell was able 
to go further. In a flash of insight, he made one of those truly 
amazing discoveries in physics: the existence of electromagnetic 
waves. Roughly speaking, if we have in a region of space an elec
tric field changing in time, then a magnetic field is produced in the 
neighboring space. Its very production means that this magnetic 
field is also changing in time-and it generates an electric field. 
Thus, like a ripple on a pond spreading from a dropped pebble, an 
electromagnetic field propagates out in a wave, undulating between 
electric and magnetic energy. 

Maxwell was able to calculate precisely from his equations 
the speed of this electromagnetic wave. By his time, the speed of 
light had been measured quite accurately. both by terrestrial ex
periments and by astronomical observations. The value obtained 

63 



EINSTEIN'S LEGACY 

theoretically for the speed of his electromagnetic wave coincides 
closely with the measured speed of light! And thus Maxwell pro
claimed that the mysterious phenomenon of light is just a form of ;: 
electromagnetic wave. In one stroke, optics as a field of physics' 
was subsumed under the study of electromagnetism, 

The laws of optics, wrested from Nature by physicists start
ing with Newton and Huygens, would be derived entirely from 
Maxwell's equations. Before, human vision had been limited to a 
narrow window in the electromagnetic spectrum; after, all forms 
of electromagnetic waves were ours to exploit. Telecommunica
tion was born. 

Physicists have often used the birth of telecommunication 
to illustrate the importance of funding basic research. They easily 
can imagine the Royal Navy official charged with allocating funds 
to improve communication deciding it would be folly to support 
these strange types fooling around with wires and frogs' legs in 
their gloomy laboratories. Obviously, he might have reasoned, the 
money would be better spent on breeding a speedier strain of car
ner pIgeon. 

Maxwell's discovery demonstrated conclusively the physi
cal reality of the field and its claim to a separate existence, Indeed, 
the space around us is literally bumming with packets of electro
magnetic field hurrying hither and yon, TIle notion of field has 
grown from a glint in Faraday's eyes to be all-encompassing. In 
recent decades, physicisl.~ have come to the view that all physical 
reality [s to be described in terms of fields, an idea we will come 
back to later. It is interesting how this concept originated in the 
vague philosophical unease physicists felt with the action-at-a
distance hypothesis. , 

THE BIG QUESTION 

Let us returo now to Einstein and relativistic invariance. It 
is the end of the nineteenth century, and physicists are justifiably 
proud of their success in understanding electromagnetism. The 
stage is set for Einstein and others to ask the $64,000 questien. We 
have seen that Newton '8 theory of mechanics is invariant under 
the GaliJean transformation, Galilean invariant for short. Is Max
well's theory of electromagnetism also Galilean in variant '! 

To answer this question, let us go back to the train moving 



WI:?' ~k. 
:-:"X··· Marriage 01 Time and Space 

wJ>" 
~@f smoothly at thirty feet per second. Suppose that the passenger, 
f.~) instead of tossing a baJJ forward, shoots a beam of light forward. 
i' .......... , . 

Wf.Denote the speed o~ light, as measur~d by a physicist on the train, 
@~<~by the letter c. GalIlean transformation tells us that the speed of 
~~tlight, measured by the physicist on the ground, ought to be c + 30 
~::::Jeet per second. 
u::-:-:-: . 
i{> Bu~ walt!. Rec.all that. Maxwell was able to calculate the 
~tspeed of light usmg hIS equatlOns. ' 
11k> Th~se equations incorporat~d the measurements of Oersted 
~» et al. For Instance, one of these mlght measure the strength of the 
~~>rnagnetic field generated by an electric field, varying at such and 
~~f> such a rate_ But a physicist performing Oersted's experiment on 
~@\ the train should arrive at precisely the same result as a physicist 
~~~{>performing it on the ground, since otherwise, the two physicists 
t~;: would perceive two different structures of physical reality. These 
~t: two experimentalists can now appeal to their respective theoretical 
.I'~ ~ .. 

~t: colleagues to perform Maxwell's calculation of the speed of light. 
z·.·.·. 
g::. If the two theorists are both competent, they should arrive at the 
m{same answer. Thus, if Maxwell's equations are correct, the speed 
lr of light, as measured by the observer on the train and on the 
f: ground, should be exactly the same! This strange behavior of light 
t indicates that physics cannot be Galilean invariant. 
;t> Maxwell's reasoning forces us to a conclusion in violent 
~~{> disaccord with our everyday intuition: The observed speed of light 
f:> is independent of how fast the observer is moving. Suppose we see 
r~ a photon whizzing by and decide to give chase. We get into our 
~(~ stars hip and gun the engine till our speedometer registers nine
{ tenths the speed of light. But when we look out the window, to our 
:::< astonishment we still see the photon whizzing by at the speed of 

light. The photon would make an unbeatable track star. 
The key point is that the speed of light is an intrinsic prop

:.:. erty of Nature, deriving from the wayan electric field varying in 
., time generates a magnetic field and vice versa. By contrast, the I :'~~e~: ~~~ ~~;ien~~~~ ~~ ~~; t":s,::,le depended on the museul" 

EINSTEIN AND TIME 

Physics is not Galilean invariant. Now what? 
To proceed, recall that symmetry is composed of two logi-
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cally distinct components; invariance and transformation. To say 
that physical laws are invariant, we must specify the transforma- '. 
lion that leaves the physical laws invariant. For rotation symme-:' 
try, the transformation involved is a rotation. For reflection 
symmetry, the transformation involved is a reflection. In discuss
ing reflection and rotation symmetries, there is no question as to 
what the corresponding transformations are, and so we tend not to 
emphasize these two distinct components. Strictly speaking, we 
should say, for example, that physics before 1956 was believed to 
be invariant under that transfonnation commonly known as reflec
tion. 

In our discussion of relativistic invaIiance we have assumed 
that the relevant transformation is the Galilean transformation. 
When faced with the conclusion that electromagnetism is not rela
tivistic invariant under the Galilean transformation, a lesser phys- . 
lcist might have been tempted to abandon the notion of relativistic" 
invariance. But this position appeared untenable, since the speed 
of light. is invariant. Faced witb this confusing and paradoxical 
situation, Einstein boldly insisted that physics must be relativistic 
invariant, a position that forced him to abandon GaWean transfor
mation. The specific transformation is to be jettisoned, not the 
notion of relativistic invariance. 

The boldness of Einstein's position becomes apparent if we 
reflect on the fact that the Galilean transformation of velocity is 
based on our fundamental understanding of the nature oftime. Let 
us return once again to the train. To say that the train is traveling 
at thirty feet per second, we mean that when one second has 
elapsed for the statiorunaster the train has moved forward by thirty 
feet. To say that the baJJ is tossed forward at ten feet per second, 
we mean that when one second has elapsed for the passenger, the 
ball has moved forward by ten feet, relative to the tosser sitting in 
the train. N ewton, and everybody else, made the unspoken but 
eminently reasonable assumption that when one second has 
elapsed for the passenger, precisely one second has also elapsed 
for the stationmaster. Time thus conceived is referred to as abso-/: 
lute Newtonian time. Given absolute Newtonian time, the station
master would then conclude that during the passage of one second ,'.' 
}~:ttossCd ball has hurtled forward through space by 30 + 10 = 40) 

Thus, Einstein was forced to throw out the cherished notion 
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absolute time. Different observers in relative motion at constant 
Y"'''JV''Y perceive the passage of time differently. 

Since train speeds are small compared to the speed of light, 
pa~~senglers hardly notice the failure of absolute time. In particle 
accelerators, however, where subnuclear particles move at speeds 
""~"''"' to that of light, Einstein's revolutionary conception of time 

now verified every day. By working out the mathematical de
. . 'on of relativistic invariance, Einstein was able to predict that 
subnuclear particles moving at high speeds would be measured by 

. the experimenter as living longer than those sitting still in the lab-
oratory. When we say that a particle is moving at high speed, we 
could just as well say that the experimenter is moving at high speed 

. relative to the particle. How long the particle uves before it disin
is an intrinsic property of that particular species of parti

. de, but how long the particle lives according to the experimenter's 
clock depends on how fast the experimenter is moving relative to 
the particle: The faster the relative motion, the longer the mea

... sured lifetime. 
Unfortunately, or perhaps fortunately, Einstein's theory 

. does not offer a path to longevity. The lifetime of the train passen
ger is measured as longer by the station clock. but the lifetime 
experienced by the passenger, that is, as measured by the clock in 
the train, remains the same. In fact, since the very notion of rela
tivity insists that neither the passenger nor tbe stationmaster has a 
status more special than the other, the lifetime of the stationmaster 
is also observed by the passenger as longer. Each perceives the 
other as having lived longer! 

In view of this strange property of time. it is convenient and 
natural to introduce the notion of "proper time." Imagine that 
every particle in the universe carries with it its own clock. Proper 
time of a given object is defined as the time recorded by the clock 
carried by that object. Clearly, proper time is the only intrinsically 
significant measure of the passage of time. For example, when 
physicists list the lifetime of a certain subnuclear particle in a text
book, they are referring to the particle's lifetime as measured by 
its own clock, not the experimenter's. To refer to the particle's 
lifetime as measured by the experimenter, one would have to spec
ify the relative velocity between the particle and the experimenter, 
a physical quantity not intrinsic to the particle and hence variable 
from experiment to experiment. 
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As I mentioned before. for a given interval, proper time is 
always less than the time measured by another observer. Physi
cists say that time is dilated by movement. For each of us, our. 
own perception of time is always less than that of anyone else. In ' 
our example, the train passenger perceives his own lifetime to be 
shorter than what the stationmaster perceives it to be. The higher 
the relative velocity between the observer and the observed, the 
larger is the ratio of observed time to proper time. For a photon, ' 
cruising at the ultimate speed limit, the passage of eternity is but 
an instant Such is the hot-rodder's dream 1 In fact, the clock car
ried by a photon is stuck; a photon's proper time £lever changes. 

The bizarre behavior of lime astounded and fascinated the • 
pUblic. Perhaps the best-known poem about the relativity of time 
is a limerick penned by A. H. R. Buller, published in the comic 
magazinc Punch: 

There was a young lady £larned Bright 
Whose speed was far faster than light; 
She went out one day, 
In a relative way, 
And returned the previous night, 

The poet indulged in a certain amount of license: Einstein'5 equa
tions specifically forbid returning before one has left! The best one 
can do, if one is a photon, is to return at the same instant of proper 
time as One departed. 

TIME AND MOTION IN THE SIXTEENTH CENTURY 

Miss Bright's strange trip reminds me of another famous 
trip, that of Magellan, in which time also took an unexpected turn, 
After spending three years c\rcnmnavigaring the globe, Magellan's 
expedition finally sighted a Portuguese island on Wednesday, July 
9, 1513, according to the ship's log. But the landing party was 
bewildered and perturbed when the islanders insisted that it was 
actually Thursday. This phenomenon, now all too familiar to trav
elers with jet lag, puzzled the intelligentsia of the time greatly, It is 
of cOllrse merely a consequence of a certain human convention of 
recording time and has nothing to do with relativity, The proper 
time experienced by Magellan and by the Portuguese islanders 
differs only imperceptibly on the human time scale. (Actually, Ma- '. 
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an had been speared in the Philippines, but we follow the aca
ernie tradition of giving him credit even though he died in the 

die of the project he initiated.) 

A NEW TRANSFORMATION OF SPACE AND TiME 

Physicists are fond of saying that Einstein merged' space and 
time into "spacetime," To understand what this means, we have 
to learn how physicists described the strange behavior of time, 

In the same way that historians record events, physicists 
record an event in the physical world by specifying its location in 
time and space, namely by assigning four numbers, t, x, y, Z, cor
responding to the event. The time, t, is measured from some mu
tually agreed-upon event, in much the same way that Western 
historians commonly used the birth of Jesus Christ as the reference 
point in time. The other three numbers, y, z. specify the location 
of the event in three-dimensional space, as measured from some 
agreed-upon reference point. 

In our example, a given evenl would be recorded by the 
passenger as occurring at t, x, y, z, and by the stationmaster at I', 
x', y', z', To specify the transformation laws of space and time is 
to supply the mathematical fonnulas relating (t, x, y, z) and (t', x', 
y', Z'), Thus, the Galilean transformation asserts that t = I', that 
tune is absolute, As we have seen, Einstein was forced to throw 
out Galilean transformation, But then his insistence on relativistic 
invariance makes sense only if he can find another transformation 
under which physics is relativistic invariant. 

At this point, it is a straightforward mathematical exercise 
to find the transformation. One simply designs to fit: One demands 
that the relations between (I, x, y 1 z) and (t', x', y', z') are such that 
the speed of light comes out to be the same as measured by the 
two observers in relative motion at constant velocity, Remarkably, 
this exercise requires only high school algebra. The determination 
of how space and time transform turns out to be one of the simplest 
calculations in the history of physics! Physicists call this transfor
mation the Lorentz transformation, in honor of the Dutch physicist 
Hendrick Antoon Lorentz ([853-1928), 

In the Lorentz transformation, t' is no longer simply equal 
to t, as is the case in the Galilean transformation. but is given by a 
mathematical expression involving t, x, y, and z (and the relative 
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Figure 4.4. How did l::instein derive hIs famous formula? (Courtesy Sidni7y 
Harris) 

velocity u between the observers, of course). When u is small 
compared with the velocity of light, c, we expect t' to be approxi
mately equal to t. But in general. the transformed time, t', will 
depend on t and 00 the coordinates in space, x, y, and z. The 
transformed time depends on space, In the same sense, the trans
formed space depends on time, Thus is time married to space, and 
space to time. Forever after, physicists were to speak of space and 
time as one, as spacetime. 

REVISIONIST MECHANICS 

The discovery of the Lorentz transformation was motivated 
by one aspect of electromagnetic theory: the peculiar way in which 
light propagates. 
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Perhaps not surprisingly, Maxwell's entire theory of elec
tromagnetism turns out to be relativistic invariant under Lorentz 
transformation, or Lorentz invariant for short. Now comes the all 
important point: Since mechanics describes the motion of particles 
in spacetime, our new conception of spacetime obviously dictates 
that mechanics must be revised so that it, too, is Lorentz invariant. 
The new subject of electromagnetism fon:::ed physicists to modify 
an older area of physics previously considered absolutely secure. 
It is not unlike a detective mystery in which a fresh clue, at first 
apparently unrelated, eventually forces a revision of a hypothesis 
previously considered established. 

Einstein thus proceeded to tinker with Newtonian mechan
ics and reached an astonishing conclusion about the nature of en
ergy. Everyone knows E = me", but how did Einstein know? 
Basically, Einstein found that in order to make the laws of mechan
ics invariant under Lorentz transformations, he was forced to 
modify the definitions of energy and momentum and the relation
ship between the two. 

In Ne\\>'tonian mechanics, energy prop0l1ional to momen
tum squared: The faster an object moves, the more energy it has. 
When the object is sitting still, in other words, when its momentum 
is zero it has zero energy. Einstein changed this relation so that 
even when an object is sitting stiH, it has an amount of energy 
equal to its mass times the speed of light squared: E = me2, Since 
c is so much larger than any commonly attainable velocity, this 50-

called rest energy is fantastically larger than the Newtonian en
ergy. 

The details of Einstein's reasoning are not essential. The 
important point to appreciate is that by a logical, step-by-step pro
cess, the human intellect is able to uncover one of Nature's deep
est secrets, 

Note that Einstein's formula does not anything about 
how to unlock the energy hidden inside mass. That this is in fact 
possible was demonstrated dramatically in 1938, when two Ger
man scientists, Otto Hahn and Fritz Strassmann, managed to split 
an atomic nlJcleus. Mankind has learned to release the enormous 
rest energy contained in matter. The prospect for us is at once 
liberating and terrifying. Will we use Einstein's formula to reach 
for the stars, or to annihilate the planet? Will global political lead
ers have the courage to eliminate or reduce our nuclear arsenal? 
WiiI we exploit the rest energy to free the human race from the 
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unspeakable physical labor that many members of the poorer 
countries continue to endure? 

It is misleading to equate Einstein's fonnllia with nuclear 
energy, as the popular press often does, Mter all, Einstein arrived 
at his formula by studying how objects move. Nuclear physics 
never entered into his reasoning, Einstein's considerations are 
predicated on the properties of spacetime and so must be univer
sally applicable to all processes. In fact, when we bum a log, if we 
carefully measure the mass of the log, of the ashes, the cinders, 
and the glowing hot gas, we will find that a minute amount of mass 
is missing: It has been converted to energy, Einstein's formula is 
not only relevant for nuclear energy, it applies to our daily lives as 
well. We can say that mankind knew all along how to release the 
energy hidden in mass, although, before 1938, only in minute 
amounts, 

Einstein's discovery is essential for exploring tne subnu
clear world. We already have seen in the preceding chapter that 
Pauli was llble to deduce the mass of thc neutrino hy using Ein
stein's formula. The interconversion of mass and energy is com
monplace when particles collide. For instance, thc collision of two 
very energetic protons may produce seventeen extra panicles, 
called mesons, in addition to the two protons. Mass is not con
served; some of the energy of the colliding protons has been con
verted into the mass of the mesons. Newtonian mechanics is 
totally incapable of accounting for this sort of phenomenon in 
which energy is converted into matter. In the everyday Newtonian 
world, whcn two bUliard balls collide, one of them may shatter into 
fragment" but we would be mightily surprised to see the scattered 
billiard-ball fragments accompanied by seventeen pieces of chalk. 

The possibility of converting mass i nro energy also cleared 
up a long-standing mystery. In the nineteenth century, physicists 
could not understand how stars could contain enough fuella keep 
them burning for eons. We now understand that starfires are fueled 
by the stars' enormous masses. 

INNER CONNECTIONS, THE POWER OF SYMMETRY 

Important though Einstein's formula is, it is less interesting 
from an intellectual standpoint than the power of symmetry. To 
me, Einstein's formula is part ofthe libretto of relativity, while the 
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underlying symmetry, the notion of relativistic invariance, prir < .< 

vides the music. .' .. 
The revisIon of Newtonian mechanics was not Ill' to Ein

stein; it is dictated by Lorentz invariance. In an earlier chapter, I 
spoke of the inner life of physical theories, with their labyrinths of 
secret inner connections to be discovered. The present story iUus
trates this picture welL When I started to learn physics, I was most 
impressed by how diverse phenomena, apparently totally unre
lated, tum out to be connected at a deeper leveL Other sciences 
are closer to our direct perceptions ofthe world and thus are per
haps more appealing and more easily appreciated. Hiking through 
the mountainous regions of the world, I am fascinated by the for
mations I see, and an understanding of the geological forces at 
work affords me pleasure. Yet, learning that ancient rivers had 
gouged out the gorges that I find so magnificent and, well, gor
geous, thOllgh it adds to my understanding, does not particularly 
surprise me. Physics does! That the longevity of stars, the magic 
of light, the compass needle seeking north, and the frog's leg 
twitching are all interrelated and controlled by one symmetry 
ciple-now that is a real surprise! 

Dirac's 1929 prediction of antimatter provides another stun
ning example of how symmetry guides physicists to Nature'S inner 
secrets. By the late 19208, physicists had already discovered the 
so-called Schrodinger's equation governing the behavior of elec
trons in atoms. Schrodinger's equation was not Lorentz invariant. 
However, since atomic electrons move at speeds much less than 
the speed of light, it was perfectly adequate in describing the 
known properties of atoms. But Dirac, like Einstein before him, 
insisted that all of physics must be relativistic invariant. He thus 
proceeded to make Schrodinger's equation Lorentz invariant. To 
his surprise, the modified equation, now known as Dirac's equa
tion, possessed twice as many solutions as Schrodinger's. After 
much puzzlement, Dirac realized that the additional solutions de
scribed a particle with properties opposite to those of the electron. 
The antielectron, now known as the positron, was discovered by 
Carl Anderson three years later. 

The discovery of a symmetry is much more than the discov
ery of a specific phenomenon. A symmetry of spacetime, such as 
rotational invariance or Lorentz invariance, controls all ofphysics~ 
We have seen that Lorentz invanance, born of electromagnetism, 
proceeds to revolut.ionize mechanics. And once the laws of motion 
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of particles are revised, our conception of gravity has to be 
changed as well, since gravity moves particles, In the next chapter, 
we will see how Einstein tried to make gravity Lorentz invariant 
and reached conclusions even more astonishing, 

DRIVE TOWARD UNITY 

Physicists dream of a unified description of Nature, Sym
metry, in its power to tie together apparently unrelated aspects of 
physics, is linked closely to the notion of unity, The story of elec
tromagnetism illustrates well what I mean by the drive toward 
unity: Electricity and magnetism were revealed to be different as
pects of electromagnetism, and optics then became part of electro
magnetism, 

In high schoo], I read an old physics book that said physics 
consists of six parts: mechanics, heat, light, sound, electricity and 
magnetism, and gravity. In fact, toward the end of the nineteenth 
century, there were only two fields left in physics: electromagne
tism and gravity, The status of the drive toward unity at that time 
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Einsleln's Abortive Attempt 
10 Unify E.lectromagnetism 
with Gravity 

DRlVE TOWARDS UNITY 
TOWARDS THE END OF mE NINETEENTH CEf\lTURY 

Figure 4.5. Toward the end oUne nineteenth century, all of physics was unified 
into two interactions, electromagnetism and gravIty. Radioactivity, which haiti 
just been discovered, did not appe.:'1f to fit. Naturally enougb, Eins.t.ein tried to 
unify electromagnetism and gravity. His efforts were doomed because the picture 
was incomplete: The strong and weak interactions were nol yet known. 

74 



is shown in Figure 4.5. The drive toward unity may 
started with Newton, who insisted that the same laws .. ,""P, .... 
enly bodies and celestial objects. Terrestrial. and vI;;;IIV,,';l<U me:chian
ics were unified. Later, sound was recognized as bellng 
wave motion of air and it was realized that it could 
the concepts of Newtonian mechanics. In the century, 
the mystery of heat was finaHy understood as due to the agitated 
motion of molecules. The mechanical interaction between 'objects, 
such as that due to friction, was traced to the electromagnetic 
interaction between the atoms and molecules comprising the ob
jects. If we mean by mechanics the description the motion of 
particles, then we may say that mechanics has been subsumed into 
the other interactions. 

I mention in Chapter 2 that as physicists explore Nature at 
, ever-deeper levels, Nature appears to get ever simpler. The story 
of relativistic this remarKable phenomenon. 
I may surprise the reader saying that Einsteinian mechanics, 
once mastered, intrinsicaHy is than Newtonian mechanics. 
After working with Lorentz invariant equations, I find equations 
in Newtonian mechanics and malformed. Space and time 
are not treated on the same footing. and neither are energy and 
momentum. The equation not please my eyes, understand
ably so, since the Newtonian equation is only approximate to the 
Einsteinian equation. Why should Nature care whether the results 
of an imposed approximation look pretty? Similarly, recognizing 
the relativistic invariance of electromagnetism. fundamental phys
icists now write Maxwell's equations more compactly as one equa
tion. Whe.n I was a student, I had to memorize MaxweH equations 
before every examination. Mmm, let's see, a magnetic field chang-

in time produces an electric field changing in space-or, is it 
changing in time? With relativistic invariance, a single equation 
describes an electromagnetic fieJd changing in spacetime. I find this 
completely symmetrical equation as easy to remember as the shape 
of the circle. 

Intrinsically, advanced physics is simpler than elementary 
physics-a little secret not often revealed to the layman. Many 
people are stumped by high-school or college physics they 
are presented with misshapen phenomenological equations 
little to do with Nature's intrinsic essence, with Her beauty, Her 
symmetry, or Her fundamental simplicity. 
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A Happy Thought 

INVARIANT STRUCTURE OF REALITY 

In 1905, Einstein stunned the physics world with a Lorentz 
invariant system of mechanics, but his task was not yet dDne, 
There remained one welI-established area of physics, gravitation, 
which must be made Lorentz invariant. 

Einstein's work on electromagnetism and relativistic me
chanics, known as the special theory of relativity, progressed like 
a hot knife through butter-or at least it seems that way in retro
specL In contrast, the problem of making Newton's theory of grav
ity Lorentz invariant stumped Einstein. II was only after ten years 
of incessant struggle that Einstein was fina!Jy able to come forward 
with his theory of gravity, sometimes referred to as the general 
theory of relativity. 

The two parts of Einstein's work have one and the same 
intellectual origin, that of imposing Lorentz invariance on physics, 
Strictly speaking, relativity is not a theory by itself, but a require
ment to be satisfied by physical theories, 

For Ihis and other reasons, many physicists regard the 
terms "special" and "general" theories of relativity as ghastly 
misnomers, Einstein himself wished later that he had used the term 
«invariant theory." He was particularly vexed by writers who 
seized upon the word "relativity" and associated It with other 
areas of human endeavor. For example, the novelist Lawrence 
Durrell claimed that he based the "four-decker form" of his ma,
terwork, The Alexandria Quartet, on the relativity structure of 
lime and space, In Balthazar, he proclaimed that relativity is "dj
rectly responsible for abstract painting, atonal music, and formless 
. , . literature," Why Durrell and others would nOt let their 
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A Happy Thought 

achievements in the arts speak for themselves is beyond me and 
many other theoretical physicists. One also encounters in ill-in
formed writing absurd statements asserting, for example, that Ein
stein proved that truth is relative. In fact, as we have seen, the 
whole point of Einstein's work is that different observers must 
perceive the same structure of physical reality and that an invar
iant truth can be extracted. 

THE HAPPIEST THOUGHT AND THAT SINKING FEELING 

By 1905, the same distaste for action at a distance that had 
led Faraday and Maxwell to formulate the electromagnetic field 
had also led physicists to describe gravity in terms of a field. They 
pictured a massive object, such as the earth, producing a gravita
tional field around it, in analogy to the electromagnetic case. An
other massive object, be it a ball or the moon, feels this field and 
responds accordingly. 

Aside from the new formulation in terms of fields, Newton's 
theory of gravity had survived intact for more than two hundred 
years, and indeed, it stubbornly resisted Einstein's efforts to make 
it Lorentz invariant. The crucial idea came in ] 907. At that time, 
Einstein was working as a patent clerk in Bem. He was sitting in 
the patent office daydreaming when what he was later to call "the 
happiest thought in my life" suddenly occllrred to him. 

Before I ex plain what made Einstein so happy, I must re
mind the reader of a well-known fact about gravity. When Galileo 
(supposedly) dropped two iron balls with different masses from the 
Leaning Tower of Pisa and observed that they landed at the same 
time, he was trying to verify that objects of different masses fall at 
the same rate. The notion that a feather and an iron ball would fall 
at the same rate, in the absence of air resistance, seemed mind
boggling to Galileo's and Newton's contemporaries, but it was and 
is incontrovertibly true. 

Starting with Gameo, many experimenters, notably Hun
garian Roland Lorand, Baron Eotvos of Vasarosnameny in the late 
nineteenth century, and American Robert Dicke and Russian Vla
dimir Braginsky in recent years have verified this fact about gravity 
with ever-increasing accuracy. Newton incorporated this fact into 
his theory by simply supposing that the gravitational force on a 
particle is proportional to its mass. In Newtonian mechanics, the 
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Figure 5.1. (1\) An appie falis out of a tree. (R) A mad physicist plants an apple 
(ree in a rocket, drives the rocket deep into space far away from any gravitational 
field. and then steps on the gas, accelerating the rocket at a. constant rate. An 
observer floating outside the rocket might say that the ground inside the rocket is 
rushing up to meet the apple, but an observer inside the rocket will see the Clpple 
falling. Einstein asserted that no physical measurement can distinguish between 
the motion of the falling apple in A and in B. 

acceleration of a particle of mass m acted upon by a force F is 
given by the well-known formula F = rna. The leIter a denotes 
acceleration. Therefore, the mass drops out in detennining the 
acceleration of a falling particle. In other words, Newton reduced 
the question of why objects fall at the same rate to the question of 
why gravity is proportional to mass. As Einstein set about con
structing a relativistic theory of gravity, he insisted that the theory 
must account for this one essential fact, that all objects fall at the 
same rate, 

Like many profound ideas in theoretical physics, Einstein's 
happy thought is marvelously simple. It is based on a common 
experience felt in the stomach while riding fast elevators. As the 
elevator accelerates upward, the elevator floor pushes our bodies 
up, but om stomachs, being loosely attached to our skeletal 
frames, cannot keep lip. We sense our stomachs "sinking" mO
mentarily. One might also argue that instead of our stomachs sink- ' 
ing toward the elevator floor, the elevator floor is "falling" up 
toward our stomachs. A similar phenomenon is experienced by 
passengers in rapidly accelerating cars and in this age of space 
travel, by astronauts. 

Einstein imagined an elevatorlike box floating in space Jar 
from any gravitational.field. Inside the box, various objects, say 
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iron balls, also fioat in the total silence of space. Suppose the box 
starts accelerating at a constant rate. The iron balls continue to 
float, in happy ignorance of the fact that the "floor" of the box is 
rushing at them with ever-increasing speed. But to an observer 
sitting on the floor, it appears as if the iron balls are falling down 
toward the floor. What's more, the iron balls will hit the floor at 
precisely the same instant, in accordance with Galileo's observa-, 
tion. 

Einstein was thus led to enunciate the principle of equiva
lence: In a small enough region of space, the physical effects of a 
gravitational field, as perceived by an observer, are indistinguish
able from the physical eiTects reported by another observer acce
lerating at a constant rate in the absence of a gravitational field. In 
other words, acceleration can "fool" you into thinking that you 
'are in a gravitational field. The rate of acceleration required de
pends, of course, on the strength of the gravitational field to be 
"mocked up." 

Note that Einstein is not saying that apples fall because the 
earth is accelerating upward. If so, apples on the other side of the 
globe would "fall" upward. Einstein merely said that an apple's 
fall may be equivalently described by thinking of the apple tree 
accelerating upward. This is where the preceding paragraph's ca
veat, "in a small enough region," comes in. The equivalence prin
ciple applies only in a region over which the gravitational field is 
uniform in magnitude and direction. In our example, the region 
surrounding the apple tree obviously cannot be so large that the 
curvature of the earth comes into play. As we will see in Chapter 
12, this local character of the equivalence principle is to have a far
reaching impact on contemporary theoretical thought. 

Einstein's insight made physicists very happy. The equiva
lence principle offers a fabulously powerful, labor-saving method 
to advance our understanding of Nature. Suppose, for example, 
we want to know the laws of electromagnetism in the presence of 
a gravitational field, in order to study the behavior of photons in 
the vicinity of a black hole. It would seem that we would have to 
repeat the entire nineteenth-century experience, beginning with 
careful measurement of the influence of gravity on electromagnetic 
phenomena. The equivalence principle, fortunately, comes to the 
rescue. We merely have to work out what Maxwell's equations 
would look like to an observer accelerating at a constant rate. 

In general, once we master a physical law in the absence of 
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gravity, be it the phenomenological law governing the flow of water 
or the more basic law governing the behavior of neutrinos, we can 
immediately tind Olll what the law is in the presence of gravity by 
appealing to the equivalence principle. 

GENERAL COVARIANCE 

Einstein's original idea about the equivalence principle was 
inspired by the situation in a constant gravitational field, sllch as 
the one that affects us in everyday life. Most gravitational fields 
are !lot constant, however. The gravitational field of the earth de
creases with distance from ttle center of the earth; to a good ap
proximation, we feel a constant field in our daily lives merely 
because we don't significantly change our distance from the center 
of the earth. Following Einstein, we will flOW figure out how to 
apply Ihe equivalence principle to a gravitational field varying in 
spacetime. 

Einstein's strategy was exceedingly simple: Divide up 
spacetime into small regions, small enough so that within each 
region the gravitational field is constant. The situation is analogous 
to what geographers face in mapping the earth's curved surface. 
Geographers divide up the terrestrial surface into many small re
gions in such a way that the surface of each region is approximately 
flat to whatever accuracy is desired by the user of the map. Thus. 
for military use the region covered by each map must be rather 
small. (Geographers have other tricks, of course, such as using 
contour lines to indicate local topographical features, but these 
need no! concern us here.) 

To see how this strategy works in practice, suppose we are 
floating deep in space, far from any gravitational field. If we want 
to study a constant gravitational field, we know what to do: We 
hire a research assistant, put him in a rockctship, and accelerate it 
at a constant rate. He is to repolt his observations to LIS. But now 
suppose we want to study physics in the presence of a varying 
gravitational field, such as that surrounding two black holes orbit
ing about each other. See Figure 5 .2A. 

Thanks 10 Einstein's happy thought, we do not have to 
travel the cosmos in quest of an orbiting pair of black holes. Ein
stein instructs uS simply to imagine dividing the spacetime around 
the pair of black holes into small regions such that, within each 
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Figure 5.2. (Al The gravitational field around two black holes; Each arrow in
dicates the direction in which an object would fall jf placed at the location of that 
arrow. 

(B) According to the equivalence principle, we can stlldy the physics 
around two black holes by finding a region deep in space far from any graviUt
tional field and by accelerating a large number of rockets, each with a research 
assistant in it. 

region, the gravitational field is effectively constant and uniform. 
Then we give our imagination free rein. In each region, we place a 
hypothetical rocketsnip. We then hire a lot of research assistants, 
put each of them in a ship, as indicated in Figure 5.2B, and accel
erate each at a constant rate, depending on the strength of the 
gravitational field in that region. (The notion of dividing up time 
into small regions or segments is just a fancy way of saying that we 
have to carry out this experiment fast enough so that the /:,'T<wita
tiona1 field does not change effectively during the experimenL) We 
now merely have to read the reports of our research assistants to 
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learn about physics in the gravitational field of an orbiting pair of 
black holes. 

We have just carried out what is known as a thought exper
iment. We never bad to leave home; all we had to do was work out 
how known physics would look to an observer accelerating at a 
constant rate. Neat trick, eh? The actual calculation involves a 
rather straightforward exercise in transforming coordinates . 

Recall how, in the preceding cl:tapters, we considered two 
observers in relative motion at constant velocity. Let (I'. x', y', z') 
and (I, x, Y. z) denote the spacetime coordinates assigned to a given 
event by the two observers, We learned that there is a collection 
of formulas, known as the Lorentz transformation, which tells us 
what t', x', y'. and z' are in terms oft, x, y, and z. Here we consider 
two observers accelerating relative to each other at a constant rate. 
There ought to be, and there is, also a collection of formulas relat
ing (/', x', y'. z,)' Ihe coordinates llsed by one observer, to (I, x, y, 
z), the coordinates used by the other. Obviously, these formulas 
depend on the rate of acceleration. Remarkably enough, we do not 
need to know any further details about these formulas in order to 
go through the following development. 

In our specific example. let (t', x'. y', z') be the spacetime 
coordinates used by our research assistants. and (I, x, Y. z) the 
ones we use. Since Ihis is a thought experiment, we spare no 
expense, We make the regions minuscule and we hire a zillion 
research assistants. As we vary (I. x. y, Z), or, inother words, as 
we move about from region to region, we arc going from one re
search assistant to another. and thus the coordinates (I', x', y', z') 
vary just as (t, x, y, z) vary ill a way that depends on the precise 
ch.aracter of the gravitational field surrounding tbe given orbiting 
black bole pair. 

A theory of gravity must deal with aU possible gravitational 
fields, and $0 we are led to consider spacetime coordinates (I', x', 
y'. z'), depending on (r, x, y, z) in all possible ways. A change of 
spacetime coordinates, going from (I, x, y. z) to (t', x', y', z'), with 
(I', x'. y'. z') depending on (t. x, y, z) in an arbitrary and general 
way-in other words, in any way we please-is known as a gen
eral coordinate transformation. In contrast, with a Lorentz trans
formation, the two sets of coordinates arc related ina specific way. 

What can we conclude from all this? Suppose we have to 
study physics in the presence of some arbitrary gravitational field. 
According to the preceding discussion, we may study physics in 
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the absence of gravity, then simply perform a general coordinate 
transformation. 

Einstein was thus led to demand that the laws of physics 
preserve their structural form under a general coordinate transfor
mation. This fundamental requirement js known as the principle of 
general covariance. 

The reader can easily imagine how general covariance 
would constrain the possible theory of the world. Let us sec how 
this works in practice. Suppose, after years of thought and exper
imentation, we arrive at a law of physics expressed typically as an 
equation describing how various quantities change as (1, x, y, z) 
changes. But, another physicist may come along and simply say 
that he does not like the coordinates we are using to describe 
spacetime. He prefers his own choice, describing spacetime in 
terms of (t', x', y', Zl), related to our (t, x, y, z) in any way he likes. 
And yet, when we reexpress our equation in terms of (t', x', y', 
z'), it would have to be structurally the same as our original equa
tion. It must have the same structure. Most equations would not 
be able to pass this test! And they must be rejected. Thus, if we 
accept general covariance, we need consider only a restricted class 
of theories. 

A SUBTLE DIFFERENCE 

There is a subtle difference between Lorentz invariance and 
general covariance as symmetries. Lorentz invariance asserts that 
two observers in relative uniform motion perceive the same phys
ical reality; it is a symmetry in the same way that rotational invar
iance is. General covariance does not make the obviously absurd 
statement that ao accelerating observer would also see the same 
physical reality; it says that this observer can interpret the differ
ence between the physical reality he experiences and the physical 
reality the nonaccelerating observer experiences as being due to a 
gravitational field. General covariance is a statement about the 
nature of gravity. The eminent American physicist Steve Weinberg 
has suggested that one refer to general covariance as a dynamical 
symmetry to underline the distinction. In this book, I foUow cus
tomary usage among physic.ists and refer to general covariance 
simply as a symmetry. 
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OUR PERCEPTIONS UNDER COORDINATE 
TRANSFORMATIONS 

The analogy between choosing coordinates to describe 
spacetime and choosing coordinates to describe the round earth on 
a flat page in an atlas is apt in some respects, hut awfully mislead, 
ing in others. In the standard Mercator map of the earth, the areas 
near the two poles are stretched out; indeed, many of us grew up 
thinking that there was an enormous continellt named Greenland 
in tbe North Atlantic. The analog of the concept of coordinate 
invariance in cartography states the obvious, that the actual area 
of Greenland cannot possibly depend on how large it look~ in an 
alias. Similarly, physicists insist that pbysical reality cannold", 
pend on the coordinates used. 

In a striking recent work, West German historian Arno 
Peters has emphasized how the "clIrocentlic" Mercator projection 
has distorted our geopolitical perceptions. Consider the geopoliti
cal division of the world into the "rich north" and the "poor 
south." Peters points out that since much of the "poor sOlJth" lies 
arollnd the equator (an economic historian would add tbat tbis very 
fact accounts for the poverty of the "south"), the "poor south" 
looks much smaller than it really is in relation to the "rich north" 
in Mercator's map. Peters has published a new map of the world 
in whicll nations are represented with tlleir true relative sizes. In 
the so'called Peters map, the world looks strikingly different. In, 
terestingly, but not surprisingly, Peters writes that the publication 
of bis map provoked a "vehement public discussion [in Europe], 
up to then unknown in the history of cartography." 

THE THEORY OF GRAVITY 

General covariance is a stringent requirement. Indeed, it 
was precisely because of this extreme stringency that Einstein was 
able to find the correct theory of gravity. In 1907, thanks to his 
happy thought, Einstein discovered how to describe physics in 
tile presence of gravity, but only if physics is already known in the 
absence of gravity. But what about the physics that governs the 
dynamical behavior of the gravitational field itself? 

The question stumped Einstein for years. No experiment 
was available 10 guide him. Because the gravitational force is so 
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incredibly feeble,il is not feasible to perfonn direct experimental 
tests on the dynamics of the gravitational field, as distinguished 
from the dynamics of matter moving in a given gravitational field. 

So how could Einstein proceed? 
Einstein's own brainchild. the principle of general covari

ance, came galloping to the rescue. Historically, it took Einstein 
an agonizingly long time to understand general covariance, but 
once he understood it, he was able to write down the physics 
governing the gravitational field almost immediately. 

Here is a crude analogy: Suppose an architect is told to 
guess the geometrical shape of a large hall. The architect cannot 
start unless she is given some "experimental input," perhaps in 
the form of several photographs giving partial views of the hall. 
But now suppose the architect is told that the shape is invariant 
under rotation by any multiples of 60° around center. This is 
potent information indeed. The architect can immediately narrow 
the possibilities for the shape down to a hexagon, a twelve-sided
gcm, an eighteen-sided-gon, and so on. The simplest guess would 
be the hexagon. In physics, too, the imposition of a symmetry 
immediately narrows down the possibilities. An unspoken rule 
among physicists dictates that all things being equal, one goes for 
the simplest possibility-a rule that has worked remarkably well. 

WARPED T1ME AN D SPACE 

Perhaps no other aspect of Einstein's work has gripped the 
public imagination more than all the mysterious talk about curved 
time and space. Actually, the notion of curved spacetime follows 
directly from the equivalence principle. 

Consider this fairly well known riddle. A hunter walks south 
for one mile, then turns due east and walks for another mile. Fi~ 
nally, he turns due north. After walking for yet another mile, he 
arrives back at his starting point and shoots a bear. What color is 
the bear? 

The distance and angle given in the riddle immediately teU 
us that the earth must be curved. In general, if we know the short
est distance between allY two points, we can work out precisely 
how the smt'ace is curved. I am talking of the actual or intrinsic 
distance, of course, a distance that does not depend on which 
world map we are using. The actual distance between Timbuktu 
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and Katmandu is the distance experienced by an air traveler flying 
the shortest possible route. 

Similarly, in physics, the intrinsic distance between any two 
points in spacetime can only be the proper time experienced by a 
traveler going from one point to the other. According to the prin
ciple of equivalence, the physics seen by an observcr in a gravita
tional field is identical to the physics scen by an accelerating 
observer in the absence of any gravitational field, We have already 
learned that proper time as experienced by the train passenger and 
as experienced by the stationmaster can be quite different. By 
extension, an accelerating observer would notice yet ano'ther 
proper time. Thus, the presence of a gravitational field must, 
change the relative positions between various points in spacetiine. 

Suppose we are handed an airline timetable on which some
one has changed all the flight times, By noticing that the flight time 
between Katmandu and Timbuktu is actually shorter than that be
tween Katmandu and New Delhi, we could conclude that someone 
has warped the surface of the earth so that it is no longer a sphere. 
In the same way, Einstein was forced to conclude that a gravita- , 
tional field warps spacetime. 

THE BENDING OF LIGHT 

The warping of spacetime has dramatic consequences. In 
Euclidean geometry, the shortest path between two points is a 
straight line. But for an arbitrarily curved space, the notion of a 
straight line can nO longer be defined. One still can talk meaning
fully of the shortest path, however. Just as a ship's navigator seek
ing to travel the shortest path on the curved ocean surface is 
compelled to plot a curved course in space, a photon traveling 
toward us from a distant star is forced to follow a curved path as it 
passes through the gravitational field of the sun. 

In 1911, Einstein predicted that starlight grazing tne Sun 
during a total solar eclipse would appear to be ben!. (For the effect 
to be large, one wants the photons to pass as close as possible to 
the sun. But then for the star to be visible next to the sun, one 
needs an eclipse to cut down the glare.) Because oftne utter weak
ness of gravity, the predicted bending is only two thousandth of a 
degree. (As a theoretical physicist, I am impressed that observa-
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Figure 5.3. (A) A robot in a rocketship parked on an extraordinarily dense 
planet fIres his laser gun, aiming it at a window. For the sake of clarity, the artist 
has exaggerated the strength of the gravitational field pulling the light beam down. 

(B) The rocketship is now deep in space, far from any gravitational field, 
and accelerating at a constant rate. He aims his laser gun at the window and fires. 

(C) The flash of light zings across the rocketship, oblivious that the floor 
of the rocketship is moving up at an ever-increasing rate. 

(D) Instead of going out the window, the flash of light hits the foot of the 
opposite wall. As far as the robot can see, the trajectory of the light is the same 
as in A, thus verifying the equivaJence principle. The robot cannot tell whether 
he is sitting still in a gravitational field or accelerating. 

tional astronomers in the 1910s did not think this minuscule 
amount unmeasurable.) 

It is jnstructive to see how the equivalence principle man
dates that gravity must affect light, in spite of the fact that the 
particle of light, the photon, has no mass. Let us drug a research 
assistant into unconsciousness, put him in a rocketship, and send 
the ship deep into space. We accelerate the ship at a suitably 
constant rate, so that when the research assistant wakes up he is 
fooled into thinking that he is still on earth. (Remember, in these 
thought experiments we spare no expense: The ship's interior is 
decorated exactly the same as the assistant's living room!) We now 
teU the poor fellow to shine a beam of light at the wail. In the time 
that it takes the photons to get to the waH, the wall has moved 
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upward (call the direction the ,nip is moving "up"), since the ship 
is accelerating, (See Figure 5.3.) Thus, the Hght beam will arrive at 
a Spol below where it would have arrived had the ship been at rest. 
But the assistant, thinking that he is still in the earth's gravitational 
field, concludes thaI gravity is puHing the beam down! 

This is how the equivalence principle works: You fool 
someone into thinking he is in a gravitational field, The physics he 
sees is then declared (by Einstein) to be the physics in a gravita, 
tional field, Got to keep that one in mind for next year's April 
Fools'! 

CANONIZATION 

They say It takes three ,generations to learn how to cut a diamond, a 
liretime to learn how to make a watch and that only three people in the 
entire world ever fully comprehended Einste!n's Tbeory of Relativity. 
But football coaches to a man are convinced that none of the above is 
comparable In compleXIty to playing quarterback in the NFL I mean, 
watches don't mix lip defenses on you, diamonds don't blitz and 
Einstein had all day to throw, E = mc~ doesn't rotate coverages. 
-J. Murray, sports columnist. Los Angeles Times Syndicate. November 4. 1984 

While his cogitations as a patenl clerk had set the physics 
world on its ears alreadY, in 1911 Einstein was not yet a household 
word. Interestingly enough, as astronomers set out to test Ein, 
stein's bold prediction on the bending of light, historical accidents 
conspired to ensure Einstein's dramatic public canonization. First, 
torrential rains washed out an Argentinian eclipse expedition in 
1912. Then, a well,financed German expedition went to the Crimea 
to prepare for an eclipse scheduled for August 21, 1914-but the 
guns of August boomed. An infuriated Einstein wrote to a friend 
that "only the intrigues of miserable people" prevented his ideas 
from being tested. 

In fact, Einstein was lucky. In late 1915, he himself discov, 
ered that he had made a mistake. Einstein had neglected, of an 
things, the peculiar effects of warped space, The bending he had 
predicted was only half of the correct value. 

In 1919, with the war over, two English expeditions traveled 
to Brazil and to Spanish Guinea. Their observations of the solar 
eclipse dramatically confirmed Einstein's theory. If history had 
been otherwise, Einstein would have been somewhat embarrassed. 
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Instead, the incomprehensible mystery of the theory and the dra
matic understandability of the experiment captivated the war
weary world. The press leaped on a story unrelated to famine, 
Bolshevism, and reparations. The London Times broke the news 
with the headlines REVOLUTION IN SCIENCFJNEW THEORY OF THE 

UNIVERSVNEWTONIAN IDEAS OVERTHROWN/MOMENTOUS PRO

NOUNCEMENT/SPACE WARPED. The New York Times reported that 
twelve, count them, twelve, wise men in the world understood the 
new theory. Einstein was an instant celebrity, courted by states
men from around the world. 

WARPED TIME 

That spacetime may be warped is still often presented in 
popular expositions with a certain science-fiction aura, although it 
has been established since 1919. '[hat gravity warps time was ver
ified in 1960 in a terrestrial experiment performed by R. V. Pound 
and G. A. Rebka of Harvard University. They set out to show that 
at two different points in a gravitatlOna] field, at the top and at the 
bottom of a tower, for example, time passes at different rates. 

Pound and Rebka did not have to look far for a suitable 
tower. As Pisa has its tower, so too the Harvard physics depart
ment. A simple calculation using the equivalence principle predicts 
that two clocks placed at the top and bottom of the tower attached 
10 the Harvard physics bUIlding would differ by one second after 
100 million years. To detect such a fabulously tiny deviation, 
Pound and Rebka had'to stretch theIr ingenuity to the limit. 

The experimenters used a photon as a dock. We aU know 
that electromagnetic waves oscillate at definite frequencies, a fact 
enabling us to tune in our favorite programs on radio and televi
sion. Thus, a photon, oscillating at some definite number of cycles 
per second, can serve as a clock. Pound and Rebka beamed pho
tons down the Harvard tower and meticulously measured their 
frequencies at the top and at the bottom of the tower. If time 
passes at different rates at the top and at the bottom, then the 
frequency of a photon as it travels down the tower, should change 
slightly, as it did. The experiment dramatically confirmed Ein
stein's theory. Years later, Pound would joke that he learned the 
true meaning of gravity while lugging the heavy experimental 
equipment up and down the tower. 

89 



EINSTEIN'S LEGACY 

BLACK HOLES 

II est done possible que les plus .grands corps _" > de j'universe, solent 
hwislbles. 
-Pierre Simoo, Marquis dE' Laplace 

Ingenious experimenters have continued to test, and to 
hold, Einstein'S view on gravity. UnfortunatelY, terrestrial 
local solar system experiments appear limited in detecting minute. 
differences between Newton's and Einstein's theory, The two the
ories differ dramatically only in strong gravitational fields, such 
those surrounding black holes, 

Black holes have captured the public imagination, In fact, 
the idea of the black hole is neither new, nor particularly profound .. 
As early as 1795, the Marquis de Laplace, then associated with 
Bureau of Longitudes and the National Institute of France, re
marked that even light may not move fast enough to escape from 
an extremely dense astronomical object. The dense object pulls' 
the light back. 

That light could not escape from a sufficiently dense object 
is an obvious point that everyone agrees upon; the real question 
is how such an object could have formed. The standard sce
nario envisages a massive star COllapsing after it has burned up its 
nuclear fueL In 1939, J. Robert Oppenheimer, G. Volkoff, and 
H. Snyder pointed out that a sufficiently massive star could not 
arrest its own collapse and eventually would reach the critical 
density imagined by Laplace. Here, Newton and Einstein differ 
crucially. In Newtonian physics, one is free to suppose that the 
matter in the star could become stiff enough to resist collapse. But 
a lot of energy is necessarily associated with the stiffness. (Think 
of the energy placed into a compressed spring waiting to be re
leased,) According to Einstein, that energy, being equivalent to 
mass, would generate an additional gravitational field, which, in 
turn, would hasten the collapse. In Einstein's theory, one cannot 
avert, even in pJinciple, the impending formation of a black hole, 

THE MAN WHO WOULD NOT LISTEN 

Over a distance of a few miles, the flat-earth theory and the 
round-earth theory differ negligibly. But as one travels Qver longer 
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and longer distances, the differences between the two theories 
become more and more drastic until fi nally , when one has ci rcum
navigated the globe, one can see that the two theories are totall y 
different. Similarly. Ihe difference between Newton's theory and 
Einstei n's becomes total when we cons ider the unive rse as a 
whole. In particular, since in Einstein's theory space is curved just 
as the earth'.~ sunace i ~, we may be ab le to circumnavigate the 
un iverse just as we can the world. Hop in a spaceship, keep going 
straight ahead (tha t is. fo ll ow the shortest route) , and eons later 
you may come back 10 the same point. In this case, the universe is 
fi nite. and sa id to be "closed," curved like the surface of a sphere. 
II is also possible that the universe is curved more like the surfa~e 
ofa saddle. (I magi ne the saddle toexlend out indefinitel y.) In thi s 
case. the universe is infinite in extent, and a space traveler Hying 
straight ahead could keep on going fo rever, without ever revisi ting 
any of the places already visited. In this case, the universe is said 
to be "open ... 

Ev ident ly , as tronomers are not able to decide whe ther the 
universe is open or closed by direct observation. Like the a.ncient 
Greeks lryi ng to decide whether the earth is Rat or round , physi
cists and astronomers must combine direct observations with in
direct r hys ical reasoning, and make their best determination. For 
the reader's information, the available evidence at the moment 
suggests that the universe is opcn. 

In February 1917, less than two yea rs after proposing the 
(heory of grav ity, Einstein initiated an exciting area in physks: 
modem cosmology. After a mill ion years of evolut ion, the hu man 
mind was final ly ready to reac h beyond the stars to understand the 
cosmos itself. Eins tei n realized that si nce the molion of heavenly 
bodies is governed by gravity. a comrlete theory of gravity should 
tell U5 about the dynamics of the entire Universe. 

Nowadays , astronomers tell us that the universe i" fill ed 
with a uniform distribution of galaxies . In 1922, the Russian AJek
sandr Friedmann solved Ei nstein's equations for a universe uni · 
formly filled with matter and showed thaI the universe must be 
e ither expanding or contracting. 

We can easil y imagine how shocking this notion was. The 
universe has always becn though t of as unchanging and eternal. 
Indeed , Einstein himself was so wedded to the idea of a static 
universe that he thought his equations for grav ity incomplete. In 
his !9 17 paper, he actually changed his equations 10 allow for a 
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static solution. Supposedly, he later referred to this move as "one 
of the worst blunders" of his life. 

Before the jury convicts Einstein for not listening to his own 
theory, I must come quickly to his defense by reminding the jury 
of the astronomers' rather limited knowledge in 1917. At the time, 
they had not even established that there were galaxies other than 
our own Milky Way. But progress came rapidly. 

By 1929, American astronomer Edwin Hubble, who gave 
up a law practice to study astronomy, had established that galaxies 
are flying away from each other. By 1935, the expanding universe 
was an observational facL In 1946, George Gamow proposed the 
Big Bang picture of creation. 

The idea is simple. We imagine running a film of our ex
panding universe backward. The film now shows the galaxies flying 
toward each other. E ventuaJly, all the particles in the universe are. <; 
on top of each other. At that point, the film breaks. [f we now run . 
the film forward, we see a[[ the particles of the universe rushing:: 
explosively outward from one point The Big Bang picture has :< 
successfully accounted for some of the observed features of the 
umverse. 

There is a curious footnole to Einstein's blunder. In 1917, 
Einstein Hstopped" the universe from expanding by adding a new 
term to his theory, the "cosmological constant." Since the uni
verse does expand, the cosmological constant should not be pres
ent in the theory. But so far, no one has ever been able to produce 
a theorelical argument showing that this term should not be pres
ent. This difficulty, the "cosmological constant problem," ranks 
as one of the most profound unsolved problems in physics today, 

SECRET LABYRINTHS 

Einstein's blunder iIlustmtes again that a great physical the
ory contains in its inner structure secrets undreamed of by its 
creator. Theories shollld lead the tbeorists, and not the other way 
around. Einstein's theory led LIS all the way from the sinking feel
ing in the stomachs of elevator riders to the expanding universe. 
This is in sharp contrast (0 phenomenological theories, constructed 
simply to "explain" a given phenomenon. Theorists craft such 
theories to fit the data, and get out as much as they put in. They 
lead their phenomenological thcOlies, rather than the other way 
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around . Such theories may be of great practical importance, but 
typica ll y, they lell us little, if anything. about other phenomena, 
and I fi nd them to be of no fundamental interest. 

IT MUST BE 

Einstein' !> theory of gravity exemplifies theoretical physics 
at il s awe!'ome best. The starting point of the theory is rooted in 
everyday experience. yet it !> consequences are magnificently coun
terintuitive. Given that objects fall at the same rate, the huma n 
inlellect is able to e rect a theory from whic h the dark secrets 
known hiLheriO onl y \0 the gods- such as the gravitational di stor
Lion of time. and the evolution of the universe-How as natural. 
logical consequences. 

Einstein's theory of gravity carries with it a sense of the 
inevitable. The notion that a particular theory is the only one pos
sible was new to physics. For lDSl<ince. Newton's pro nouncemenl 
thai the grav itational att ract ion dec re a!'es as the square of the dis
tance between two bod ies appears quite arbitrary from a purel y 
logical point of view. Wh y doesn' t the force decrease as tbe dis
lance. or as the cube of the distance: 

Newlon would have regarded thi!' question as unanswer
ab le; he present s his law simpl y as a statemenl whose conSe
quences accord with the rea! world. Altogether different . once 

Figut(" j 4. Two compatriots who undtrstoocl 1M nect~sj l )' of art. 
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Einstein enunciated the requirement of general covariance, the 
theory of gravity is fi)(ed. 

Abraham Pais, the leading biographer of Einstein, has aptly 
remarked that if Einstein's theory of special relativity in its perfec
tion is reminiscent of a Mozart composition, then his theory of 
gravity has the full force of a Beethoven opus. The last movement 
of Beethoven's Opus 135 carries the motto: "Mus? es sein? Es 
musz sein." (Must it be? It must be.) Art in its perfection must be 
a necessity. 

Perfect art must be unalterable, Does anyone dare, or more 
to the point, even wanl to rewrite Beethoven's Ninth? In theoreti
cal physics, the construction is tighter yet. Physicists are less re
spectful of allihority than musicologists, and subsequent 
generations of physicists have toyed with Einstein's theory of 
gravity with an eye toward improving it. But there is no way to 
modify the theory significantly without abandoning general covari
ance. Under the aesthetic rule of symmetry, one can embellish 
Einstein's theory, but not modify his conclusions. 
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A wise, older colleague once told me that he reads Tolstoy's 
War and Peace once every ten years and finds it a different book 
each time. The greatest literary masterworks are those with several 
levels of meaning; they speak to the reader according to the read
er's own experience and sensibility. In the innocence of my teen
age years, I thought that Death in Venice was a murder mystery 
and was disappointed. Later, I was astonished to discover the 
wealth of symbolism in the work. 

When I was in high school, I was not only interested in 
crime mysteries. One day, I came across a popular account of 
Einstein's theories. Like the typical layman, I was captivated by 
the outlandish and bizarre aspects of Dr. Einstein's universe. 
Later, in college, after I had mastered enough physics and mathe
matics to understand Einstein's work, I marveled at the mathemat
ical subtleties involved, and J saw Einstein's strange conclusions 
as perfectly logical consequences of his theory. But as I learned 
more physics and started doing research, I finally realized the true 
intellectual legacy Einstein bequeathed to my generation of physi
cists: nothing less than a new way of doing physics. 

A SCHEMA FOR FUNDAMENTAL PHYSICS 

To appreciate Einstein's insight, let us review the schema 
followed in developing that quintessential nineteenth-century the
ory, the theory of electromagnetism. 

By fooling around with frogs' legs and wires, physicists saw 
that Nature behaves in a certain pattern, and that Her behavior 
can be described by a set of equations. The equations, once written 
down, sing out a song, waiting patiently for someone with ears to 
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Facts about N!!Iure 
MOJ<WeII's 
ele<:tmmagnellc SYMMETRY 

obtained by Ioollng theory as 
around wllh frog's embodied In 

Lorentz 
legs and wires, elc. his equations 

Invarlartco 

Nalure 01 time 
NINETEENTH-CENTURY SCHEMA E "" me', etc. 

Figure 6.1, A large collection of experimental facts were summarized Inlo equa~ 
dons which in turn revealed a symmetry in Nature's design, The symmetry, once 
seen. led to further empirically verifiable facts, such a~ the conversion of mass 
into energy, The connection of these facts- with {he facts of ele:ctmmagnetis.m IS 
far from obvious. 

hear. Finally, a bright young fellow comes along and hears the 
equations saying they are Lorentz invariant. This fellow then real~ 
izes that the symmetry demands a revision of all of physics. (The 
schema for the development of electromagnetism and special rela
tivity is illustrated in Figure 6.1.) 

After Einstein worked out special relativity, il dawned on 
him and his contemporary Hermann Minkowski that the arrows in 
this schema may be reversible. Suppose that it was secretly re
vealed to us, in the dark of night, that the world is Lorentz invar
iant. Knowing this, can we deduce MaxweJrs theory and hence, 
the facts of electromagnetism, without ever stepping inside a lab
oratory? 

To a large extent, we can' The requirement of Lorentz in, 
variance is a powerful constraint on Nature. Maxwell's equations 
are so intricately interrelated by this invariance that, given one of 
the equations, we can deduce the others. 

Here is a flavor of the reasoning involved, 
We are given a symmetry that relates space to time, the 

electric to the magnetic. SlIppose that we know one of Maxwell's 
equations, say the one corresponding to Coulomb's law. You may 
recall that Coulomb's Jaw describes how the electric field produced 
by a charge decreases as one moves away from the charge. 10 other 
words, we have an equation desclibing how tile electric field varies 
in space. Under a Lorentz transformation, that equation is changed 
into an equation describing how an electric field varies in lime, and 
how a magnetic field varies in space, corresponding to another one 
of Maxwell's equations precisely. 

The essence of this symmetry argument can be stated suc~ 
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cinctly. Since the symmetry unifies space and time into spacetime, 
and electric and magnetic fields into electromagnetic field, we can
not have an equation standing all alone describing the variation of 
the electric field in space. Indeed, as I remarked in Chapter 4, that 
equation can only be one piece of a unified equatIon describing the 
variation of the electromagnetic field in spacetime. In the architec
tural analogy, if the architect is told that a room possesses. an exact 
hexagonal symmetry, and if she is shown a photograph of one wall, 
then she can obviously deduce the design of the entire room. In 
physics, the situation is mathematically more intricate, but the 
guiding idea is similar. 

In Philip Roth's The Ghostwriter, one of the characters, a 
famous writer, tells another character that he always writes one 
sentence before lunch. After lunch, he turns the sentence around, 
and he spends his life turning sentences around and around in his 
head. In much the same way, theoretical physicists tum logical 
structures around and around in their heads. Thus, Einstein and 
Minkowski realized that one can turn the arrows around in Figure 
6.1 and start with symmetry, 

IN ON E FELL SWOOP 

Einstein grasped the power of symmetry and put it to use in 
developing his theory of gravity. Instead of laboriously distilling 
this theory from a motley collection of experimental facts and then 
extracting a symmetry, he formulated a symmetry powerful 
enough to determine the theory. The schema he followed is illus
trated in Figure 6.2. 

Facts about 
SYMMETRY 

Einstein's (abstracted Irom 
gravity, spacetime theory of one fact observed 
warp, big bang, gravity al the lower 
etc< of Pis e) 

TWENTIETH-CENTURY SCHEMA 

Figure 6.2. The logical process foHowed by Einstein in discovering his theory 
of gravity. Contrast this process with the one followed in developing the theory 
of electromagnetism and special relativity (Figure 6.1)< 
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Symmetry empowered Einstein to write down his theory of 
gravity in one fell swoop, To appreciate tilis, let us imagine What 
would happen if physicists followed Ihe nineteenth·century 
schema in studying gravity, as some physicists tried to do. After 
years of carefully studying planetary orbits, astronomers would 
have noticed absolutely minute deviations of the orbits from the 
Newtonian prediction, To account for this, physicists would add a 
tiny correction to Newton's law of gravity. More careful study 
would reveal that this is still inadequate, and physicists then would 
be compelled to correct Newton's law by an even tinier amount. 
In practice, this program would quickly grind to a halt. But even if 
we imagine that physicists are able to determine as many correc
tion terms as they like, it would take a stroke of mathematical 
genius to see that the corrections would all combine to produce a 
rather different tbeory, The theory in the intermediate stage would 
be a complicated mess. It is as if an architect had designed a square 
building, but the client really wanted a circular one. Each time the 
architect presented the drawings, the client would demand some 
small corrections but would refuse to tell tbe architect what he 
ultimately wants. The architect would keep on modifying her 
square design. Eventually, as the design looks rounder and round
er, she might realize that the client had wanted a circular design. 

VOICES IN THE NIGHT 

[ regard Einstein's understanding of how symmetry dictates 
design as one of the truly profound insights in the history of phys· 
ics. Fundamental physics is now conducted largely according to 
Einstein's schema rather than that of nineteenth·century physIcs. 
Physicists in search of the fundamental design begin with a sym
metry, then check to see if its consequences accord with observa
tion, 

But how is a physicist to get to square one in playing Ein
stein's game? the reader might ask. Presumably, nO one is going to 
come in the dark of the night and whisper to us the symmetries 
Nature has woven into Her tapestry, If an architect's client wants 
to have ~ymmetrical designs, but won '1 tell the architect what sym
metry he has in mind, how is the architect to find out? 

Obviously, one can extract the symmetry from known ex
perimental facts, ThaI is what Einstein did. The difficult part is to 
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decide O'n the one most relevant fact that allows formulation of 
symmetry. Out of the many facts known about gravity, Einstein 
fastened on to the fact. that O'bjects fall at the same rate, regardless 
of mass. He did not use, for example, the fact that the gravitationaf 
attraction between two objects weakens as the square of the dis
tance between them increases. This and all other known facts 
emerge as consequences ofthe symmetry impcsed cn gravity. , 

Another approach physicists are using with increased bold-
ness as their discipline progresses is to listen to that half of the 
brain concerned with aesthetics. To read His mind, they search 
their cwn minds for that which constitutes symmetry and beauty. 
In the silence O'f the night, they listen for voices telling them about 
yet-undreamed-of symmetries. 

Referring to' the analogy used a bit earlier, we can imagine 
the architect trying hard to detect any hints regarding the symme
try that the client wants by poring over what was said by the client. 
This approach corresponds roughly to physicists trying to extract 
symmetry from observation. But the architect could also adopt a 
bolder approach by going ahead and devising the most harmonious 
design she can come up with. Then the architect can only hope 
that the client shares her aesthetic sense. 

In Part Four, I win explain how both of these approaches 
have been adopted by physicists, to marvelous effects. 

IN THE FOREST OF THE NIGHT 

In his work on relativity, Einstein dealt with two inter
acticns, electromagnetism, and gravity, which manifest them
selves in the macroscopic world of everyday experience and about 
which we have built up a considerable amollnt of intuitive under
standing. But even as Einstein worked, the old order was crum
bling in the world of physics. The microscopic world of atoms and 
nuclei was found to dance to a different tune. The stately waltz of 
classical physics was replaced by the jitterbug of quantum physics. 
New interactions rule this strange microscopic world, interactions 
about which physicists had no intuitive feeling. There is more to 
the world than was thought by the late nineteenth-century physi
cists in their smug, deterministic complacency. Physicists have 
entered the forest of the night, where common sense is hut a siren 
song leading alem to deadly paradoxes. 
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Figure 6.3. The Burning Tiger in the forest of the night. 

In this darkness, the Burning Tiger, with his fearful sym
metry, appears as a beacon of hope. Fundamental have 
come to rely on the Tiger more and more. Today, symmetry coo" 

play the central role in the work of many fundamental 
physicists, myself included. 
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Where the Action Is Not 

In science, one tries to say what no one else has ever said 
before. In poetry, one tries to say what everyone else has already 
said, but better. This explains, in essence, why good poetry is as 
rare as good science. 

It would appear that science and poetry are in extreme con
trast to one another. However, some theoretical physicists, like 
poets, do devote their creative energies to saying what has already 
been said, but in a different way. Their work is often dismissed by 
more pragmatic physicists for essentiaHy the same reason that 
poetry sometimes is dismissed. A body of physics is reformulated, 
but the new formulation does not advance our knowledge one 
whit. In the vast majority of cases, in poetry as in theoretical 
physics, the rude dismissal is perfectly justified. The new version 
is more convoluted and turgid than the old. But, once in a while, a 
poem, compact in structure, eloquent in cadence, manages to illu
minate a theme more lucidly than ever before. In physics, too, 
formulations more in tune with the inner logic of Nature emerge 
from time to time. Perhaps the best example is the so-called action 
formulation, developed in the eighteenth century as an alternative 
to Newton's differential formulation of physics. 

In Newton's formulation, one focuses on the particle at 
every instant in time. A force acting on the particle causes the 
particle's velocity to change according to Newton's law, F = rna. 
Thus, one knows the particle's velocity at the next instant, and, 
by extension, the particle's position. By repeating this procedure, 
one determines the position and velocity of the particle in the 
future. This, in short, is the standard formulation with which every 
beginning student of physics has to grapple. The formulation is 
called differential, since one focuses on differences in physical 
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quantities from one instant to the next. The equations describing 
these changes are known as "equation of motion." 

With the action formulation, on the other hand, one takes 
an overall view of the path followed by the particle and asks for 
the criterion the particle "lIsed" in choosing that particular path 
rather than some other path, 

For a long time, the action formulation was regarded as 
nothing more than an elegant alternative. Meanwhile, physics con
tinued to be formulated in terms of differential equations of mo
tion. However, my generation of theoretical physicists has finally 
embraced the action formulation and jilted the differential formu
lation. We had a change of hear! largely because the action tor
mulation makes our search for symmetry in the fundamental design 
much easier. 

UGHT IN A HURRY 

When a swimmer stands in a pool of water, his legs look 
shorter. The same phenomenon can be observed by dipping a 
spoon into a glass of water. This phenomenon is easily explained 
by the bending of light as it traverses the interface between two 
transparent media-here, water and air. In Figure 7.1 a light ray 
goes from the swimmer's Wes to point A on the water SUlface, 
bends, then goes to the observer's eye, E. The observer's brain, 
judging the direction from which the light ray comes, decides that 

Figure 1, L Light in a hurry: ]n traveHllg from the swimmer's toe T to the ob
server~s eye E, light "chooses" the path which enables it to get to its destination 
jn the least amount of time. Since light moves faster in a1r thall iii water. the path 
TAE is chosen rather than the straight line path TBE. Then to the observer, the 
toe appear:; to be at 1", 
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it came from the point T'. Therefore, the swimmer's legs look 
shorter than normaL 

To have a deeper understanding of why light bends in going 
from water to air, the mathematician Fermat (1601-1665) pro
posed, in the year of his death, a rather mysterious principle. Fer
mat's principle states that light chooses the path that allows it to 
arrive at its destination in tne least amount of time. , 

In Figure 7.1 the straight-line path, TBE, is in fact shorter 
in distance tnan TAE, the path actually taken. But suppose that 
light moves more slowly in water than in air. Then by following 
path TAE, the photon traverses a shoner segment, Ill, in water. 
The time saved makes up for the longer segment, AE, spent in air. 
What about path TCE'? The segment in water, rc, even shorter, 
but the segment in air, eE, is now longer. Clearly, there is an 
optimal path. 

Motorists have to make the same kinds of decisions as the 
photon in Fermat's principle. In this age of high-speed express
ways, the least-time roule is often not the least distance. To travel 
from Paris to Venice, several routes are possible. A motorist may 
decide to cut across Switzerland, going througl1 Zurich. Or, per
haps it is better to go around through the south of France, depend
ing on the weather conditions. 

(Speaking of motorists, I may mention another commonly 
observed optical illusion, also explained by light's propensity to 
hurry. Driving on a hot day, we can often see the "reflection" of 
distant cars in the road. Our brains, so easily deluded, conclude 
that the road ahead is wet. The phenomenon occurs because tne 
layer of air near the road surface is hotter than the surrounding air, 
and the speed of light in air depends on the temperature.). 

--- __ J -
--

Figure 7.2. Summer mirage: A light ray leaving the hood H and headed down
ward encounters a layer of hot air near the road surface ami bends upward. It 
ends up following Path 2 to the obRerver's eye. The observer's bruin, judging [he 
direction from whieh the light roy comes. concludes thai it came from H'. An
other light ray goes directly from H 10 the eye, following Path 1. This is repeated 
for light rays leaving every point on [he car, causing a reflection of the car to be 
seen. The bmin-what a marvellous organ-deduces that the road must be wet. 
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Fermat's principle so impressed his contemporaries that an 
analogous principle for mechanics was eagerly sought. In optic,s, 
the least-time principle frees us from having to memorize some not 
particularly illuminating formula relating the angles 0 and q, in the 
drawing of the swimmer, Figure 7,1, Similarly, it was hoped that a 
compact principle would replace Newton's equations of motion. 

The correct principle, known as the principle of least action, 
or action principle, was soon found by Pien'e Louis Moreau de 
Maupertuis (1698-1759), Joseph Louis, Cornie de Lagrange (1736-
1813), and others. 

WHERE THE ACTION IS NOT 

The meaning of the action principle becomes clear by con
sidering the prototypical process in which a particle starts at time 
fA from point A and gets to poinl B at time t B . In the action formu
las, we consider not only all possible paths between A and B, but 
also aU possible ways in which the particle can travel the path. 
Thus, for a specific path, the particle may go slowly at first, speed 
up for a while, slow to a crawl, then speed up again. Physicists 
refer to each particular way of traveling the patb in the allotted 
time as a "history." In the action formulation, all possible histo
ries must be considered. (Unlike photons, whose speed in a given 
medium is fixed, a massive particle can travel at variable speeds 
depending on the circumstances. Thus, in tbis respect tbe action 
principle is different from, and more general than, Fermat's prin
ciple. Indeed, physicists understood Fermat's principle later as a 
special case of the action principle.) 

Let us continue with the statement of the action principle. 
A number, called the "action," is assigned to each possible 

history. Thus, one history may be labeled 95.6, another 123.45. 
The principle stales that the particle actually follows the history 
with the smallest action. Once we specify the action, the principle 
determines for liS the actual trajectory of the particle, just as Fer
mat's principle determines the trajectory of light. 

Physics can be formulated using the action principle. A 
given body of physics is mastered if we can find a formula that 
empowers us to determine the action for any history. For example, 
the action of a given history followed by a Newtonian particle is 
computed as follows: Subtract the particle's potential energy from 
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its kinetic cnergy. then sum thi s quanti ty over the lime period from 
f ... to 18 , {In Newtonian mechanics, the kinetic energy is simply the 
energy associated with the movement of thc particle. while Ihe 
potential energy is a kind of "stored" energy that is available fo r 
conversion into kinetic energy. For example. an object ncar the 
surface of the earth has potential energy because of the carth 's 
gravitational pull. The higher (he object is from the ground, the 
more potential energy it possesses. As the object falls. its potential 
ene rgy is converted into kinetic energy. When we go downhill 
skiing, we p<'ly the lift operator 10 prov ide us with loI s of potenlial 
energy which we lben convert into kinetic energy .) The com puta· 
tion of the action is simil ar to that done by an accountant detennin· 
ing (hc 10ta l profit of a business for any given prod uct ion strategy. 
He subtracts the lolal cost of production from the gross income on 
a weekly basis and then sums this quantity over the fifty-two 
weeks in thc fiscal ycar. Thc businessman naturall y tries to maxi
miz:e the total profit by followi ng thc most advantageous history . 

A GREAT FALL 

Lei me illustrdte how the actiun principle actually works 
with a faili ng particle. As ind icated in Figure 7.3. Humpty Dumpty 
has to get from point A to point B in a spec ified time, while mini
mizing his action. Clearly, il does not pay for Mr. Dumpty not 10 

fall st raight down. To cover the larger distance of a curved path , 
Dumpty would have to move faster. thus increasing his kinetic 
energy and . hence. his actioD. Once Dumpty decides [0 fall straight 
down. he still faces a choicc bctwccn an infinity of possible histo· 
ries. To simplify things . Dumpty migh t begin by C<lmparing Iwo 
generically opposite strategic choices: He could go slowl y at first. 
then speed up; or, he could go rast at first , then slow down. RccaJl 
that the action is equal to the quantity, kinetic ene rg y minus poten
tial energy, summed over the hi story. Since the potential energy 
increases with the distance from the groum.J. it clearly pays to 
spend more time high up. so that a large r potential energy could be 
subtracted off. Dumpty , therefore, starts slowly. then accelerates. 
With the help of e lementary mathematics, one can show that lhe 
best strategy for Dumpty is to accele rate at a constant rate . 

Thc reade r may feel that. in this case. the action fannulation 
actually is more convoluted than the ditTercntial formulation, and 
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Figure 7.3. Mr. Dumpty has to decide which history minimizes his action in 
getting from A to B. Path 2 not minimize his action. 

indeed it is. In the latter formulation, Dumpty's acceleration 
determined immediately by Newton's law. However, as knowl
edge of physics beyond Newtonian mechanics, the su
periority of the action fonnulation became more apparent. 

DIVINE GUIDANCE 

I must emphasize that the action principle of mechanics 
says no more, and no less, than Newton's laws of motion. The 
action formulation, although more compact and aesthetically more 
appealing, is physically entirely equivalent to Newton's formula
tion. 

The outlook, however, is quite different in the two fonnu
lations. In the action formulation, one takes a structural view, 
comparing different ways by which the particle could have gotten 
from here to there. 

To the seventeenth- and eighteenth-century mind, the least
time and least-action principles provided comforting evidence of 
Divine guidance. A voice told each particle in the universe to fol-
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low the most advantageous path and history. Not surprisingly. the 
least-action principle has inspired a considerable amount of quasi
philosophical, quasi-theological writing, a body of writing which 
while intriguing, proves to be sterile ultimately. Nowadays, physi
cists generally adopt the conservative, pragmatic position that the 
least-action principle is simpJy a more compact way to formulate 
physics, and that the quasi-theological interpretation suggested by 
it is neither admissible nor relevant ' 

THE WORLD ON A COCKTAIL NAPKIN 

The action principle turns out to be universally applicable 
in physics. All physical theories established since Newton may be 
fonnulated in terms of an action. The action formulation is also 
elegantly concise_ For instance, Maxwell's eight electromagnetic 
equations are replaced by a simple action-by a formula enabling 
us to compute a single number for each possible history describing 
how the electromagnetic field changes, Similarly, the ten equations 
Einstein wrote down for his theory of gravity may be summarized 
elegantly in a simple action. (Einstein, and independently, the Ger
man mathematician David Hilbert, discovered the correct action 
shortly after Einstein arrived at his equations.) The point is, while 
the equations of motion may be complicated and numerous, the 
action is just a single formula. 

The reader should understand that the entire physical world 
is described by one single action. As physicists master a new area 
of physics, such as electromagnetism, they add to the formula for 
the action of the world an extra piece describing that area of phys
ics. Thus, at any sta.ge in the development of physics, the action is 
a ragtag sum of disparate terms. Here is the tenn describing elec
tromagnetism, there the one describing gravity, and so 011. The 
ambition of fundamental physics is to unify these terms into ao 
organic whole. While a mechanic tinkers with his engine, and 
an archilect her design, a fundamental physicist tinkers with 
the action of the wodd. He replaces a term here, modifies another 
there. 

Our search for physical understanding boils down to deter
mining one formula. When physicists dream of writing down the 
entire theory of the physical universe on a cocktail napkin, they 
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Figure 7.4, (A) Fundamental physicists dream of writing: down the design of the 
universe on il. piece of napkjn, The action formulation allows an cxtraordjnarHy 
compact description. 

(8) At present. most ph.ysicists believe the action looks something like 
what has been scrawled on this napkin. To understand what each symbol means, 
one would have to spend years in a reputable graduate schooL However, you 
may notice all the plus signs right the way: This actioD consists of many pieces 

simply added together, For instance, Ihe first term ~ R represents gravity, while 

the second term ~ FJ: represents the other three interactions. This indicates thaI 
g-

physicists have not yet reached a completely unified de;;cription of Nature, As 
described in Chapter 16, physicists are struggling to find an even more compact 
action in which the six s¢parate terms contained in Ihis aCtion will be tied to~ 
gether. 

mean to write down the action of the universe. It would take a lot 
more room to write down all the equations of motion. 

THE INVARIANT ACTION 

Brevity well may be the soul of wit, but there is yet another, 
all·important reason to prefer the action formulation. Here, we 
come back to my central theme, symmetry. In discussing the con· 
cep! of symmetry, I have taken great care to say that physical 
reality could appear different to different observers, but that the 
structure of physical reality must be the same. The action principle 
allows us to make preCise the phrase "structure of physical real
ity _ " 

As an illustration of this point, recall the discussion in Chap" 

110 



Where the Action 

ter 6 of how Coulomb's law changes under a Lorentz transforma
tion. The mathematical equation for Coulomb's law has the form 
(electric field) = (function of charge). Under a Lorentz transfor
mation, the quantities on the two sides of the equal sign both 
change, but in such a way that they remain equaL What looks like 
an electric field to the stationmaster is perceived by the train pas
senger as a combination of an electric and a magnetic field. Cou-
lomb's law changes into Oersted's law. ' 

In physicist's jargon, the equation is said to be covariant, 
rather than invariant. The two sides of the equation change in the 
same way, rather than remain unchanged. As a result, while the 
physical quantities involved change, the structural relationship be
tween them does not. As a rough analogy, one can think of a 
marriage in which the two partners "grow" with the years. In 
those rare cases in which the husband and wife both grow in the 
same direction and at the same rate. the-relationship between them 
would remain the same even though neither of them does. Unfor
tunately, psycholo.6>1sts teU us that most human relationships are 
not covariant in time (and most certainly not invariant), 

In contrast to the equations of motion, the action is left 
invariant by a Lorentz transformation. The action remains un
changed. Indeed, to say that physics possesses a certain symmetry 
is to say that the action is invariant under the transformation as
sociated with that symmetry. As a result, a history seen by differ
ent observers is labeled by the same number, 95.6, say, so there 
can be no dispute about which history is favored by the action 
principle. The action, in short, embodies the structure of physical 
reality. 

To detect a symmetry in the fundamental design, one would 
have to check the covariance of each of the many equations of 
motion in the differential formulation. With the action formulation, 
on the other hand, one has the considerably eaSIer task of checking 
(he invariance of the action. 

THINKING OF ACT10N 

With the advent of quantum mechanics, another basic rea
son for prefening the action formulation has emerged, It turns out 
that this formulation is naturaUy suited to describe quantum phys
ics, as I will explain in Chapter 9. 
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For these and other reasons, in the field of fundamental 
physics, the action formula has elbowed equations of motion aside. 
In my Own work, I have rarely, if ever, dealt with equations of 
motion and attendant concepts, such as force and acceleration. 

Some physicists would like to believe that the Ultimate De
signer thinks in terms of action. 
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not. Other symmetries, 
covariance, are more subtle 
perceptions. But, in case, in nr,1pr 

ploys a certain symmetry, we must compare the UU",,"U',",'U 

the symmetry with observation. 
The difficulty involved in working out 

cations a symmetry varies considerably, depending on 
metry. The task also complicated by the 
phenomena accessible to experimenters, so 

postulated symmetries will perhaps never 
verification 
We learned in the preceding chapter that a physical theory 

can be summarized by a quantity known as the action and that the 
of the theory is manifested in the invariance of the ac

tion under various transformations. 
'"''''' .... ,'''u ... · .... that symmetry can dictate the form of 

Physicists, however, are often faced with a situation in 
do the symmetries involved, and the sym

are not restrictive enough. While they can 
form of the action immensely, they may still be 

t'n."t',.,("" .. I'Pfi with many possible actions. Tell an architect to impose 
she can stili construct a limitless variety of 

t<ai~ecl with situation, physicists would have to examine 
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,each "candidate" action in turn to determine il, physical implica
tions, a laborious process indeed. In extreme cases, it may take 
years, if not decades, to extract all the implications of an action 
that one can write down, literally with a few flicks of the wrist. 

Now suppose someone comes along and asserts that, given 
a specific symmetry, Olle immediately can say what some of the 
implications are, regardless of the details of the action. Physicists 
would be ove!joyed! 

EINSTEIN IN SPIRITUAL ECSTASY 

Early in this century, someOtle did come along; the mathe
matician Emmy Noether. Her profound observation remains the 
most general statement that physicists have about invariant ac
tions. Einstein, writing about Noether in The New York Times after 
bel' death, said: 

Pure mathematics is, in ils way. the poetry of logical ideas, One 
seeks the most general ideas of operation wbich will bring to· 
gether in simple, logical and unified form the largest possible cir
cle of fonnal relationships, In this effort loward logical beauty 
spiritual formulas are discovered necessary for the deeper pene· 
tralion into the laws of nature. 

Who is this Emmy Noether? And what is her "spiritual" 
discovery? Before I answer these questions, I have to explain tbe ,:0:> 
conservation laws of physics. 

NO FREE LUNCH 

The conservation laws of PbYsics say that you get out wbat 
you put in, and no more. Nature says that there is no free lunch. 
Energy is conserved, and perpetual motion machines impossible. 

Until the turn of the century, perpetual motion machines 
were quite the rage and were exhibited at fairs. Would-be inventors 
were obsessed with the idea that one could build a machine that 
would'run forever with no fuel. Since a real-life machine is inevi· 
tably afflicted by friction, some energy must be supplied to keep 
the machine running. The machines that appeared 10 work were all 
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eventually exposed as being of fraudulent construction, with hid~ 
den assistants, wires, and so forth. 

In physics as in bookkeeping, the concept of conservation .. , 
is important. The bookkeeper adds to the initial balahce of an 
account aU the payments into the account, subtracts all the pay-
ments out of the account, and checks that the Sum equals the final 
balance. Nature does her own bookkeeping, with lightning speed, 
and has done so countless numbers oftimes since the wotld began. 
Experimental physicists, like independent auditors, have put Na-
ture's books under the most minute scrutiny allowed by technol-
ogy, and they have never found an error. The law of energy 
conservation has never been known to faiL Observe a collision of 
two biUiard balls. Measure the speed of the balls before and after 
the coUisioo. Compute the energy of movement (that is, the kinetic 
energy) corresponding to these speeds. While the energy of indi-
vidual baUs is changed completely by the collision, the total 
amount of energy is the same, before and after. 

As om experimentalist improves his accuracy in measuring 
the speed of the billiard balls, he eventually finds a slight discrep
ancy. A tiny amount of kinetic energy is missing! Has Nature, like 
the computer thieflurking in contemporary banks, rounded off the 
last penny in each account for Her own profit'! No, Nature has 
simply transferred the tiny amount to other accounts. With ever 
more delicate instruments, our indefatigable "auditor" now mea
sures the energy carned off by the sound wave caused by the 
impact. He also detects that the billiard balls have become just a 
tOllch hoUer, and even the table has become slightly warmer. 
When all forms of energy are induded, the checkbook is balanced. 

The concept of energy conservation is a great help to phys
icists in their computations. Let us give a simple example. Observe 
the mesmerizing swing of a pendulum. Knowing the gravitational 
force on the bob of the pendulum at any given instant, we can 
compute, by Newton's laws, how the speed of the bob is changing. 
Moving from one instant of time to the next, we determine the 
trajectory of the bob. However. it is much easier to recognize that, 
as the pendulum swings back and forth, energy is converted back 
and forth between kinetic energy and potentia! energy. Recall from 
Chapter 7 that the higher the bob is from the ground, the more 
potential energy it has. At the highest point, the pendulum is mo
mentarily at rest and registers zero kinetic energy; its potential 
energy is at a maximum. At the lowest point, the kinetic energy is 
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at a maximum, while the potential energy is at a miniml.lm, The 
total energy, if we ignore small effects like air resistance, is con
served, At any given point on the pendulum's trajectory, we can 
determine the velocity from the kinetic energy simply by subtract
ing the potential energy at that point from the total energy, This is 
contrary to Nev.'lon's differential approach, in which one tries to 
follow the pendulum from one instant of time to the next. The 
conservation law approach is not only simpler, but in some sense, 
intellectually more satisfying, , 

Anyone who has been administered a dose of physics in 
high school knows that there are several other conservation laws, 
Momentum, for instance, is also conserved. In recent years, polit
ical writers covering American presidential elections also talk of 
momentum in a way that suggests some sort of conservation law, 
After a primary contest, one candidate is said to have the "Big 
Mo," which another candidate apparently has lost. 

Conservation of energy and momentum is also of great prac
tical importance to modem physics, At giant aCl::elerators, physi
cists accelerate particles such as electrons and protons 10 

enormously high energies and bave them collide with each other in 
order to probe Ihe secrets of Nature, These collisions send various 
particles flying off in different directions. In this fasilion, physicists 
have discovered many hitherto unknown subnuclear particles, 
some of which live for only a short time, Their lifetime could be so 
short that even traveling at the speed of light, the particle leaves 
no detectable track before disintegrating into more stable, and 
more familiar, particles, 

For example, an experimenter may detect an electron and 
a positron flying off at high speed, The experimenter proceeds 
on the working assumption that the electron and positron come 
from the same sourcc, a disintegrating parent particle, Measuring 
the energy and momentum of the electron and of the positron, the 
experimenter then can determine the energy and momentlJm of the 
unseen, unknown parent particle by invoking conservation laws, 
Knowing the standard relation between energy, momentum, and 
mass of a particle, first presented by Newton and generalized by 
Einstein, the experimenter finally can figure ont the mass of the 
unseen disintegrating particle, 

The bookkeeping analogy we used earlier in this chapter is 
rather imperfect. That a checkbook shOUld balance, although an 
accomplishment exasperatingly difficult to achieve at times, is 
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completely obvious. We are simply verify ing our ability to cou nt 
correctly. That energy and momentum are conserved in aJI physi
cal processes is more profound. and it tells us something about the 
inner design of Narure. 

But what is energy? More precisely, given a set of equations 
governing how a physical system changes in time, we have to find 
a quantity that docs nol chaogc. A priori, we would nOI know 
whether tbe kinetic energy of a freely moving particle is propOr
tional to its velocity. its velocity squared . or its velocity cubed, 
and so on. More generaily . given an action. how does one deler
mine what is conserved? 

Before Noether came along, physicists resorted to trial and 
error, juggling the given equations until they found a combination 
that did not change in time. Take the simplest case of two Newton
ian particles interacting by a force that depends on the ~istance 
separating them. The two "particles" may be the earth and the 
sun. for example. As a first guess for the energy, a physicist might 
try the combination obtained as follows: For each of the two par
ticles, multiply its ma$S by its velocity squared. then add the two 
quantities. 

According to Newton, a particle's velocity changes at a rate 
given by the force acting on it divided by its mass. Knowing thi s. 
Ollf physicist can easily calculate whether his trial quantity 
changes. It does. But if the physicist is clever enough. he might 
notice that if he adds to hi s combination a quantity that depends 
on the separation between the particles. then the total su m, 10 and 
behold. does nOl cbange. He has found a conserved quantity. 
which he decides to call energy. Our physicist is lucky enough to 
have started with a correct first guess. If he had cubed the veloci
ties in stead of squaring them. or if he had failed to mUltiply by the 
particles' masses, no amount of juggling would have led him to a 
conserved Quan tity. Some readers might recall that high-school 
physics textbooks simply assert what the energy is, then verify a 
posteriori that it is indeed conserved. That is not how physics is 
done . 

It would be an extreme nuisance if physicists had to adopt 
the trial-and-error approach, particularly when faced with the 
more abst ract actions considered today. Furthermore, one does 
not know, a priori, how many conserved quantities the action con
Lains. 
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THE UFE AND TIMES OF EMMY NQETHER 

Emmy N oether now comes to the rescue, A great mathe
matician, Amalie Emmy Noether (1882-1935) had to struggle for 
her right to be what she wanted to be, While women had been 
allowed into universities in France in 1861, England in 1878, and 
ltaly in 1885, there was still enormous resistance at the tum of the 
century to women pursuing higher education in Germany, Typi
cally, an eminent academic of the time had thundered thai their 
admission to universities would amount to "a shameful display of 
moral weakness," N oether persisted and managed to earn a doc
torate, But it was out of the question for her to hold any sort of 
academic position, 

In 1915, eminent mathematician David Hilbert, whom we 
met already as the codiscoverer of the action for Einstein's theory 
of gravity, recognized Noether's ability and invited her ta join him 
in Giittingen, then a leading German centcr of learning, Hilbert 
tried in vain to obtain far her the right to lecture, without pay, One 
can almost hear the outcry: "First, they want to study; now, they 
even want to lecture!" The request was officially rejected because 
of "unmet legal requirements," The right to lecture had been re
served for males under a rule passed in 1908, At the faculty meet
ing, the philologists and historians would not budge, and an 
exasperated Hilbert stormed out, shouting something like "We are 
a university, not a bathhouse!" 

World War I did not do Germany much good but it did bring 
changes to German society, In 1918, the legal slatus of women 
there was improved, Following an oral examination con
ducted by the faculty, Emmy Noether was given the right to lec
ture, There was considerable grumbling by the Old Guard that 
soldiers who had defended the fatherland and who had suffered so 
much already would now have to listen to a woman. 

SYMMETRY AND CONSERVATION 

It was during Noether', faculty examination to establish 
that she was good enough to lecture without pay that she presented 
her famous resull, She had been studying actions invariant under 
symmetry transformations, Clearly, these actions should have spe
cial properties, But which ones? 
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It is useful to distinguish here between cpntin~2'!!!L~.>.:mm~~" 
tries, ~u£h as rotation, an.d ~iscrs~e:..sXrrlm~~.Des,,{i!!';;~,.lJ..,:'i p~ty, As 
We name suggests, one can vary continuously the transformation 
corresponding to a continuous symmetry. In the case of rotation, 
one can continllollsly vary the angle of rotation, With parity, how
ever, either there is a reflection, or there isn't 

Noether, in a flash of insight, realized that for every contin
uous symmetry in the action there results a conserved quantity. 
Symmetry and conservation, two concepts beloved by physicists, 
are in fact connected! 

The connection is not only profound, but also, as I have 
stressed, immensely useful. The experimental observation of a 
conserved quantity tells us immediately that Nature has incorpo
rated a continuous symmetry in Her design. Electric charge, for 
instance, has been known to be conserved since the late eighteenth 
century. After Noether's discovery, physicists were prompted to 
reexamine the theory of electromagnetism and to search for the 
symmetry responsible for charge conservation, In this way, a 
deeper understanding of a theory that has been around for almost 
a century was obtained. The symmetry was duly found and be
came known as,"~~g£~JJlJ!iet&~J In later chapters, we will see 
that the notion of gauge symmetry proved to be the key that en
abled physicists, literally, to unlock the universe. 

Noether's insight helped physicists in a multitude of ways. 
As physicists began to explore the nuclear and later, the subnu
clear world, they would have no idea what the action was, but they 
might notice that certain quantities were conserved. Noether's ob
servation tells them that the action must have a corresponding 
symmetry. Physicists are now able to take at least a first guess on 
what the action might be. Later, we will see this strategy success
fully applied. If physicists had earlier been like half-blind mt critics 
trying to discern the symmetries in Nature's tapestry, Emmy 
Noether gave them sight. 

Conversely, if we know which symmetry transformations 
leave a given action unchanged, we now know immedmtely how 
many conservation laws there ought to be. Recall the physicists 
flailing away by trial and error to find conserved quantities. No 
more trial and error! Emmy Noether figured out how to determine 
the conserved quantities. 

The beauty of Noether's observation is that it does not de
pend on the details of the action. Thus, several different actions 
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invariant under the same symmetry transformation would neces
sarily all have the same conservation laws. Physicists no longer 
have to work on each action in turn to find what the conservation 
laws are. 

PLUS t;A CHANGE 

COllservation of energy and momentum had been known for 
centuries, but physicists never linked them explicitly with sym
metries. In light of Emmy Noether's insight, it is instructive to ask· 
what symmetries are responsible. Since energy and momentum are 
so basic, the corresponding symmetries must be absolutely univer
sal m character. What can they bery 

Using Noether's theorem. one finds that energy is con
served if the physical laws do not change with time. In more tech
nicallanguage, the condition is that the action is invariant under a 
shift (or a "translation," to use the correct term) in time. But that 
is exactly what we want of physical laws, We want physics to be 
the same yesterday, today, and tomorrow' 

We can easily understand the condition for energy COnSer
vation by considering a simple example in which ene,'gy is appar
emIly not conserved. Envision a playground swing. A parent gives 
a child in the swing a firm push. One can say that the laws of 
physics, as perceived by the child, change with time. The child 
"feels" that the loree acting on the swing changes. Of course. 
energy apparently is not conserved, but only because we choose 
to focus on tile movement of the swing. When we examine the 
larger system, consisting of the swing, parent, and earth, energy is 
conserved, of course. 

What does Noether's theorem say about momentum con
servation? It turns out that momentum is conserved if the action is 
invariant under translation in space. In plain English, momentum 
conservation follows if physics is the same here, there, and every
where. Again. let me illustrate by a simple example. Suppose I roll 
a ban toward a hill. As the ball climbs the slope, it loses momeo
tum, Momentum appears nol to be conserved. Once again, we are 
focusing narrowly on the ball. The physical laws "experienced" 
by the ball indeed change in space, according to whether it is on 
tile slope or not. Tn fact, as 1 roll the ball in one direction, I cause 
the entire earth to move off in tile other, by virtue of my attach-
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to the earth by gravity and friction. As the ball climbs the 
slope, and slows down in the process, the movement of th'e earth 
in the other direction also slows. The total momentum of the entire 
system is conserved. 

Another basic conservation law states that angular momen
tum is conserved, a fact manifested most elegantly in the art of an 
Olympic ice skater. As the skater tucks her arms in, angular mo
mentum conservation requires her to spin faster. Noether"s theo
rem reveals that angular momentum conservation follows from 
rotational invariance. The physical laws are the same, regardless 
of which direction the skater faces. 

Conservations of energy, momentum, and angular momen
tum are among the first laws that one learns when studying phys
ics. Together, they govern the movement of everything in the 
physical universe, from the collision of galaxies to the whirl of the 
electrons in atoms. For years, I did not question where these con
servation laws came from; they seemed so basic that they de
manded no explanation. Then, I heard about Noether's insight and 
I was profoundly impressed. The revelation that these basic con
servation laws follow from the assumption that physics is the same 
yesterday, today, and tomorrow; here, there, and everywhere; 
east, west, north, and south, was for me, as Einstein put it, essen
tially spiritual. 

This particular revelation ranks among the most memorable 
in my years of being a physicist. Having always been intrigued by 
the capacity of the human intellect to comprehend the universe, I 
only come across true insights, such as Noether's, rather infre
quently. These insights delight, awe, and move me, because, as 
absolute truths, they are at once profound and simple. On the other 
hand, I, as a physicist, do not find the behavior of a nucleus or a 
crystal under this or that circumstance interesting in itself. In the 
phenomenological perception of the universe, again what is inter
esting now will be of little interest to a later generation. Already, 
the present generation of fundamental physicists regards the fan
tastic discoveries of particle physics twenty years ago as, to use 
Einstein's phrase, "this or that phenomenon." But the connection 
between symmetry and conservation will last forever. 
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No one will be able to rend the great book of the Universe If he does 
not understand its fanguage, which is that of mathematic:>, 
-Cali leo 

THE MATHEMATICS OF SYMMETRY 

The search for fundamental symmetries boils down to the 
study of transformations that do not change fundamental physical 
action-such transfOlmations as reflection, rotation, the Lorentz 
transformation, and the like. 

To describe the structural properties of transformations, <::::::.,:. 
mathematicians and physicists have developed a language known):", 
as "group theory." Here, I would like to develop some basic no-.,. 
lions of group theory for later use. The next two sections are, of 

necessity. more mathematical. Indeed, they are the most mathe- . 
matica! sections of Fear/ul Symmetry. Fortunately, yOll do not ::,: 
have to master mathematical details in order to understand the rest 
of this book. What is important is that you have some understand
ing of the terms that I will usc later. The salient points are sum
marized at the end of this discussion. 

Actually, once you get over the initial fright and acquaint 
yourself with the jargon, you will find group theory natural and 
intuitive. Suppose you arc told to study a bunch of transforma
tions. What would you naturally want to know? Two types of 
information, basically. You want to know what is the net transfor
mation if you apply two transformations in succession. This tells 
yOll how different transformations arc related to one another. Sec
ond, yOll want to know how the transformations scramble variolls 
objects together. 1 will organize the discussion along these two 
l1attlrallines of inquiry. 
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COMBINING TRANSFORMATIONS 

Given two transformations, call them TI and fl' it is 
consider what would happen if we first pert'orm T I , then T2 

call this combined transformation Tl x T2 • In the bea-
s lesson cited earlier, Lewis Carroll considered two transfor

, boiling and gluing. If 1 is boiling, and T2 glu~, then the 
stolrrrl3tllon TI x T2 would be the operation of boiling followed 

gluing. In a more serious vein, we may consider rotations. For 
instance, J'J may be a rotation of 17<> around a certain axis, and 12 
21 0 around another. Then Tl x Tz is the rotation obtained by per
forming the rotation TI , and then the rotation T2 • 

We can think of the operation of combining two transfor
mations as a sort of multiplication. Indeed, ordinary multiplication 
of numbers may be thought of as a special example of this combin
ing process. For instance, if an investor tripled his money in one 
year, we can s~y that he "transformed" every dollar he had into 
three dollars. Suppose he managed to increase his money fivefold 
the next year. The combined transformation; which we may call 
3 x 5, turns every dollar into fifteen dollars. 

In ordinary multiplication, the number I plays a special role; 
every number multiplied by 1 is equal to the number itself. The 
transformation that does nothing plays the corresponding role 
when we combine transformations. This transformation is called 
the "identity transformation," denoted by I. For example, for ro
tations, the identity transformation is just rotation through 0°, or 
no rotation at alL 

The multiplication of transformations obeys the same ruJes 
as ordinary multiplication, except for one crucial difference: While 
3 x 5 = 5 X 3, the product 1'1 x 1'2 is not necessarily the same as 
T, x T!. The order matters. This is not particularly surprising. Our 
daily lives are full of operations that must be performed in a defi
nite order to be effective. I suppose that in Carroll's example, one 
gets different results depending on whether one boils or glues first. 
But, let us resume the full academic seriolJsness of this discussion 
and illustrate this point with rotations. 

For definiteness, consider a person, a marine recruit in a 
boot camp, say, standing and facing north. When the driU sergeant 
shouts, "Rotate by 90" eastward arolJnd the vertical axis" (I pre
slime that there is a more technical term for this maneuver in the 
military), our recruit turns to face east. Suppose the sergeant next 
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A 

B 
Figure 9.1. (A) A marine recruit in bootcamp obeys (wo commands shouted by 
the drill sergeant. 

(B) What would happen if the sergeant had reversed the order of his two 
commands? 

........ 

shouts, "Rotate by 90° westward around the north-south axis." : ..•••••. : .. 
Our recruit ends up lying down on his back with his head pointing 
west, his feet pointing east. But what would happen if the sergeant 
reverses his two commands? You could easily verify that our re
cruit now ends up lying down on his left elbow, with his head 
pointing north. The order matters. For this reason, the study of 
rotations has been a bete noire for generations of physics students. 

Fortunately for physicists, it turns out that mathematicians 
had already studied the mUltiplication of transformation in the 
nineteenth century, under the name "group theory." You have 
just learned that group theory involves a sort of advanced multipli
cation in which the order matters. 

In contrast to physicists, who are preoccupied with the con
crete, be it an actual physical object like an atom or a physical 
quantity like the action, mathematicians prefer to think of group 
theory in the abstract. As children, we went through a similar 
process of abstraction. We first learned that if there are three bas-
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• each containing five apples, then there are altogether fifteen 
:::aplplf:S. We then learned that as far as multiplication is concerned, 

. doesn't really matter whether the baskets each contain five ap
five oranges, or five kittens. According to my observations, 

are able to abstract with remarkable ease, quickly learning 
multiply without thinking of concrete objects. Similarly, math-

ell:mtllCI<lnS study group theory without referring to physical objects 
situations. ' 

To illustrate the preceding discussion on abstraction, I can 
use the two symmetries discussed in Chapter 3; namely, parity, 

charge conjugation. For parity, the tldnsformation is the re-
flection of our world into the mirror world; for charge conjugation, 
the transformation replaces particles with antiparticles. To a math
ematician, the rules for mUltiplying transformation for these two 
symmetries are structurally identical: Two reflections in the mirror 
bring us back to our own world, and two charge conjugalions bring 
a particle back to itself. The mathematician would say in either 
case that there is a transformation, T, such that TxT = I. In 
other words, in either case, if you transform twice, you get back 
to where you started. She would concentrate on this relation, with
out caring one bit whether the physicist is considering panty, 
charge conjugation, or, for that matter, the interchange of yin and 
yang, in the same way that most of us can multiply without think
ing about baskets of apples. 

After all this, I am finally ready to define a group. A group 
is simply a bunch of transformations that can be multiplied to
gether. If someone wants to describe a group to us, he has to tell 
us which transformations are contained in the group and to instruct 
us on how to multiply the transformations together. In the same 
way that ordinary mUltiplication is completely specified by the 
multiplication table that children are taught to memorize, a group 
is specified by its transformation and by a mUltiplication table. For 
example, the simpiest group consists of two transformations, I and 
T. The multiplication table contains only four entries: I x I ::;::; I, 
I x T = T, T x I = T, and T x r = 1. 

Indeed, the first three entries just amount to the definition 
of I as the identity. It couldn't be simpler. This group, known as 
Z(2), is relevant to physicists studying parity or charge conjuga
tion. 

As another example, the group named 50(3) contains as 
elements aU possible rotations in three~dimensio[1al space. The 
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multiplication rules are jusl those determined by performing two ::,jj':: 
rotations, one after the other, 

1 am reminded of the slory of a visitor to a joke-tellers' 
convention, One comedian would shout out "C-46!" and the other 
comedians would laugh appreciatively, Someone else would stand 
up and snout out "S-5!" and everyone would laugh, The puzzled 
visitor asked what was going on, and his friend explained: "AJI 
pos:;ible jokes, not counting minor variations of course, have been 
classified and numbered, and we all know them by heart." Simi
larly, all gronps have been classified and numbered by mathemati
cians. Wilen a physicist comes to my office, she might multer 
SO(3) or £(6), and I would nod appreciatively. The physicist is 
telling me her guess on which group Nature uses in Her design. 

Incidentally, I should give the punch line to the slory, Fi
nally. a comedian got up and shouted "G-6!" and everyone really 
crncked up, The visitor asked why this particular joke was so 
extrao!'dinarily funny, and his friend replied, "Oh, that is Joe 
Schmo; he is so dumb that he doesn't know there is no such thing 
as G-6!" Similarly. if I were to mention G(6) in a semina\', my 
colleagues would raise their eyebrows in surprise! Anyhow, all 
groups have been classified and named, 

Fine, but what does this have to do with physics? As ex
plained earlier, physicists are interested in transformations that do 
not change the action. Such transrormations are called symmetry 
transformations, Now, jf T, is a symmetry transformation, and if 
T, is a symmetry transformation, tllen T, x T, is also a symmetry 
transfonnation. This statement is true, by definition. If neither T, 
nor T, changes the action, then, by performing T" then 1~, we 
obviously will not change the action. In other words, symmetry 
transformations form a group, Thus, physicists studying symme
tries are led naturally to books on group theory. The group Z(2) is, 
of course, so trivially simple that one hardly needs a course in 
higher mathematics to see its structure completely, But when 
physicists encounter more complicated groups, they are grateful 
that mathematicians have worked them out already, 

Our example, that mathematicians can study Z(2) abstractly 
without refelTing to parity or charge conjugation, though rather 
trivial, underlines the important point that variolls possible group 
structures relevant to physical theories, past. present, and no! yet 
dreamed of, have already all been studied by mathematicians, 
Mathematics does not have to wait for physics, 
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REPRESENTATIONS '.:::{)}}}{( 

As suggested in the introduction to this chapter, we wanttJ:!:lii!(]il:I}:1]li!]111: 
study next how the transformations in a given group scrambl~ .. ,.<.», •. ><. 

-..... :::::::::;:::::::: 
various objects together. The objects that are scrambled are said 
to furnish a representation of the group. 

A representation of a group, roughly speaking, is a model of 
the group, much like an architectural model of a buil~ing. We 
expect the model to represent the structural arrangement of the 
actual building. The emphasis is on the structural. For instance, 
the relative sizes of two wings must be exactly the same in the 
model as in the actual building, but the color of the cardboard may 
be quite different from the color of the stone actualJy used. 

To develop the notion of representing a group, let us, for 
the sake of definiteness, focus on SO(3), the group of rotations in 
three-dimensional space. 

Indicate the three directions in space by three arrows of 
some specified length, one pointing east, a second pointing north, 
the third pointing up. (See Figure 9.2.) For ease of speaking, let 
me label these three arrows x, y, and "1:, respectively. We can 
indicate any other direction by writing something like a 7 + h y 
+ c t', with a, b, and c denoting three numbers. The three num
bers may be thought of as constituting an instruction to a robot: 
For every a centimeters the robot moves eastward, it is to move 
northward by b centimeters, and to levitate upward by c centime
ters. The direction in which the robot moves is the direction indi
cated by a7 + by + ct'. Thus, for example, the arrow 7 - 7 
points southeast, the arrow 7 - Y + rt points southeast and up
ward at an angle of about 55° from the horizontal. An arrow of the 
form a 7 ,.1- b \f + ct' is known as a linear combination of the 
three arrows -f, 7, andt'o 

Now that we have learned how to specify directions, we are 
ready to go on to discuss rotations. We may describe a rotation by 
specifying the arrows that the three basic arrows, 7, y, and t', 
are rotated into. In other words, a rotation transforms each of the 
three arrows ···X, 7. and t', into a linear combination of the three. 

Nothing profound or complicated is being said here; on the 
contrary, I am just expressing, in a precise way, the notion that a 
rotation scrambles the three directions of space. 

In this example, a rotation is represented by its effect on the 
three arrows. The three arrows furnish a representation of SO(3). 

127 



INTO THE LIMELICHT 

--...,. ..... 
X-Y+2Z 

I 

I 
I 
I 
I 
I , 
I 
I 
I 
I 
I 

I 
Figure 9.2. Adding and subtracting arrows: The three arrows -;, }t, nnd :t 
point out the three directions east, north, and up. To determine the direction 
pointed out by the arrow indicated by the linear combination x --; + it, travel 
east by one unit. travel north hy mrnus one unit (i.e., travel south by One unit), 
and travel upward by two units. The direction you have traveled is the direction 
in question, 

Since this representation exists practically by definition of SO(3), ••.• 
it is called the "defining representation," or, sometimes the "fun
damental representation." 

You may feel thaI by ttlis long discourse I have achieved 
little more than a restatement of the obvious: A rotation is defined 
by its effect on the three arrows. But here comes the remarkable 
point of studying representations. Using the defining representa
tion, we can construct ever larger representations. 

To do this, we, like the children we once were, throwaway 
baskets, apples, oranges, kittens. and arrows. Instead, we think of 
the defining representation as furnished by three abstract "enti
ties." After a rotation, each of these entities transforms into a 
linear combination of the three. To keep track of which entity is 
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. which, we have to give them names slJch as Huey, Louey, arid 
Duey, or red, yeIlow, and blue. We may indicate these entities on 
the printed page as ®, <V, and ®. (The reader may think of these 
as three entitles colored red, yellow, and blue, if that proves help
ful.) Suppose we have three other entities that also transform as 
the defining representation. To distinguish between these entities 
and others, we write [ill, (Y], and [ID. Purely for the ease ~f speak
ing, we refer to these two types of entities as "round" and 
"square," respectively. 

Now we are ready to construct a larger representation by 
"gluing" these two copies of the defining representation together. 
We glue a round entity and a square entity together. In this way, 
we can form nine new entities, namely: ® [ID, ® f1J, ® I]J, <V lID, 
<V IYI, <V 00, ® LID, @ 1Yl, and ® 00. Notice that we d isti nguish ® 
IYI, a red round entity glued to a yellow square entity, from <V 1]], 

a yellow round entity glued to a red square entity. After a rotation, f 
each of these nine entities obviously transforms into a linear com
bination of the nine entities. 

It would appear that we have constructed a representation 
containing nine entities. But, wait! Here we have nine entities 
which are scrambled into each other by rotations. However, logi
ca1ly, that does not necessarily mean that any given entity can be 
transformed into each of the eight other entities. 

Let me give a somewhat whimsical analogy. After a casual 
reading of fairy tales, an extraterrestrial might form the impression 
that the four objects, frog, prince, pumpkin, and carriage, may be 
transformed into each other. But, a more careful reading reveals 
that the four objects divided up into two separate pairs. The frog 
and the prince can be transformed into each other, but not into the 
pumpkin and the carriage. Here, by forming suitable combinations, 
we can divide up the nine entities into three separate clans: One 
clan contains five entities, another contains three entities, the third 
one entity. The nine entities can be divided up in the following 
sense. After any rotation, the five entities belonging to one clan 
transform only among themselves. In other words, the five entities 
transform into linear combinations of each other. They furnish a 
representation with five entities. Similarly, the three en
tities in one clan furnish a representation with three entities, and 
the single entity furnishes a representation with, well, one entity. 

The situation is reminiscent of that at a Scottish village fair. 
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If we ask all those who are related to each other to stand together, 
the population splits up into clans. The analogy, admittedly, is 
imperfect, since the notion of transformation is missing, 

Why these nine entities may be split up into separate clans 
is fairly easy to understand, Indeed, from a logical point of view, 
one may well ask why not. There is no reason to expect each of . 
the nine obtained by gluing to be transformable into each of the 
other entities, The interested reader will find an explanation in the 
appendix to Ihis chapter, page 285, 

Instead of saying "a representation with five entities," 
mathematicians say "a five-dimensional representation, " The use 
of the term "dimension" here is potentially confusing. We are 
discllssing the representations of 50(3), the grollP of rotations in 
three-dimensional space. This group, 50(3), has a one-dimensional 
representation, a three-dimensional representation, a five-dimen
sional one, and for that matter, also one that is seventeen-dimen
sionaL Thus, mathematicians use "dimensional" in referring to 
space and representations. That the group of rotations in three
dimensional space can scramble five or seventeen entities into each 
other is the sort of fact that a mathematician, but probably neither 
you nor I, would have thought of 

To summarize the preceding paragraphs, we say that the 
nine-dimensional representation We constructed by gluing two 
three-dimensional representations together splits up into a three" 
dimensional representation, a five-dimensional representation, and 
a one-dimensional representation, This fact is indicated by the 
equation 3 ® 3 = 1 ® 3 ® 5. A representation is indicated simply 
by a number corresponding to its dimension. The act of gluing 
together is indicated by the ® sign. (Notice Ihal sillce entities 
cannot disappear into thin air, thc "accounting" equation 3 x 3 = 

I + 3 + 5, obtained by omitting the circles from the equation 
3 ® 3 = I ® 3 ® 5, must also be true,) 

By gluing two defining representations together, we encoun
ter another representation, the five-dimensional representation. In 
it, rotations are represented by their effects of scrambling five 
entities together. By repeatedly gluing representations together, 
mathematicians generate all the represimrarions of a given group. 
Having ieamed how to do 3 ® 3, we can now go on and learn how 
to do 3 ® 5, 5 ® 5, and so on, Thus, 3 ® 5 = 3 ® 5 @7, 5 ® 5 
= 1 ® 3 ® 5 ® 7 ® 9, and so on. (Here we encounter a seven-
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representation and a nine-dimensional representa-

Some people actually pay tuition to learn the rules for 
representations together. For us, the important lesson to 

is not these detailed rules, the fact that the group deter-
which representations are allowed. For example, SO(3) has 
and sional representations, but not a four-dimen

~:iional one. It is not up to physicists to decide, on a 'whim, to 
construct a four-dimensional representation of SO(3). 

Our discussion for SO(3) can over for groups in 
. general. When we come to grand later on, we will see 

that some physicists have proposed that the ultimate design of tbe 
world is based on SO(lO), the rotation in ten-dimensional 
space. We can start with the ten-dimensional defining representa
tion, and glue two such representations together, as before. In this 
case, it turns out that 10 = 1 EB EB 

THEORY REDUX 

me summarize the most significant points made in the 
last two sections. 

1. The multiplication of symmetry transformations is not a 
capricious invention of the physicist; rather, the operation natu

suggests itself. 
2. The multiplication structure of a group can be repre

sented the transformation of a number of entities. The number 
of entities involved is called the "dimension" of the representa
tion. 

3. The dimensions of possible representations are fixed, en
graved in stone by the structure of the group. For example, the 
group SO(lO) has a 45-dimensional representation, but not a 
dimensional or a 46-dimensional representation. 

4. We can glue two representations together to obtain other 
representations. 

MATH DID READ? 

As "".,,""L;> probe deeper into Nature, various integers 
we will see in a later chapter that the 
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proton has seven "cousins." It turns out that the proton and its 
cousins furnish an eight-dimensional representation of a symmetry 
group. More traditional mathematics, such as calculus, is totally 
incapable of explaining thc occurrence of special integers. Within 
our present mathematical framework, only group theory can ex
plain why a certain number appears, and not another. 

The occurrence of various integers gave physicists the first 
hint that Nature uSes group theory and hence, symmetry consid
erations, in constructing Her design. One of the ultimate tllsks of 
physics is to determine which group Nature chose. 

The layman generally supposes that theoretical physiCists 
use extremely complicated mathematics. Cartoons showing scien
tists often depict them in front of a blackboard covered with 
lengthy formulas. While that picture may accurately describe phys
icists in certain subfields, studying very complicated phenomena, 
anyone eavesdropping on two fundamental physicists at work is 
more apt to hear a healed exchange on such bits of wisdom as 
lO ® 10 = I <:B 45 <:B 54. 

Toward the end of the last century, many physicists fell that 
the mathematical descdption of physics was getting ever more 
complicated. Instead, the mathematics involved has become ever 
more abstract, rather than more complicated. The mind of God 
appears to be abstract but not complicated. He also appears to like 
group theory. 
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Symmetry Triumphs 

A STAR WAS BORN 

...................................... ............. , 

Around the turn of the century, physicists discovered dis
turbing evidence that classical physics fails in the microscopic 
world of atoms. They eventually realized that classical physics, 
rooted firmly in our everyday intuition, is but an approximation of 
an underlying quantum physics. As the drama of physics moved 
from the classical to the quantum act, symmetry, already made a 
star by Einstein, was thrust into the limelight more than ever. 
First, I will inlroduce the reader to the mysteries of the quantum, 
then I will explain how the quantum cast symmetry into the leading 
role. 

WORLD STABILITY 

Let us follow one of the many strands in the historical de
velopment of quantum physics. 

By 191 I, it was establish.ed that an atom can be pictured as 
a miniature version of the solar system, with a number of electrons 
orbiting around an atomic nucleus. But electrons are electrically 
charged, and, according to Maxwell theory of electromagnetism, 
a charge mdiates electromagnetic waves when its motion changes. 
For instance, the electrons crashing through the filament of a light 
bulb emit electromagnetic radiation in the foml of light. Maxwell's 
theory enables us to calculate the rate at which a moving charge 
radiates electromagnetic energy. 

The orbiting electrons in an atom are ch.anging their direc
tions of motion constantly, and so, according to Maxwell, they 
should quickly lose their energy of motion by emitting electromag
netic radiation and spiral in toward the nucleus. Thus, according 
to classical physic?, atoms should collapse ill a very short time. 
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But in fact, atoms are quite stable-indeed, the very existence of 
the world depend s on this fact. 

The crisis brought on by the discovery of atoms was fmally 
resolved by the Danish physicist Niels Bohr. Departing totally 
from established physics, in 1917 Bohr asserted boldly thaI an 
electron in an atom can occupy only certain orbits and not others. 
In c1assic.a! physics, the orbit occupied by an electron depends 
continuously on its energy. If one makes the electron energy a bit 
smaller, it simply moves to a slightly smaller orbit. In Bohr's view, 
however, the electron can only have those energies associated with 
the orbits it is allowed to occupy. The energy of an electron in an 
atom is said to be "quantized." 

Heeding Bohr's decree, the electron can nO longer lose its 
energy continuously. Instead, it has to move to an orbit oflawer 
energy by a "quantum leap." In Bohr's picture, the collapse of the 
world is averted simply because the electron has nowhere else to 
leap to when it reactles the orbit of lowest energy. 

Bohr's contemporaries found it extremely difficult to swal
low this picture, bllt they had no rcal choice in the face of the 
overwhelming experimental fact that the world has been around 
for quite a while. Yet, there were many puzzling questions. For 
example, if the electron can only occupy certain orbits, where can 
it b~ during the quantum leap from one orbit to another? Even
tuaJly, physicists recognized that sllch questions necessarily in
volve the classical and intuitive ideas of continuous motion, and 
they agreed not to ask, 

As the electron leaps from one orbit to another, it emits a 
burst of electromagnetic radiation with an energy equal to the dif~ 
ference in energies of the two orbits, as required by energy conser~ 
vatioll. Thus, the photons in the emitted radiation can only have 
cCI1ain definite energies. This is in startling contrast to the classical 
picture, in which the emitted radiation is expected to have a con
tinuous spectrum of energy. In fact, experiments confirmed that 
the emitted radiation can only have certain definite energies. 

THE FRENCH NEW WAVE 

How can one possibly understand this puzzling quantization 
of energy? 

Tn 1923, Prince Louis de Broglie of France made a brilliant 
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The w~velength of e vibrotirog string is "quantized'· 

Figure 10, L The wavelength of a vihrating violin string is "quantized" merely 
because Ihe is tied down at two emls. If D is the dis lance from the hnI1"" 

to the peg the violin. the wavelength can be W, D. 2Df3, D/2 {as indicated in 
A. B. C, D, r~spec!iveIYI and so on, but it callnot be 1.76D, for e){ample. 

suggestion, To understand the prince's idea. we will discuss for a 
moment the physics of music, When a violin is played. its strings 
vibrate. as illustrated in 10,1, and produce music, Clearly, 
the possible wavelength of the vibration, defined as the distance 
from one crest of the wave another, is determined by the dis
tance, D> between the two points wnere the string is tied down. 
We see from the illustration that the wavelength can only be 2D, 
D, o/3DJ 1/2D, and so on, The fact that only certain wavelengths are 
possible is, of course, why musical instruments produce definite 
tones. One could say that the wavelengths are quantized. 
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Figure 10.2. A French prince watching the electron wave going around an 
atomic nucleus: The waveleng{th" is quan'tlzed" because "me eleCtroll wave:'-uas'lO 
catch its tail after going around. (Drawing adapted from 1"he Liule Prin.ce by 
Antoine de Saint~Exltpery. copyright 1943. 1971 by Han::ourt Brac.e Jovanovich, 
Inc. Reproduced by pennrssion of the publisher,) 

It occulTed to de Broglie that this purely classical phenom
enon of quantized wavelength may be ,elevant to energy quanti-
7~\iQnjn !hp •. lllQIU,B" itI',w.Ulf.cUb"L!he.el~J::troll j"ilctuaUv a. wave 

propagating around the nucleus. As we can see [rom Figure 10.2, 
the wavelength of the electron wave can only take on certain val
ues if the wave, after running full circle, is to catch its laiL This 
simple idea gave birth to quantum physics. At that time, Max 
Planck, Albert Einstein, and other physicists had already estab
lished that the energy and momentum of a photon is determined 
by the wavelength of the associated electromagnetic wave. Apply
ing this result to the electron, de Broglie showed that his idea 
produces precisely Bohr's rule of energy quantization. 

But physicists were perplexed by the nature of tile prince's 
wave. De Broglie proposed what he called a "pilot wave," a sort 
of guardian angel guiding the electron along. Erwin Scnrodinger, 
the Austrian physicist who formulated the equation describing the 
motion of de Broglie's wave, thought that the electron was literally 
stretched out, and made to wave, in the sense that a drop of water, 
if big enough, could fill a circular pipe and be made to wave. 
However, it was the German physicist Max Born who gave the 
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interpretation most in accord with expeJ1ments. He suggested ·(fl-~t<?:(t(?::. : 
the wave specifies the probabil ity Ihal the e lec tron would be found>" :-:::::::r:::::::' .. 
in a panicuiar place. The electron would must likely be found ' _>:.>:« .::: . 

where the am pl itude of the wave is the largest. namely at the crests 
and valleys of lhe wave. Yet the electron is st iU to be pictured as a 
point object, and not a spread-oul fluid as Schr6dingcr thought. 

This revol utionary suggest ion signals .tbe end of absolute _.' 
determini sm in physics. Probability now controls physics at the 
most fundamental level. causi ng no le ss a physicist than Einstein 
to moan. "Th.e Good Lord does not play dice." Indeed , Einstein 
stubbornly refused to believe in quantu m ph.ysic!; in spite of the 
ev idence , and 10 spite of the fact thai he rnmself was one of its 
chief architects. 

Figure 10_3. An art ist's conception Of God playing dice (after William Blake). 
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TO GET FROM HERE TO THERE 

To underscore the probabilistic character of the qoantum 
world, let us go back to the motorist traveling from Paris to Ven
ice. Suppose he arrived in Venice and declared that he followed 
the route that got him there in the shortest time possible. Let us 
assume that we have the same perfect knowledge of road condi
tions and driving times that he has" Then we can determine exactly 
which route he took. This situation represents classical physics: 
The least action principle tells us precisely which path a particle 
follows to get from point A to point E. 

Now, let us imagine that our motorist obeys the laws of the 
quantum. The situation changes drastically. When the motorist 
anives in Venice, he can no longer declare that he came by the 
fastest route. He can only tell us that the probability is such and 
such percent that he came via Munich, and such and such percent 
that he came via Marseilles. Similarly, if Humpty Dumpty obeys 
quantum dynamics, then ML Dumpty, in keeping his fateful ren
dezvous with the ground, would not necessarily follow the path of 
least action. There is some probability that he might follow a path 
that would shock our everyday intuition, such as starting out fast 
and slowing down as he approached th.e ground. He might even 
get to the ground, not by falling straight down, but by following a 
curved path. Unlike classical physics, quantum physics can only 
tell us the probability that an object has followed a specific path. 
Of course, the probability borders on certainty that macroscopic 
objects follow the paths determined by classical physics. 

Pbysicists believe in the probabilistic interpretation of quan
tum physics because a huge number of experiments have con
firmed it. In an actual experiment, an electron is shot out of an 
electron gun, a device in which electrons are made to jump off a 
heated piece of wire. (A simple version of this can be found at the 
back of every television seL As the reader may know, the electrons 
in a television set are made to hit a screen, which, in turn, produces 
light when hiLl The experimenter has set up an army of electron 
detectors some distance away; they produce a signal when hit by 
an electron. He then places a screen with two holes between the 
electron gun and the detectors. This device is introduced merely 
to simplify the discussion. We can now focus on asking which hole 
the electron has gone through. 

As indicated in Figure lOA, detector number 5 has just sig-
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BALLISTICS EXPERIMENT WITH ELECTRONS 

" 

Figure lOA. A ballistics experiment with electrons: A screen with two slits, A 
and n, sepamle an electron gun from a bank of eleclron detectors. Detector 
number 5 has jUst signaled a hit. In the classical world. one can determine which 
slit the electron has gone through; in the quantum world. one cannot know for 
certain. 

naled a hit. If the electron behaved like a classical object, a bullet, 
for example, we could easify determine which hole it has 
passed through. Indeed, that is how police ballistics experts earn 
their living. But if the electron obeys quantum laws, as in fact it 
does, there is no way, even in principle, to determine which hole 
it actually passed through. Quantum physics determines only the 
probabilities that the electron has passed through one or the other 
of the two holes. 

I should elaborate on this important point. With our every
day classical intuition, we can easily imagine finding out which 
route our motorist actually took by stationing several spies along 
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the roadside of aU possible routes. So, why can '( we simply install 
a device by each of the two holes, a device which would click 
when an electron goes by? The answer is that, in the realm of the 
quantum, the very act of spying on the electron disturbs the elec
tron so much that, in our example, the electron would no longer 
reach detector number 5 but would end up somewhere else en
tirely. 

CERTAINTY ABOUT UNCERTAINTY 

This draslic and unavoidable disturbance on the electron 
exemplifies the so-called uncertainty principle, which is sometimes 
explained by saying that when we observe a system we must dis
turb it. This statement, in itself, is a piece of triviality understood 
by a child taking a toy apart. It would imply that there is an uncer
tainty principle in classical physics when in fact there is nol. Tbe 
uncertainty principle is in fact considerably subtler. 

In classical physics, nothing prevents uS from making the 
disturbance on the system as small as we like. To stress this point 
by exaggeration, let me return to our example of the motorist. 
When operatives are sent out to ascertain which route the motorist 
actually takes, thcy may simply lay mines on the various highways 
and find out later which one actually exploded. But nothing pre
vents them from trying the subtler method of aJTanging for photons 
to bounce off the motorist's car into their eyes. 

When we study the microscopic domain, the impact of a 
photon on an electron is necessarily considerable. This follows 
because each particle now is described as a probability wave. The 
reader might recall that to explain energy quantization, Prince de 
Broglie had to hypothesize that the wavelength of the probability 
wave of an electron in an atom is related to the momentum, and, 
hence, to the energy of the electron. The shorter the wavelength, 
the more momentum the electron has. Herein lies the crux of the 
uncertainty principle. 

To find out where an electron is, we have to look at it. In 
other words, we have to arrange to have another particle, a pho
ton, for example, bounce off the electron into some kind of detec
tor. The accuracy with which we can determine the position of the 
electron is limited by the wavelength of the probability wave as
sociated with the photon, The more accurately we want to dcter-
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the position of the electron, the shorter we have to make t~~:::::':·:·::·::-':··:i::· 

'-"""5"" of the photon. Then, according to de Broglie, the ph~i<'>O:'»:« 
. ton would, necessarily, have more momentum. Thus, an accurate'" . ::::::>:':::':':':::: . 

• measurement of the electron's position implies, inevitably, that we:·::: 
: . would have a very poor knowledge of its momentum after the 
.: measurement. The uncertainty principle does not say that we can-

'. not measure either position or momentum as accurately as we like; . , 
: • it says that we cannot accurately measure both. The more accu-

rately we measure the position of a particle, the less accurately we 
., can measure its momentum, and vice versa. Remarkably enough, 

quantum physics is able to give a precise mathematical accounting 
of its own inherent uncertainties. 

DICE UNLIKE ANY DICE 

Welcome to the strange world of the quantum, where one 
cannot determine how a particle gets from here to there. Physicists 
are reduced to bookies, posting odds on the various possibilities. 

That dynamics is probabilistic, rather than deterministic, is 
by no means the only strange thing about the quantum world. 
Indeed, as a physicist, I find it strange that popular discussions of 
the quantum world often stop at this point. The Good Lord not 
only plays dice, but He plays with very strange dice. Let me ex
plain. 

When a die is thrown, the probability of getting a J is Ik 
The probability of getting a 2 is, of course, also 116. Now, consider 
the following question: What is the probability of getting either a I 
or a 2 in one throw? The answer is obvious to gamblers and non
gamblers alike: The probability is 1/6 + 1/6 = llJ. In everyday life, 
to obtain the probability of either A or B occurring, we simply add 
together the probability of A occurring and the probability of B 
occumng. 

The quantum die is astonishingly different. Suppose we are 
told that on the quantum die the probability of throwing a 1 is 1/6 , 

and the probability of throwing a 2 also 1/6 • In contrast to what our 
experience with ordinary dice might suggest, we cannot, in fact, 
conclude that the probability of getting either a 1 or a 2 in one 
throw is 1/3! It turns out that the probability of throwing either a 
I or a 2 can range between 1/3 and O! 

To say that the probability of an event occuning is 0 is to 
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say that the event never occurs. Our intuition is outraged. The 
probability of throwing a I is 'I., and the probability of throwing a 
2 is also 'I., yet the probability of throwing either a 1 or a 2 can be 
O. How can that be? It does not make any sense! It doesn't, if·by 
sense we mean the common sense we build up from living in the 
macroscopic world. The quantum world is truly strange. 

In the quantum world, to obtain the probability of either. A 
or B occurring, onc docs not add the probability of A occurring to 
the probability of B. The rule is more complicated than that. While 
the reader certainly does not have to master the rule of the quan
tum, I will stale it to give YOll a flavor of what is involved. The law 
of the quantum actually determines a quantity known as the "prob
ability amplitude" that a given event will occur. To obtain the 
probability that the event will occur, one squares the probability 
amplitude. The rule is thaI one adds tbe probability amplitude of A 
occurring and the probability amplitude of B occurring, to obtain 
the probability amplitude of either A or 8 occurring. One then 
squares the probability amplitude of either A or B occurring, to 
obtain the probability of either A or B occurring. One adds proba
bility amplitudes, not probabilities. 

ENTER THE ACTION 

The fundamental law of quantum physics specifies what the 
probability amplitude is for each possible chain of events, Let us 
once again consider the basic problem of describing a particle mov
ing from a point, call it "here," to a point x, in a specified period 
of time. (In physics, once this basic problem is mastered, then one 
can go on to formulate the more general problem involving the 
movement of many particles and fields.) 

Recall that, in classical physics, the path of least action is 
followed. In quantum phYSics. we can only specify the probability 
amplitude of a given parn being followed. Remarkably, the theo
retical construct of "action" continues to be of central importance 
in quantum physics. The fundamental law of quantum physics 
states that the probability amplitude of a given path being followed 
is determined by the action corresponding to the path. 

To find the probability amplitUde, and hence, the probabil-
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{)fthe particle getting to x by any path, we are instructed by our 
. s discussion to add up the probability amplitudes, one from 

each possible path. Thus, if we know in general that the panicle is 
"here," we can determine that the probability amplitude for the 
particle will arrive at x at a later time. 

While we can no longer predict, as we could in classical 
physics, exactly where the particle will go, we can predict the 

.. probability that it will get to any given point It is not' strictly 
correct, therefore, to say that quantum physics is nondeterminis
tic. Rather, absolute determinism is replaced by a sort of gambIer'S 
determinism. A gambler cannot predict what number will come up 
with the next throw of the die. but he can predict that, after a great 
number of throws, the number 1 will come up about J/(, of the time. 
Similarly, a quantum physicist can predict precisely the average 
value of many measurements. 

One can easily understand why classical physicists such as 
Einstein were deeply disturbed. To prcciicl the motion of a particle, 
we have to "read" aU possible future histories of the particle, then 
"add" them up. The truth turns out to be stranger than our wildest 
lmagmmgs. 

SUM OVER HISTORY 

The formulation of quantum physics just discussed is 
known, variously, as the "sumBover-history" or "path-integral" 
formulation. (Most textbooks and most popular expositions follow 
the wave-mechanical formulation invented by Erwin Schrodinger 
or the matrix formulation invented by Werner Heisenberg in 1925-
1926.) The path-integral fonnulation was initiated by Paul Dirac, 
and developed around 1950 by Richard Feynman. One of its ad
vantages is that the action is involved directly, thus making clear 
the connection between classical and quantum physics. 

The path-integral formulation is ideally suited to discuss 
symmetry. If classical physics possesses a symmetry, then the 
action is invariant under certain symmetry transformations, as we 
learned in Chapter 7. It follows that since the same action controls 
quantum physics, quantum physics possesses the same symme
tries as classical physics. For this and other reasons, over the last 
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ten to fifteen years the path-integral formulation has largely SUTH'",,: 
planted the older wave-mechanical and matrix formulations in dis' 
cussions of fundamental physics. -, , 

In the path-integral formulation, the essenCe of quantum .:::', 
physics may be summarized with two fundamental rules: (lL:::::'
classical action determines the probability amplitude [or a sp,:cilic 
chain of events to occur, and (2) the probability that either one or {': 
the other chain of events occurs is determined by the probability:{ 
amplitudes corresponding to the two chains of events. ----

Finding these rules represents a stunning achievement by 
the founders of quantum physics. The menial processes involved -
can only be described as quantum leaps of geaius. 

The law of the quantum is not so much a theory in itself, 
but a prescription to obtain a theory relevant in the realm of the 
quantum. One obtains quantum mechanics by applying the 'pre
scription to Newton's theory of mechanics, quantum electro
dynamics by applying it to Maxwell's theory of electromagnetism, 
quantum gravity by applying it to Einstein'S theory of gravity. Bu! • 
the action of quantllm electrodynamiCS is still Maxwell's action, 
with all its symmetries. 

It is sometimes said that quantum theory is !lothing but a 
recipe or prescription for arriving at predictions that are to be 
compared with experimental observations. This statement misses 
the point. ActuaUy, one can argue quite validly that physics itself 
is a coiled ion of recipes for obtaining predictions that accord with 
experiments. Newton'5 laws form a recipe in the same sense that 
the qllantum laws, as summarized above, amount to a recipe. It 
would be circular reasoning to say that Newton's laws are better 
"understood" because they are more in accord with OUT everyday 
intuition. What is true is that Newton's laws can now be under
stood as an approximation of the quantum laws under certain cir
cumstances. Perhaps one day we will discover that the quantum 
laws are themselves approximations of a more fundamental set of
laws. What physicists hope for is that our preNent recipe can one 
day be derived from another recipe, morc elegant and concise in 
form, and more universal in applicability. Again, ultimately there 
is no "why," only "how," in our dialogue with Nature. Theoreti
cal physicists try to know Her thOUghts, but as far as I can see, 
they will never know why She thought those thoughts. 
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Symmetry Triumphs 

HERE AND THERE AT THE SAME TIME 

The profound difference between classical and quantum 
"'''',,''U'<;l is underscored by how we describe the "state" of a system 

a given point in time. The notion of the state of a system is a 
one. For instance, the President of the United States is 

ui:red to give a "State of the Union" address every year. For 
city, let us consider a single particle, the electron. , 
In classical physics, the state of the electron is specified by 

position at the given instant. For instance, if the electron is in 
.• we would say that the electron is in the state IParis>. Or. if 
electron is in Rome, we would say that the electron is in the 

,'.~la.v IRome>. (Traditionally, physicists denote a state by the sym
., bol [name>, where "name" specifies which statt~ we are talking 

aU'JUL.) 

When we pass into quantum physics, we can no longer 
•• specify the position of the electron. Instead, the state of the elec
... tron is specified by .a probability ampHtude that teIls us the proba

bility of finding the electron at any location in space, at the given 
time. For instance, the electron may be in the state i"Paris">. 
specified by saying, for example, that the probability amplitude is 
Ijz that the electron is in Paris, IjIO that it is in Rome, and so on. 
Since the electron is most likely to be found in Paris, we continue 
to name the state Paris, but we use quotation marks to remind 
ourselves that we can only post odds on the location of the elec
tron. Similarly, another possible state for the electron to be in may 
be called I"Rome">, specified by saying, for example, that the 
probability amplitude is '12 that the electron is in Rome, Yro that it 
is in Paris, and so on. The job of the quantum physicist is to 
classify all possible states, and to determine, as time flows on, how 
the electron can leap from one state to another. 

We are interested, however, in another point here. In the 
strange realm of the quantum, we can add states [ For example, we 
can consider the state I"Paris"> + I"Rome">, a state specified 
by saying that the probability amplitude is '12 + '110 that the elec
tron is in Paris, IjJO + 1/2 that it is in Rome, and so on. In fact, we 
can add two states in any proportion we like. Thus the state 
ai"Paris"> + bi"Rome">. with (). and h denoting two numbers 
of our choice, is specified by saying that the probability amplitude 
is a x 1/2 + b X YIO that the electron is in Paris, a X 1/10 + b X 1/2 

that it's in Rome, and so on. 

145 



, 
i 

INTO THE LIMELIGHT 

That statcs can be added together is another tmly biz:arr'" 
feature of the quantum world. In classical physics, it makes abso
lutely no sense to add two states together. What could the .,o,'F' 
IParis> + IRome> mean? Classically, the electron cannot be in 
Paris and Rome at the same time. 

INTO THE LEADING ROLE 

Finally, the stage is set for explaining how symmetry found " 
stardom in the quantum world. It is the possihility of adding states' 
together that makes symmetry considerations more powerful in 
quantum physics than in classical physics. To be specifi'c, let us 
discuss rotational symmetry. 

Consider a planet orbiting around a star. What does rota- " 
tional symmetry tell us? Not, as we saw before, that the or
bit must be a circle, but, rather, that if we rotate the orbit through 
any angle we choose, the rotated orbit is a possible orbit. See Fig
ure 2.2, page 12. This conclusion is ratller obvious, and not partic
ularly interesting. 

In contrast, consider an electron orbiting around an atomic 
nucleus. We expect rotational invariancc, described by the group 
SO(3), to hold. We are now in the quantum realm and forbidden to 
speak of precise orbits. Instead, we can only speak of the state of 
the electron. Put a quantum theOl;st to work and have her classify 
the possible states of the electron around the nucleus. Suppose the 
electron is in the state 11>. 

Let us rotate the atom through some angle of our choice, 
and denote its new state by IR 1 >. Rotational symmetry, by defini
tion, tells us that IRI> is a possible state, and, furthermore, that it 
mLlst be a state with the same energy as 11>. To see that this 
follows, we may consider rotating the observer rather than the 
atom. Better yet, let us compare the perceptions of two observers 
whose viewpoints are related by the rotation, as described in 
Chapter 2. One observer sees the state I [>, the other the state 
IR 1 >. To say that physics is rotationally invariant is to say it does 
not prefer one observer over the other. Thus, the state IR 1 > and 
the state I J > mllst have the same energy. 

At this point, two logical possibilities present themselves to 
our discerning minds: Either the state IRl> is exactly the state 
11 >, or it is not. 
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Suppose IRI> is equal to II>. This says that when we mta\e; . 
~:::::t:he atom, the electron remains in the same state, The probability 

·.locating the electron is unchanged by the rotation; in other 
·",""'''''''s, the probability distribution of the electron in the state! 1 > 

spherically symmetric, Observers whose viewpoints are rotated 
eac.h other see the same state 11>. 

The second case is more interesting. IR I > is not equal to 
..... In general, IR 1 > may be the sum of Ii> and some other states. 

the sake of definiteness, let us say that four other states, la-
12>,13>,14>, and 15>, are involved. In other words, IRl> 

ay be equal to the linear combination all> + b/2> + c13> + 
+ eJ5>. (The numbers a, b, c, d, e depend on which rotation 

are tal king about, of course.) 
Now, suppose we rotate the state 12>. Applying the same 

reasoning as above, we may expect the rotated state IR2> to be 
equal to the linear combination 111> + g12> + h13> + i14> + 

I':':;:;:;:.:;::: }15>, with the numbers J. g, h, i, j depending on the rotation in 
question. We can go on and rotate the states 13>, 14>, and 5>, 

I-»Z.~':·.·. and each one of the rotated states will be equal to a linear combi
nation of the five states II>, 12>, 13>, 14>, 15>. 

A BELL RINGS 

Now a bell rings in the back of our minds. This discussion 
seems rather familiar. Indeed, the situation here is precisely the 
same a.<; the one we encountered while discussing group represen
tations. Here, under rotations, the quantum states 11>, 12>, 13>, 
\4>, and \5> are transformed into linear combinations of them
selves. They furnish a five-dimensional representatkm of the rota
tion group SO(3). 

In the preceding chapter, we spoke of abstract entities, or 
arrows, or whatever, transfomling into linear combinations of each 
other. Remarkably, the abstract mathematical discussion of the 
nineteenth century is realized physically in the transformation of 
quantum states. The intrinsic mathematical structure does not de
pend on whether we are talking of abstract "entities" or quantum 
Slates, apples or kittens. 

For the sake of definiteness in our discussion, I supposed 
that 11> belongs to a five-djmensional representation. In general, 
the quantum state 11> could belong to a representation of whatever 
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dimension allowed by the group. For instance, it might belong 
together with eight other states, to a nine-dimensional representa
tion. Which representation a given state actually belongs to de
pends on detailed physics_ 

GROUP THEORY IN QUANTUM PHYSICS 

What does this discussion of symmetry and group theory in 
quantum physics actually imply for experimental observations? 

We learned that the quantum states of an electron in an 
atom belong to representations of the rotation group. Rotational 
symmetry tells us that the states belonging to the same represen
tation all have the same energy. As I have already indicated, this 
follows because these stales can be rotated into each other. Thus, . 
in our example, we could have chosen a rotation under which 11 
is rotated into 12>-in other words, a rotation such that /RI> is 
equal to \2>. Indeed, experimenters have observed different quan
tum states having exactly the same energy. 

Recall that the dimensions of the allowed representations 
are fixed by group theory. For example, the rotation group does 
not have a four-dimensional representation. If experimenters, 
therefore, observe a set of four quantum states of the same energy 
in our atom, they would know from group theory that they must 
be able to find additional states of the same energy. 

Experimentally, the energies of the electron states in an 
atom are inferred from the energy of the radiation em; lied when 
the electron leaps to a state of lower energy. Suppose the electron 
leaps from a state belonging to a five-dimensional representation 
to one belonging to a representation that is seven-dimensionaL 
There are in total 5 x 7 = 35 (ordinary multiplication 1) different 
leaps possible. Without group theory, atomic physics would be
come an extremely tedious subject, in which each of these 35 pos
sible leaps, in turn, would have 10 be studied. But rotational 
symmetry and group theory can tell ns immediately what the rela
tive probability of each of these 35 leaps is withont a tedious cal
culation. (The intensity of the radiation emitted in a given leap, 
experimentally, is directly proportional to the likelihood of that 
leap.) As I have emphasized in Chapter 2, basically rotational sym
metry simply requires two observers, one with his head tilted rel-
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ative to the other, to perceive the same structure of physical 
reality. This apparently innocuous requirement is powerful enough 
to fix the relative probability of each of the 35 possible leaps. 

Incidentally, the probability for some leaps may be forced 
. by group theory to be zero. Rotational symmetry, in other words, 
forbids the electron to take that particular leap. Physicists call this 

selection rule. In general, a certain number of quantum transi-, 
tions appears to be possible, a priori. But an underlying symmetry 
wiH allow only certain transitions to proceed. The others are taboo. 

Selection rules are in fact manifestations of the connection 
. between symmetry and conservation. According to Emmy 
Noether, the presence of a symmetry implies a conservation law. 
Just as processes that do not conserve energy are forbidden, cer
tain quantum leaps are forbidden because they violate a relevant 
conservation law. 

Historically, physicists studying atoms were confronted 
with a confusing morass of experimental data. Many states are of 
the same energy. Of the numerous possible leaps between states 
of one energy and states of another energy, some occur more often 
than others. The eminent Hungarian-American physIcist Eugene 
Wigner realized finally that, with rotational symmetry and group 
theory, order could be wrought from the chaos. 

THE TRIUMPH OF SYMMETRY IN THE QUANTUM REALM 

Let us pause and take stock of what we have learned. In 
classical physics and in quantum physics, symmetry restricts the 
possible forms of the basic laws. But in quantum physics, symme
try goes further. While the notion of adding two different orbits 
makes no sense in classical physics, We are entitled to add quan
tum states, thanks to the probabilistic interpretation of quantum 
physics. Under a symmetry transformation, the transformed state 
may be a linear combination of quantum states. In a reversal of the 
abstraction process, the ruminations of nineteenth-century group 
theorists are realized in the quantum world. (It is as if a civilization 
had figured out the theory of multiplying numbers, only to realize 
later that the rules could actually be ~pplied to situations involving 
baskets and apples.) If the symmetry is worth its very name, the 
states belonging to the same representation must have the same 
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energy. Symmetry then regulates the quantum leaps between 
quantum states. Tbus, in quantum physics, symmetry not only 
tells us about tbe underlying laws, it also tells us about the actual 
physical states. 

150 
. . ," 
: : 



I 





e Eightfold Path in the 
orest of the Night 

TWINS IN THE SUBNUCLEAR FOREST 

1 

When Alice ran into Tweedledum and Tweedledee, she was 
ple:as:antlj intrigued. In 1932, a compatriot of Alice's, James Chad-

• wick, while wandering through the newly opened-up ear for
.•• est, encountered a Tweedledum and Tweedledee of his own. As a 
.. result of this remarkable encounter, Chadwick later was knighted. 

Chadwick, whom we met in Chapter 3 a.o;; a hapless prisoner 
of war, discovered a hitherto unknown particle, the neutron, which 
behaves exactly like a proton as far as the strong nuclear force is 

• concerned. Since Chadwick's discovery, physicists have discov
•• ered that the subrmc]ear population contains not only identical 

twins, but also identical triplets, even identical octets. Like Alice, 
physicists have been puzzled and intngued. What is Nature trying 
to leU us'? 

By 1930, physicists had begun to study the atomic nucleus. 
The exploration was made possible by an extraordinary kindness 
on Nature's part: She provided just the necessary tool in the form 
of nanlrally radioactive substances. Radioactivity had been discov
ered accidentally in 18% by the French physicist Antoine Henri 
BecquereL 

Radioactive substances, it was soon underslOod, contain 
unstable nuclei that seek to rearrange themselves and, in the pro
cess, shoot out particles of various kinds. I have already men
tioned that the process of jooking at an object consists of 
bombarding the object with photons and catching the scattered 
photons with those marvelous optical detectors we carry in our 
heads. Particle accelerators are simply gargantuan devices built to 
extend the basic process of seeing. To look at the inner structure 
of matter, we have to bombard matter with particles energetic 
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enough to penetrate the outer layers of matter. Radioactive sub
stances provided a natural source of energetic particles at a time 
when physicists had not yet had the idea of building accelerators. 
Taking advantage of these natural "accelerators," physicists 
began to expose various materials to known radioactive sources. 

In 1930 the German physicists W. Bothe and H. Becker 
discovered that certain materials, when exposed to radioactive 
sources, emitted a mysterious radiation. At that time, physicists 
believed that the world was made of electrons, protons, photons, 
and gravitons. It was understood that an atom of matter consisted 
of electrons orbiting about a nucleus. The nucleus was thought to 
be made of protons and, possibly, also electrons. Puzzled by the 
German report, Chadwick performed a series of experiments to 
show that this mysterious radiation consisted of a hitherto un
known particle. The particle was electrically neutral and so be-, 
came known as the neutron.' 

Observing the collision of a tennis ball and a golf ball, we 
can easily determine the relative mass of the two by invoking the 
conservation of energy and momentum. By careful observation of 
the neutron colliding with various atomic nuclei. Chadwick man
aged to measure the mass of the neutron in the same way. To his 
surprise, the mass of the neutron came out to be almost exactly 
the same as that of the proton. The neutron plays Tweedledee to 
the proton's Tweedledum. 

NOT MERELY AN IDLE CAMP FOLLOWER 

Further experiments quickly established that an atonuc nu
cleus is composed of a certain number of protons and neutrons. 
What had happened in the experiments of Bothe and Becker was 
that the energetic emission from the radioactive source had 
knocked out some of the neutrons. 

Chemical properties of an atom are determined by the num
ber of electrons orbiting outside the nucleus. The number of elec
trons equals the number of protons so thai the atom, as a whole, 
is electrically neutral. Thus, the neutron plays no role in the chem
ical properties of the atom. For example, carbon atoms always 
contain six protons. The fact that it has six protons, and not five 
or seven, is what gives a carbon atom its "carbon-ness," which 
includes its unique propensity to bond and hence its essential role 
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in biology. But carbon atoms have been observed to have any
where from four Lo nine neutrons. What role has been assigned to 
the neutron in the drama of physics? Is the neutron merely an idle 
camp follower around the mighty proton? Hardly. It tums out that, 
without neutrons, atomic nuclei would not be stable, 

A BALANCING ACT 

The stability of atomic nuclei, and by extension, the stabil· 
ity of the entire world, hinges on a high-wire balancing act of 
Nature. Since protons are electrically charged, they repel each 
other. This electric repUlsion between the protons in a nucleus 
threatens to tear the nucleus apart. Thus, the very existence of the 
nucleus compelled physicists to conclude that the protons and neu
trons inside the nucleus a.re held together by a strong mutual at· 
traction. Physicists refer generically to protons and neutrons as 
nucleons. The new interaction responsible for the attraction be
tween nucleons is called the strong interaction, since it turns out 
to be about a hundred times stronger than the electromagnetic 
interaction. 

One might think, therefore, that the electric force, being so 
much weaker, would be totally overwhelmed in the nucleus. But 
Nature has thrown in an interesting twist. The electromagnetic 
interaction, though weaker, has a longer reach. Recall that the 
electric force between two charges decreases as the square of the 
distance separating them. The strong interaction between two nu
deans, in contrast, decreases so much more precipitously that two 
nucleons attract only when they are practically next to each other. 
The strong interaction is said to be short-ranged, the electromag
netic interaction longmranged. At a crowded cocktail party, one can 
chat via the short-range acoustic interaction only with those per
sons one is standing next to, but one can wink at an attractive 
stranger clear across the room via the long-range optical interac
tion. 

The nucleus may be thought of as a bag of nucleons. The 
nucleons are strong]y attracted to each other, but each can only 
tug at those nucleons next to it. The electric repulsion, while much 
more feeble, can reach from one proton to another clear across the 
nucleus. The atomic nucleus provides the arena for an interestingly 
matched prizefight. One boxer has a stronger punch but a shorter 

155 



>" 
::. 

(:' , 

TO KNOW HIS THOUGHTS 

Figure 11.1. The atomic nucleus provides the arena for an evenly matched 
prizefight. 

reach, while his opponent has a longer reach but a weaker punch. 
Electric repulsion, evidently, tends to win out in a large nucleus. 
For example, the uranium nucleus, with its 92 protons and its 140 
(or so) neutrons, is prone to fission at the drop of a hat. The electric 
repUlsion tears the nuCleus apart and in the process liberates aH: 
certain amount of energy that we humans have tried to put to a 
variety of uses, some marC sensible than others. At the other end ' . . 
of the spectrum, two small nuclei can be persuaded to fuse to
gether. According to some people, the energy liberated in this 
fusion process will be essential to the future of the human race. 

Fortunately for us, the strengths of the strong and electric 
forces are such that a wide variety of perfectly stable nuclei exist 
in which neither force is able to achieve a knockout. The neutron 
plays an essential role in maintaining the stalemate. In a stable 
nucleus, the neutrons, being electrically neutral, could help out the 
strong force without adding to the electric repulsion. The helium 
nucleus, for instance, has two protons and two neutrons. If the 
neutrons were not there, the helium nucleus would faU apart. As 
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:t1(I:}lruned in Chapter 2, we are able to bathe in the steady warm 
of the sun precisely because of this sort of balancing act 

by Nature. 
It is remarkable that the visible structure of the physical 
depends on the essential presence of aU the fundamental 

"'''''",<,'-'on5. Were the strong interaction absent, nuclei would not 
and the only possible atoms would be those of hydrogen, 

.• formed of a proton and an electron. The universe would consist of 
a gas of hydrogen and some neutrons floating about freely . 

•• Were the electromagnetic interaction absent, atoms would not 
•• exist, and the universe would contain lumps of nucleons with the 
•• electrons floating about freely. When two lumps met, they would 
.. stick to each other to form a bigger lump. All the matter in the 

..•• universe might have ended up in one big lump. 

THE WEAK INTERACTION 

During the 1930s, it became increasingly that yet an-
other hitherto unknown interaction, the weak interaction, was re
sponsible for the radioactivity of certain kinds of nuclei. The 
discovery of the weak interaction rounds out the list of fundamen
tal interactions known to physics. We have already encountered 
the weak interaction in connection with parity violation, and in a 
later chapter, the weak interaction will be discussed in more detail. 
Here, lwill only mention that the range of the weak interaction is 
a thousand times shorter than that of the strong interaction. It is 
because of their Sh0l1 ranges that the strong and weak interactions 
do not manifest themselves in macroscopic phenomena, as op
posed to the electromagnetic and gravitational interactions, which 
are both long-ranged. 

NATURE REVEALS A SYMMEl'RY 

1 have now restored to the neutron its self-respect by ex
plaining how it is essential to the healthy functioning of the uni
verse. That still leaves the mystery of why the neutron is so dose 
in mass to the proton. Nothing in the preceding discussion requires 
the proton and the neutron to have the same mass. The mass of 
the proton and of the neutron has been measured to be about 938.2 
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MeV and 939.5 MeV, respectively. The difference is only about I 

of a percent! (Incidentally, I MeV, that is, 1 million electron VOIIS", 

is the energy acquired by an electron accelerated through a voltag'e: 
drop of I million volts. Many physicists customarily measure rna,sS;: 
in energy units since Einstein abolished the distinction bet.we,en 
mass and energy.) 

Further studies revealed yet another surprising fact; The ",'c. 
strong force between Iwo procons, between a proton and a nell· ;(. 
tron, and between two neutrons was measured to be approxi •. : ' 
mately the same, The neutron behaves just like the proton, except 
for the almost negligible fact that one is charged, the other is not 
-negligible, because the electromagnetic force is so much weaker' 
on an individual nucleon, 

Here we have Tweedledum and Tweedledee: They talk 
act like each other, they weigh the same to within \110 of Ii percent, 
but one of them has a mustache and the other not. 

In 1932, Werner Heisenberg, certainly not known as a con
servative physicist, boldly proposed that Nature is dropping a very 
loud hint that the neutron puzzle can only be understood in tenTIS ••••. 
of a fundamental symmetry in Nature's design. Heisenberg began •.... 
by imagining what would happen if he could switch offlhe electro· 
magnetic, the weak, and the gravitational interactions. J have al- .• 
ready mentioned in Chapter 2 the very useful trick of switching 
off, or neglecting, the more feeble interactions when studying a 
given interaction, Heisenberg guessed that the neutron and the 
proton would become exactly equal in mass. This guess, that elec· 
tromagnetism is responsible for the lillY proton-neutron mass dif· 
ference, is not unreasonable. Since the electromagnetic force is 
about a hundred times weaker than the strong force, one might 
naively expect its effect to be about 1 percent or less. 

In the preceding chapter, 1 explained that variolls atomic 
states may be rotated into each other. Rotational symmetry guar
antees that these states have exactly the same energy. Recall, the 
argwnent is simply that two observers whose viewpoints are ro· 
tated from each other must deduce the same structure of physical 
reality. This, after all, is the tlivial and profound essence of the 
symmetry argument. Inspired by rotational symmetry, Heisenberg 
postulated that the proton lllay be "rotated" into the neutron, and 
that the strong interaction is invariant under this rotation. 

Heisenberg's logic is the reverse of that used in our discus· 
sion of rotational symmetry and atomic states. Since the days of 
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... ewton, our intuition practically requires rotational symmetry. 
quantum physics, rotational symmetry implies that various 

states must have the same energy. Heisenberg, on the other 
.1Jl"''''~' started with the surprising discovery of Chadwick's that the 
"' ....... T ..... n and the neutron have almost the same mass (and therefore 

same rest energy, according to Einstein) and deduced the pres
:eut;C of a hidden symmetry of Nature's design. 

In Chapter 6, we asked how physicists wanting to play Ein
stein's game could ever get to square one. Here is an example in 
which an experimental fact sings of a symmetry to those who can 
hear. 

Heisenberg's symmetry is called "isospin," for various his
torical reasons that do not concern us here. The corresponding 
group is called by mathematicians SU(2). The number "2" remjnds 
us that the group is defined by transforming two objects into each 
other. 

I must interject at this point that in recounting the introduc
tion of isospin I have sacrificed historical accuracy in order not to 
interrupt the narrative flow. As is more often the case than not in 
the history of physics, the development of isospin was full of mis
conceptions and confusions. Many physicists contributed to the 
clarification of isospin as asymmetry. I find it convenient, how
ever, to attribute isospin solely to Heisenberg. In this, I am indulg
ing in the same kind of bowdlerization of history of which even 
physics textbooks are usually guilty. A brief sketch of the history 
of isospin is presented in a note to this chapter. 

VIEW INTO AN INTERNAL WORLD 

Heisenberg's isospin rotation is not a rotation like those in 
the actual space we live in; hence the quotation marks in a preced
ing paragra.ph. Rather, Heisenberg envisions a rotation in an ab
stract internal space; the terms "rotation" and "space" are both 
used figuratively. 

Isospin represents a stunning landmark in the development 
of symmetry as a primary concept in physics. Previously, when 
physicists thought of symmetry, they thought of the symmetry of 
spacetime. Parity, rotation, even Lorentz invariance and general 
covariance, are all rooted, to a greater or lesser degree, in ollr 
direct perception of an actual spacetime. Now, in one sweeping 
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motion, Heisenberg opened up for us an abstract inner space '"'',',''' 
which symmetry operations can act also. 

The Old Guard mllst have found Heisenberg's 
hard to take. The symmetries of spacetime always had 
thought unquestionably exact. But here comes Heisenberg, pro
posing a symmetry that is manifestly not exact. The symmetries of 
spacetime are universal: They apply to all interactions. lsospin 
symmetry applies only to the strong interaction: The proton aad 
the neutron have different electromagnetic properties. 

With the passage of time. Heisenberg's notion of an internal 
symmetry no longer appears so revolutionary. To later generations 
of physicists, internal symmetry seems as natural and real as 
spacetime symmetry, 

I have emphasized that symmetry principles tell us that 
physical reality, though perceived to be superficially different by 
different observers, is in fact Olle and the same physical reality at 
the structural level. In the present instance, one observer sees a 
proton, but another ohsen'er, whose viewpoint is isospin rotated 
from the first, may insist that he sees a neutron, They are both 
right, in exactly the same way that what is "up" to one observer 
may be "down" to another. The observed fact that the strong 
force between two protons is the same as that between two neu
trons follows immediately, since what looks like two protons to 
one observer looks like two neutrons to another. 

THE FULL FORCE OF GROUP THEORY 

Once the observed Tweedledum-Tweedledee situation is 
formulated as a symmetry, then the full force of group theory may 
be brought to bear on the physics, One can either work out tbe 
representations of SU(2) or consult a mathematics book. The gen" 
eral considerations in Chapter 7 imply that any particle which in" 
teracts strongly, from atomic nuclei to various subnuclear 
particles, must belong to a representation of SU(2), The particles 
belonging to the same representation are said to be members of a 
multiplet; mOre specificaUy, a doublet, triplet, quartet, and so on, 
All members of a multiplet must have the same energy or mass. 
This is indeed observed. 

According to Emmy Noether, a conserved quantity must be 
associated with isospin symmetry; it is called simply isospin. Par-
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that interact strongly carTY isospin in much the same way 
that particles that interact electromagnetically carry an electric 
charge. Strong interaction processes that do not conserve isospin 
are forbidden. Furthennore, the relative probabilities of various 
allowed processes are detennined by group theory. The situation 
is entirely analogous to that encountered when we discussed rota
tional symmetry in the preceding chapter, and necessarHy so, since 
the controlling mathematics exists independent of physicS. 

STRONG INTERACTION IS TOO STRONG 

Once the physical idea of isospin symmetry is understood, 
the detailed applications that follow are not particularly relevant to 
our story and are best left to professional nuclear physicists. The 
important point is that the experimentally verifiable predictions in 
the preceding discussion are strictly consequences of isospin sym
metry alone. I never mentioned what the theory of the strong 
interaction might be. It does not matter! 

If one were to try to construct a theory of the strong inter
action, it is true that isospin would severely restrict the possible 
form of the theory. But even if one has a theory, it is not of much 
use, since strong interaction is, by definition, strong. Let me ex
plain. 

Physics students often get the impression from textbooks 
that physics is concerned with exact solutions. To iUustrate var
ious physical principles, textbook authors naturally tend to treat 
those simple and idealized cases for which exact solutions are 
possible. In actual practice. physicists have to resort to a method 
known as perturbation. For example, to work out the motion of 
the earth around the sun, a physicist would start by ignoring the 
other planets, then he would calculate the effects of the other 
planets 011 the earth's orbit approximately. This procedure works 
wen because the effects of the other planets are small. 

The basic idea is similar in quantum physics. When we scat
ter two electrons, the probability that the two electrons will inter
act is only about V137. This empirical number, Vm, measures the 
strength of the electromagnetic interaction, and it is known as the 
electromagnetic coupling constant. Suppose the two electrons do 
interact. As they are moving apart, there is a quantum probability 
that they might interact again. The probability that the e]ectrOl1s 
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would interact twice is (1;'31) X (V137), about one chance in ten· 
thousand. We could thus either neglect the effect of double inter
action or treat it as a small correction. Fortunately for physicists, 
three of the four fundamental interactions have weak couplings 
and the perturbation method can be used. 

Nature is kind-but not kind enough. In the strong interac
lion, the coupling constant is essentially l. Therefore, wben we 
scatter two nucleons, double interaction, triple interaction, and so 
on ad infinitum arc all just as likely to occur as a single interaction! 
Here perturbation fails utterly. The annals of physics are full of .• 
futile attempts to calculate the force between two nucleons from· 
first principles. Nuclear physicists eventually gave up and adopted 
a quasi-phenomenological approach, taking the experimentally 
measured force between two nucleons as a given, then trying to 
calculate the properties of nuclei. 

Eminent football players are often known by their nick
names: Harvey "Too Mean" Martin and Ed "Too Tall" Jones, for 
example. To theoretical physicists, the strong interaction is "too 
strong" and Htoo mean. H 

CONTAINED IGNORANCE 

The power and glory of symmetry allow us to bypass com
pletely the construction of strong interaction theories of dubious 
utility. We arc able to contain and isolate our ignorance. 

Historically, this containment of our ignorance was of con
siderable importance. Most particles panicipate in more than one 
interaction. (For example, the proton participates in all four fun
damental interactions.) In studying the weak inteI"'".J.ction, physi
cists encounter many processes involving particles that also 
interact strongly. Fortunately, by using symmetries, physicists 
concentrating on the weak interaction were able to contain the 
strong interaction monster. The structure of the weak interaction, 
as a result, was completely elucidated by the early 19705; physi
cists did not have to wait for a complete theory of strong interac
tion. 

The situation with the strong interaction may be seen in 
Figure 11.2. 

Of COllrse, a complete theory would tell us more than would 
symmetry considerations alone. Symmetry tells us that states in 
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concentrated in packets, photons the case 
field, gravitons in the case of gravitational. 
modern physics, when two electrons are present, 
would emit a photon with a U!c':I. ,>1, 
other would absorb the photon. process repeats itself rapidly. 
This constant exchange of photons the electrons pro-
duces the observed electric force. Similarly, the constant exchange 
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of gravilons between our bodies and the earth keeps tiS earth~ 

bound, Like the marriage brokers of old and the shuttle diplomats 
of new, photons travel lirelessly between two parties, telling each, 
the other's intentions. 

Since the early days of physics, the notion of force has been 
among the most basic and the most mysterious. It was thus with 
considerable satisfaction that physicists finally understood the ori
gin offorce as being due to the quantum exchange of a particle. 

Given this understanding of the nature of force, in 1934 
Yukawa decided that a "marriage broker" must be provided for 
the strong interaction as well. Boldly, Yukawa bypothesized a'new 
particle, which became known later as the pi meson, or the pion 
for short. Strikingly enough, he was able to predict the properties 
of the pion, a feat for which he was awarded the Nobel Prize, 

Consider two nucleons sitting more or less at rest inside an 
atomic nucleus. One of them emits a pion with a certain probability 
amplitude, and the other absorbs the pion. Like a marriage broker, 
the Pion shuttles back and forth between the two nucleons. Focus 
On one of the nucleons emitting a pion. Wait! Something seems to 
be wrong. The proposed emission process would violate energy 
conservation I According to Einstein, even a particle sitting at rest 
carries a certain amount of energy, equal !o its mass limes c'. How 
can a nucleon, sitting inside a nucleus and having an energy equal 
to its mass times c', emit a pion, which, even if it is barely moving, 
must have at least as much energy as its mass limes c', and remain 
a nucleon? 

= 

Figure t L3. The pion as a marriage broker of old, a corpulent lady whose 
inclination to travel is limited by hcr weight. 
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Remarkably, Yukawa managed to turn this apparent diffi
culty to his advantage. By an inspired use of the uncertainty prin
ciple, he was able to explain the short range of the strong 
interaction and to predict the mass of the pion. The key is quantum 
physics. 

THE EMBEZZLER 

I have explained that the uncenainty principle tells us thai 
we cannot measure both the momentum and the position of a par
ticle as accurately as we wou ld like. Similarly, we cantlot measure 
both the energy of a process and the time the process takes as 
accurately as we [ike. (Recall the relationship between physical 
concepts in Einstein'S work: A particle's position in space is re
lated to its position in time; its momentum is related to its energy. 
Therefore , it is plausible tnal the uncertainty principle governs 
momentum and position as a pair. and energy and time as another 
pair.) Yukawa realized that if we pinpoint the time at which the 
nucleon emits the pion, then we are uncertain about the energy 
involved and we can't tell if energy is conserved or not. The un
certainty principle allows energy not to be conserved, bLit only 
momentarily . 

The situation remi nds me of embezzling. A fundame ntal 
pri nciple of embezzling says that the larger the amount of money 
stolen, the ~ooner the theft will be noticed. The pion is like an 
embezzle r trying to make off, not with money, but with energy. 
Unlike embezz.lers in real life, the pion is always caught by Nature 
and required to give back its energy. Nature, as represented by 
Emmy Noether, demands that the energy of an entire process, in 
this case the interaction between two nucleons, be conserved. 
Thus the piun must be ,1bsorbed quickly by a Ilucleon . As wiU. 
embe7.7Jing, the more energy the pion tries to carry away, the 
quicker it is caught. 

Nature is so vigilant ttat even if the piOD is traveling at the 
speed of light, it canna! get very far between emission and absorp
tion. Yukawa thus explained the short range of the nuclear force. 
If two nucleons are too far apart , they will oat feellhe presence of 
each ot her. Using the ot her analogy, I may say that perhaps the 
pion is like the marriage broker, a corpu lent lady whose inclination 
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to travel is limited by her weight. Wnen the two parties live too 
apart, the broker is reluctant to get involved, 

The range of the nuclear force is clearly determined by the 
mass of the pion. The minimum energy the pion tries to steal away 
with is the rest energy associated with its mass. This minimum 
energy sets the maximum time allowed the pion to get from one 
nucleon to another. Knowing the range of the nuclear force, Yu
kawa predicted that the pion should have a mass about one tenth 
that of the nucleon, 

Incidentally, we also understand nOw why the electf'Olt.ag-/ 
netic interaction is long-ranged, since the photon is known 10 be 
massless, While the graviton has never heen detected, it is believed 
to be massless since the gravitational interaction is also long
ranged, 

AN ARROGANT CONSERVATIVE 

To predict tnat a fundamental particle with certain proper
ties exists is a supreme act of the rational mind, Dirac and Pauli 
had done it, and a few years later, so did Yukawa, Their acts went 
defiantly against the social climate then prevalent in the physics 
community. Yukawa later wrote that to Ihink outside of the known 
limits of matter was "to be arrogant, not to fear the wrath of the 
gods" and that there was "a strong inhibition ofsuch thoughts thaI 
was almost unconscious." 

There is an immense satisfaction in being arrogant with Na" 
lure and then in seeing Her oblige, Unfortunately for theoretical 
physicists, this is a pleasure much desired but seJdom granted. 
These days, the inhibition of which Yukawa spoke no longer holds 
sway, and theorists are predicting new particles with wanton aban" 
don. The situation, indeed, has so degenerated that some theorists 
of my generation are apt to invent new particles for no good reason 
other than to explore their consequences Were they to exisL 

Interestingly, Pauli's hypothesis of the neutrino and Yuka
wa's hypothesis of the pion, bold as they were in absolute terms, 
represent a relatively conservative stance. When faced with the 
mysteries of the nucleus, some eminent physicists of the time ar
gued for a breakdown in the quantum laws, Classical mechanics. 
after all, had broken down at the atomic scale. It seemed reason~ 
able to think that quantum physics would fail at the nuclear scale, 
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tens of thousand times smaller than the atomic scale. In a phenom."':< 
enon rarely if ever seen in political history, the revolutionaries wh6 .. 
dethroned classical physics eagerly plotted to overthrow their 0~11 
revolution. 

TH E POSTWAR BOOM 

In the discussion thus far, we have been thinking of two 
nucleons sitting inside a nucleus. The lack of energy forces the 
pion to shuttle between the two. But if we colJide two nucleons at 
high energies, the additional energy of motion carried by the nu
cleons may be sufficient to produce a pion while still conserving 
energy. The pion was discovered in precisely this way in the late 
1940s. 

The pion proved to be only the first of a horde of particles 
discovered after the war. During the postwar baby boom, experi
mental physicists were busily producing particles one after an
other. In 1947 came the first of the infamous "strange" particles, 
so called simply because physicists never expected them. (To my 
generation of physicists, there is nothing particularly strange about 
strange particles.) 

Strange particles are produced when nucleons collide at 
high energies. Experimental studies showed that these previously 
unexpected particles are never produced singly, but always in 
pairs. For example, when a strange particle known as KO is pro
duced, it is always accompanied by the particle L +. Nuclear colli
sions never produce just KO, or two KO's, but always KO with L+. 
A number of such empirical rules were accumulated. 

Eventually, it became clear that all these empirical rules 
could be summarized as a conservation law. A new physical quan
tity, dubbed "strangeness," is supposed to be conserved by the 
strong interaction. Think of strangeness as analogous to electric 
charge. It is a physical attribute carried by some strongly interact
ing particles, but not by others, just as electric charge is carried by 
some particles, not others. The proton, the neutron, and the pion 
are supposed to carry zero strangeness. The newly discovered 
particles were assigned the various degrees of strangeness + 1, 
-1, and so on. From that point on, the word "strange" took on a 
specific meaning for physicists. 

Let us now see how strangeness conservation can explain 
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the actual observations. Let KO be assigned strangeness + 1. Since 
the nucleons have zero strangeness, they cannot produce KO, 
either singly or in a pair. Now, jf:2:+ carries strangeness -1, then 
we can account for production of K' and:2:+ together. 

The idea of strangeness conservation is a simple one. but it 
certainly was not clear, a priori, that the accounting scheme would 
work. For instance, if the scheme is to work, experimentalists had 
better not see 2;+ produced, either singly or in pairs. In this way, 
the scheme was checked in numerous processes and was fOlInd to 
hold. 

Once again invoking NoeHler's insight on the COllllec'tiOIl 

between symmetry and conservation, physicists immediately con
cluded that strangeness conservation signals a symmetry beyond 
isospin. I will return to this poillt shortly. 

WHAT IS IN A NAME? 

If! could remember the names of all these particles, I'd be a botanist. 
-E, fermi 

Physicists had fun naming all the new particles. To divide 
particles into classes, they called particles that interact strongly 
"hadrOIlS," whose Greek roo! means stout or thick. (Thus, a had
rosaur is a particularly gigantic dinosauL) Nucleons, pions, and 
strange particles are all hadrons, The particles that do not interact 
strongly, such as the electron and the neutrino, are called "lep
tons," Greek for thin, delicate, smalL (Thus, the lepton is the least 
valuable coin in Greece, and a person having a thin, narrow face is 
leptoprosopic. ) 

The hadrons were classified further. The pi meson, later 
shortened to pion, was so named because il is intermediate in mass 
between the nucleons and the electron. (The root "meso," mean
ing middle, is of course well known, as in mezzosoprano and Mes
opotamia.) New particles with properties similar to the pion's are 
called mesons. In contrast, the nucleons and those new particles 
with properties similar to the nucleon's are called "baryons," 
Greek for heavy. (In music, we have the baritone.) The new ter
minology turned out to be inaccurate in some cases. We now know 
of some mesons that are more massive than some baryons. Even 
so, the name meson actually is an inspired choice, as it also sug-
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gcsts a mediator or go-between. In a fascinating, multilingual pun, 
Chinese physicists refer to the pion as -1't ..J-. The Chinese character 
.fr means mediator. but it also happens to be reminiscent of the 
Greek letter for pi, '!T. 

Since the nucleons are present in ordinary matter and there
fore play a more important role, it is useful to distinguish them 
from the other baryons. Baryons were thus subdivided into rm
cleons and hyperons. The! + (sigma plus) mentioned ab'ove is a 
hyperon. There is also a hyperon named the xi, denoted by the 
Greek letter E. Supposedly, the Ilyperons were named after the 
song "The Sweetherut of Sigma Chi," with a suitab1e corruption 
of the fraterruty's name. 

Speaking of names, I may also mention that neutrino was 
derived by adding the Italian dirrunutive "-ino" (as in bambino, for 
example) to neutron. When Pauli's proposal of the neutrino was 
discussed at a seminar in Italy, someone confused his neutral par
ticle with Chadwick's particle. Fermi had to explain that Pauli's 
was the' 'little one." 

It is certainly not necessary for the reader to master this 
lexicon in order to read on. For your convenience, I have provided 
Figure 11.4. At this point in our historical narrative, the photon 
and the graviton, the particles of light and of gravity, respectively, 
are in a class by themselves. 

Hadrons 

-[ 

nucleons. I.e. protons & neutrons 

baryons 

hyperons 

mesonS--E1,g. pion 

Leptons ---e,g. electron. neutrino 

Photon 

Gmviton 

Figure IIA. Particles known circa 1%11 
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ORDERING THE CLUTTER 

And so, to make a long story short, an alphabet soup of 
particles was known to physics by the late 1950s. Some organiza
tional principle was needed to bring order to all the clutter. 

[sosp;n was of enormous help. As I have remarked already, 
the power of symmetry is such that we know immediately that all 
hadrons must belong to isospin multiplets. It proved true experi
mentally. For example, three pions were discovered: 1T', -rr", and 
1T-. As the notation suggests, To' carries a positive elec;!rical 
charge, .,,0 is neutral, and 1T- carries a negative electric charge. 
Thus, the three are distinguishable from each other by their elec
tromagnetic properties, but as far as the strong interaction is con
cerned, they are identical. As expected, they each have almost the 
same mass. The mass of the 7T' and the 70- are measured to be 140 
MeV, of the ",0 to be 135 Me V. The pions fonn a triplet, just as the 
two llucleons, the proton and the neutron, form a doublet. All 
hadrons were organized in this way into isospin multiplets. 

As mentioned earlier, Noether's insight and strangeness 
conservation immediately implied that the strong interaction has a 
symmetry larger than isospin. 

A CONVENTION OF TWINS AND TRIPLETS 

Imagine that you are visiting a convention of twins and trip
lets. Here you meet a set of twins, there a set uf triplets. Right 
away you notice a close family resemblance between the twins and 
the triplets. It turns out that they do come from the same family. 
By the late 1950s, particle physicists fell that Chadwick had intro
duced them to a convention of twins and triplets. They realized 
that subnuc!ear particles not only appear in doublets and triplets. 
but they are also as clearly related as members of a biological 
family. 

Here is a summary of what was known about subnuclear 
particles around 1960. Altogether, eight baryons had been discov
ered. They were, first, the nucleon twins, Ollr old friends the pro
ton and the neutron. Then came the sigma and xi hyperons. Like 
the pion, the sigma comes in three varieties, positive, neutral, and 
negative, denoted by :£ + , :leo, and :l: - , respectively. Sigma hyperons 
belong to an isospin triplet; xi hyperons, as it turned out, to an 
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isospin doublet. Finally, a hyperon, called the lambda and denoted 
by the Greek letter A, belongs to an isospm singlet all by n,"Ju.. 

Physicists summarize the situation using Figure 11.5. Each 
of the eight baryons is indicated by a dot plotted on a two-dimen
sional grid. The baryon corresponding to dots joined by horizontal 
lines belong to the same isospin multiplet. Baryons on the same 
horizontal level have the same strangeness. Thus, the nucleons 
have strangeness zero, ~ and A, -1, and S, -2. ' 

--- isospin--""" 

s 
Figure U.s. (A) The eight baryons, namely. the proton, the neutron, and their 
six cousins, are placed on a chart according to their isospin and strangeness. 
geometrical figure called an octet is formed. 

(8) The eight mesons also form an octet. 

The situation regarding the mesons is quite similar. Physi
cists discovered eight of them. Besides the three pions, there are 
four mesons called K mesons, or kaons for short, belonging to 1 wo 
isospin doublets, and a meson called the eta, denoted by 'Tj, and 
belonging by itself to an isospin singlet. (Actually, only seven me
sons were known at the time; the 11 was discovered later in 1961.) 

In Figure 11,5, the mass of each baryon and meson is indi
cated in Me V units in parentheses after the letter denoting a given 
baryon or meson. Members of the same . multiplet have 
almost the same mass, as by symmetry. What is 
striking is that all eight baryons have roughly the same mass, to 
within 20 to 30 perc~nt. They bear a family resemblance to 
each other. 

The mesons also have roughly the same mass, clustering 
around a few hundred MeVs. The pions appear to be anomalously 
light. Nevertheless, one might argue that the eight mesons are 
related to first approximation. 
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Again, it IS hardly necessary for the reader to memorize this 
zoo of sutmuclear particles-any more than one needs to know by 
heart the dozen or so orders belonging to the class mammalia in 
tne phylum chordata. The important thing to know is that the 
numerous species of mammals can be classified systematically, 
and that the principle of evolution ties all these groups together. 
Here too, the reader need only grasp that sllbnuclear particles 
appear to be related to each other. 

A PSYCHOHISTORY OF PHYSICS 

With all these look-alike particles, Nature was hinting that 
Her design possessed a symmetry larger than isospin. By the mid· 
1950s, the race was on to determine this larger symmetry. 

The physics of an internal symmetry such as isospin was 
well understood: If the fundamental action is invariant under a 
group transformation, then there are quantum states thaI transform 
into each other and thus represent the multiplicative structure of 
the group. Physicists observe these quantum states as particles. 
As explained earlier, the particles transforming into each other 
must have the same mass if the symmetry is exact. To the extent 
that the masses of the observed baryons (and also observed me
sons) are only approximately equal, physicists know that the sym
metry, if there is one, must be even more approximate than 
isospin. 

With hindsight, it would appear that the search for this 
larger symmetry should not have been too arduous. After aU, Hei
senberg had unveiled the internal world already, and mathemati· 
cians long ago bad classified all possible transformation groups. 
Since there are eight baryons and eight mesons, physicists had 
only to find a group with an eight-dimensional representation, and 
it turns out that there are very few groups with such a representa
tion. 

One can only wish that it were so easy! Schoolchildren are 
taught a step-by· step schema of science in which one first gathers 
all the facts. Alas, in the real world, not all the needed facts are 
known, and not all known facts are true. For instance, in the late 
19505, experiments (now known to be wrong) showed that the A, 
under a parity transformation, behaved differently from the seven 
other baryons" It appeared that the baryon family included seven, 

t12 



The Eightfold Path In the 

not eight, members, and that the A was the odd man. 
physicists were predisposed toward accepting this 
sin~e only seven mesons were known at the time (as me:lltjrQu.e¢::::; c:';;:':':':.;:':':':' 
earlier). Indeed, some of the most eminent physicists 
strongly that the baryon and meSOn families each contained 
members, and several physicists were misled, embarking 
fruitless study of groups with seven-dimensional representations' 

Wrong experiments constitute one of the scour}§es of the· 
theorist's life. Nowadays, experiments capable of throwing light 
on Nature's underlying design require heroic etTorts, involving 
multinational teams. With technology stretched to the limit in 
search of minute signals, many experiments reach wrong conclu
sions, quite understandabJy. Illcreasingly, the ability to decide 
which experiment to trust is onc of the necessary talents of the 
particle theorist. 

Various psychosocial factors also hobbled the search for a 
higher symmetry. Those who had found isospin unattractive com.:. 
pared to exact spacetime symmctries were asked here to accept an 
even cruder symmetry. To an older generation whose nuclear 
physics characteristically involved energy measured at several 
MeVs, the mass splittings between the various baryons and be
tween the mesons, in some cases amounting to several hundred 
MeVs, appeared enormous. To the Old Guard, the pions and bons 
could not possibly be relatives. But what one generation 
calls enormOUs another calls tiny, My generation of physicists is 
used to experiments involving energies of several hundred thou
sand MeVs. 

For these and other reasons, the search for the larger sym
metry took a tortuous path. Indeed, several physicists essentially 
had arrived at what later turned out to be the correct symmetry 
group, only to be talked out of it by their senior colleagues. 

THE TREACHERY OF NATURE 

There were false starts, blind alleys. Early on, the Japanese 
physicist Shoichi Sakata tried the most obvious choice of a higher 
symmetry group: He went from Heisenberg's SU(2) to SU(3), the 
next group on the mathematicians' list. (Recall that the group 
SU(2), in its defining representation, transforms two objects into 
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each other. In general, the group S U( N) transfonns N objec.ts into 
each other in its defining representation.) 

In 1956, Sakata proposed that the proton, the neutron, and 
the lambda hyperon transfonn as a triplet in the defining represen
tation of SU(3), This proposal naturally generalizes Heisenberg's 
SU(2), under which the proton and the neutron transform as a 
doublet. Tweedledum and Tweedledee were joined by Tweedle
doo, But then the other five baryons do not fit. Attempts to shoe
horn them in failed, and the group S U(3) was apparently ruled out, 
It was puzzling that Nature did not progress in an orderly fashion 
from two nucleons to three, but jumped from two nucleons to eight 
baryons, 

The breakthrough finally came in 1%1. Murray Gell-Mann, 
the eminent physicist at Caltech, and Yuval Neeman, the military 
atlacne in the Israeli embassy in London. working independently, 
concluded that the higher symmetry group-surprise, surprise-is 
none other than SU(3), The catch is thaI the baryons belong not to 
the defining three-dimensional representation, but to an eighHli
mellsional representation of SU(3). Nature had tried to trick us, 

FROM TANKS TO SUI3) 

How did a diplomat ever discover the higher symmetry of 
the strong attraction? As a youth, Yuval Neeman wa, interested 
in physics, but because of historical events, ended up in military 
service. He is said to have played an important role in the Israeli 
secret service, In 1957, at the age of thirty-two, Neeman, realizing 
that time was running out if he was ever to become a physicist, 
asked General Moshe Dayan, then Defense Chief of Staff, for a 
two-year leave to study physics at an Israeli university, Instead, 
Dayan assigned Neeman to the post of Defense Attache ill the 
braeli embassy in London, a position which allowed him to pursue 
part-time study. 

III London, Neeman went to see the distinguished Pakistani 
physicist Abdus Salam at the Imperial College, presenting his dip
lomatic credentials and a letter signed by Dayan. To his credit, the 
puzzled Salam took Neeman on. But ;n July 1958, the Middle East 
flared up once again and Neeman had to put physics aside. It is 
now known that, among certain other activities, Neeman had ar
ranged for S-class SUbmarines and Centurion tanks to be sent to 
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Israel. Finally, in May 1960, as a colonel on leave, Neeman en
rolled for full-time study at age thirty-five, the oldest student in 
Salam's group. In his memoir, Neeman thanked his wife for ac
cepting his change from diplomat to graduate student, and the 
consequent loss in income, Incidentally, Neeman has less time for 
physics these days, He founded his own political party in Israel 
several years ago and later became a member of the Israeli cabinet. 
The last time I saw him, we did not discuss physics; rlither, he 
explained to me how to go about founding a party, in case I should 
ever want to do 50. 

THE EiGHTFOLD WAY TO NIRVANA 

Once the symmetry group and the choice of representations 
were fixed upon, physicists could work out the experimental im
plications using group theory, as outlined in the preceding chapter. 
The symmetry forbids various subnuclear processes and allows 
others. The relative probability for various allowed processes to 
occur are determined, In this way, physicists, like lawmen moving 
into a frontier town, were able to impose some order on the sub
nuclear world. 

To fit the baryons and mesons into the eight-dimensional 
representation, or octet for short, we have to check if the represen
tation contains the correct isospin mUltiplet:;, In other words, since 
the symmetry SU(3) contains isospin, we can ask what isospin 
representations are contained in the octet. With reference to the 
convention of twins and triplets, I can give the analog to this ques
tion. Suppose we meet eight siblings. We can ask how they sepa
rate into twins and triplets. They can separate, for instance, into 
two triplets and a set of twins (8 -7 3 + 3 2), or perhaps, two 
quartets (8 --;. 4 + 4). Working out the SU(3) group theory, one 
finds that the octet contains a triplet, two doublets, and a singlet (8 
-73 + 2 + 2 1). But this corresponds precisely to observations: 
Of the eight baryons, the I hyperons form an isospin triplet, the 
nucleons and the E hyperons form two doublets, and the A hype
ron forms a singlet by itself. The same applies for mesons. The 
important point here is that finding an eight-dimensional :represen
tation is not enough; with the wrong group, the eight baryons may 
separate differently (according to 8 -7 3 + 3 + 2, for example). 

The exhila:ration in finaUy determining S U(3) as the highe:r 
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symmetry may be likened to that felt by jigsaw-puzzle fans when 
the pieces suddenly all fil together. Gell-Mann waq so plea qed that 
he named the scheme the eightfold way, alluding to the eightfold 
path to Nirvana in Buddhism. (Incidentally, the eight are: right 
belief, right resolve, right speech, right conduct, right living, right 
effort, right contemplation, and right ecstasy.) 

NO NEED TO LEAVE HOME 

In spite of its successes, the eightfold way met with some 
skepticism, partly because of the psychosocial lack of readiness 
mentioned above. But the skeptics were silenced finally in 1964 by 
the dramatic discovery of a new particle. 

Since the early 19508, physicists had been discovering ex
tremely short-lived particles, called resonances. By 1962, nine 
were known. The situation is summarized in Figure 11.6. As in 
Figure 11.5, the resonances within a given row are related by iso
spin, and the different rows are related by the eightfold way. 

N" N' N' N" 

\7\7\/ 
\~.;\~,! 

,!!., A 

1 
...---Isospln II< 

Resonances 

Figure J 1.6. The ten resonances, when arranged according to their isosptn and 
strangeness, form a geometrical figure known as a decupit>t. In 1962, only nine 
resonances were known. The eightfold way mandates the existence of a tentb 
resonance to fiil the slot labeled with a question mark. 
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As 1 have emphasized, the power of symmetry considera
tions lies precisely in the fact that we do not have to know, in ~he 
present context. any details about the strong interaction physics of 
resonances to say immediately that resonances must belong to a 
representation of the symmetry group. Reasoning in this fashion, 
followers of the eightfold way rushed to see if SU(3) has a nine
dimensional representation. It doesn't! But it does have a ten
dimensional representation .... Hmm. 

Seizing on this group theoretic fact, Murray Gell-Mann pre~ 
dieted in 1962 that a hitherto unknown resonance, which he named 
the omega minus and wrote as n -, must exist. Even more impres
siveJy, by using symmetry considerations Gell-Mann was able to 
predict all the relevant properties of n-. It is the theoretical phys
ics analogy to Sherlock Holmes's deducing the past experiences of 
a visitor just from a glance. A team of experimenters went out and 
looked. Sure enough, they found the n -, with exactly the same 
properties as Gell-Marm predicted. For this and other fundamental 
contributions to physics, Gell-Ma.nn was awarded the Nobel prize. 

After the eighteenth-century French physicist Pierre de 
Maupertujs (whom we met earlier in connection with the action) 
survived an expedition to Lapland to verify Newton theory on 
the flattening of the earth near the poles, Voltaire joked to him: 
"i/ous avez con./irme dans les lieux pleins d'ennuilce que Newton 
conmU sans sortir de chez lui." (You have confirmed in places full 
of bothers/what Newton knew without leaving home.) In this case, 
the same may be jokingly said of the experimenters. 

It never fails to amaze me how theorists are able, in the best 
cases, to predict the behavior of Nature by a few lines of reason
ing. The purest products of the human intellect are often strikingly 
simpJe. 

INSPIRED BY HAUTE CUISINE 

Impressed by the power of symmetry, GeH~Mann forged 
ahead in search of more symmetries. How does a p]ayer get ahead 
in the symmetry game? Think of the historical precedents. Exper,. 
imental observations spurred the development ofisospin and the 
eightfold way. Lorentz invarial1ce was born of MaxweU'stheory, 
But in the early 19605, with the observed pattern of strongly inter-
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acting particles accounted for already by the eightfold way,_ 
without a theory of the strong interaction, Gell-Mann fOllnd neilh",,' 
of these precedents to be of any help. How could he proceed? 

Boldly, Gell-Mann adopted a new strategy which he 
scribed as being inspired by a haute cuisine technique: "A piece 
pheasant meat is cooked between two ,lices of veal, which 
then discarded." 

Gell-Mann imagined switching off all the interactions in Ine 
world, Without any interactions, particles would simply float about 
freely, paying no attention to each other. The theory describing 
this situation is known as a free theory and being trivial, it is dealt 
with in the first chapter of allY physics textbook on field theory. 
Gell-Mann examined the action of free theory to determine its 
symmetries. He then proposed that some oftnese symmetries may 
stHl hold when the interactions are turned back on. 

The procedure appeared manifeslly absurd, Free theory 
most certainly does not describe our world. But Gcll-Mann's alti
tude is that free theory, like the veal slices, will be thrown out once 
the symmetries-pheasant meal-have been extracted, 

We might expect the symmetries so extracted to be rather 
crudely observed in the real world, if observed at all. The Old 
Guard, repelled by the crudity of jsosp;n and the eightfold way, 
were due for yet another shock, 

TIle proof is in the eating, of course, Did the veal help the 
pheasant? It turned out that considerable ingenuity was required 
to deduce experimental consequences from the symmetries ex
tracted by Gcll-Mann, but the consequences were all in agreement 
with observations. 

The unexpected success of this blatantly absurd procedure 
-extracting symmetries relevant to Nature from II theory that 
definitely does not describe Nature-provided physicists with an 
important clue to the character of the strong interaction: The cor
rect theory of strong interaction must have the same symmetries 
as free theory. 

THREE QUARKS 

After the eightfold way was established, physicists contin
ued to puzzle over why Nature does no! use the three-dimensional 
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defining representation, the S U(3) triplet. Did Nature simply want 
to trick Sakata? 

In March 1963, Gell-Marm visited Columbia University. 
During lunch, Bob Serber, an eminent member of the Columbia 
faculty, asked Gell-Mann about the mysterious absence of the trip
let. He replied that the particles transforming according to the 
triplet would have to have rather extraordinary properties; in par
ticular, their electric charges would be smaller than that c:irried by 
the electron. No such particles bad ever been seen. 

The next morning, after mulling it over, GeU-Mann decided 
that such particles could have escaped detection. Subsequently, 
Gell-Mann, and independently, George Zweig, proposed that Na
ture does utilize the defining representation, and that the corre
sponding fundamental particles do exist. Gell-Mann referred to 
these three particles collectively as "quarks," naming them, indi
vidually, the up quark, the down quark, and the strange quark. 
Gell-Mann told me that he started out with a sound in mind: He 
wanted to call these triplet particles something like "kworks." One 
day, while idly leafing through James Joyce's Finnegans Wake, he 
came across the line "Three quarks for Muster Mark!," but he 
was disappointed that Joyce probably intended the word to rhyme 
with "mark" or "bark," rather than kwork. Then he realized that 
the book recounted the dream of a pub owner, and so he could 
imagine the three quarks to refer to three quarts. At this point, he 
went ahead and introduced quarks, pronounced kworks. 

Using terminology introduced in Chapter 9, we can say that 
the three quarks furnish the defining representation of the group 
SU(3). While GeIl-Mann and Neeman spoke in 1961 of the defining 
representation in terms of three "abstract entities," in 1964 Gell
Mann and Zweig were able to speak of the defining representation 
realized by quarks. The abstract mental games of nineteenth-cen
tury physics are realized in the twentieth-century world of quarks! 

The group theoretic process of gluing copies of the defining 
representations together, as discussed in Chapter 9, now can be 
visualized as actually combining quarks together. The group the
ory of SU(3) naturally suggests that hadrons, the particles that 
interact strongly, are made of quarks and antiquarks, in the same 
way that an atom is made of electrons, and an atomic nucleus, in 
turn, is made of protons and neutrons. Put three quarks together, 
for example. We need only open a group theory book to find that 
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3 ® 3 ® 3 ~ I EB 8 EB 8 EB 10. In other words, gluing three copies 
of the defining representation together produces a one-dimensional 
representation, twO eight-dimensional representations, and a ten
dimensional representation, thereby indicating thaI Ihe eight bar
yons and the ten resonances can be constructed out of three 
quarks. Similarly, a study of the transformation properties of me
sons suggests that a meson consists of a quark and an antiquark. 
The "'+, for example, is made of an up quark and an anti-down 
quark. 

I may emphasize that the successes of the eightfold way 
stand, regardless of whether quarks exist or 1101. As has been 
stated repeatedly, the power of symmetry considerations is pre
cisely that they do not depend on detailed dynamical knOwledge. 

The term quark, incidentally, has such a deliciously re
cherch<5 rillg to it that the physics community adopted it immedi
ately, but Gell-Mann had to fight for the up, down, and strange 
quarks. In lingering remembrance of Sakata's theory (in which the 
fundamental entities were the proton, the neutron, and the lambda 
hyperon), most physicists, particularly on Ibe East Coast, called 
the three quarks tbe P-quark, the N-quark, and the A-quark, writ
ten in capitalized script letters. I recall a senior physicist at Prince
ton exclaiming that people may be upside down and strange in 
California, but not here in New Jersey' This peevish disregard of 
Gell-Mann's will persisted well into the mid-1970s. For instance, 
the first papers on grand unified theories, to be discussed in Chap
ter 14, wcre written using this "East Coast" notation. I Once gave 
a talk at a conference in Miami, and Gcll-Mann was the session 
chairman. Every time I mentioned the p-quark, Gell-Maun would 
say, "up quark!" (I am reminded of a silly television commercial 
in which a man at breakfast battles a contniner of margarine. The 
man would say, "butter!," and the margarine would reply, "mar
garine!") This went on for a while, until finally I had to tell Gell
Mann to be quiet, reminding him that Miami is on the East Coast. 
Eventually, the community capitulated and grudgingly adopted the 
names, up, down, and strange. 

A LAPSE OF FAITH 

A multitude of hadrons has been constructed out of a few 
quarks: Reductionism triumphs once again. However, in the Jate 
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1950s and early 1960s, it was by no means clear that the reduction
ist approach would continue to work for the strong interaction. 

Starting with Ferrni and Yang, and continuing through 
Sakata, physicists tried to single out a few hadrons as speciai and 
then to construct the other hadrons out of these select few. Exper
imentally, however, one hadron looked pretty much like another, 
and the approach failed. A number of leading physicists, partly in 
reaction, felt that it was futile to ask what the hadrons were made 
of. Instead, they suggested constructing physics within a circular, 
logical framework. When asked what hadron A was made of. they 
would answer, hadron B and hadron C. And when asked what 
hadron B was made of, they would reply, hadrons A and D. And 
so on. It was hoped that this process would end, with hadron P, 
say. One would find that the hadrons A through P could all be 
thought of as made of each other. The number of hadrons would 
be fixed. without any reference to symmetry and group theory. 

In this view, the world is the way it is because it is the way 
it is, a thought that an Eastern philosopher such as Chuang-tze 
might have had. The structure of the world is fixed by the necessity 
of mutual consistency between all phenomena. A school of physics 
based on this view flourished from the late 1950s until the early 
1970s, and it acquired the suggestive name "bootstrap." One pic
tures the world pulling itself up by its bootstraps. Philosophers of 
science should have a field day studying this curious lapse of faith 
in reductionism. 

QUARK CONF[NEMENT 

As a concrete model, the theory that badrons are formed of 
quarks proves to be very useful: It helps physicists to visualize 
and to classify hadrons. For instance, the degree of strangeness of 
a hadron is measured just by the number of strange quarks it con
tains. One can account for the empirical rule that strange hadrons 
are more massive by supposing that the strange quark is more 
massive than the up and down quarks. The conservation of 
strangeness in the strong interaction may be accounted for if that 
interaction cannot change the character of the quark. In other 
words, a strange quark cannot be changed into a down quark (or 
an up), or vice versa, by the strong interaction. Tn a strong inter
action process, if a strange quark is created. it must be accom-
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panied by an antistrange quark. As another example, consider the 
proton, which consists of two up quarks, a down quark, and the 
oel1lron, itself consisting of two down quarks and an up quark. 
lsospin is easily accounted for if the liP and down quarks have 
approximately the same mass. (Ironically, Heisenberg's original 
thought that the mass difference between the proton and the neu
tron is due solely to electromagnetism is not believed to be' entirely 
correct now. Part of this mass difference must be attributed to the 
mass difference between the up and down quarks.) 

Given GelJ-Mann's track record in predicting the n -, many 
experimenters have rushed out to search for quarks, but all have 
come up empty-handed. Nevertheless, almost all particle physi
cists believe in quarks because numerous experiments have shown 
that hadrons behave as if they are made of quarks. In oue of the 
most convincing experiments, electrons were accelerated down a 
mile-long tube at Ihe Stanford Linear Accelerator Center to very 
high energies, then scattered off protons. The way the electrons 
were scattered showed quite clearly that they were bouncing off 
three particles inside each proton. To illustrate, let me borrow an 
analogy invented by George Gamow in a slightly different coni ext: 
A customs official suspects that diamonds are being smuggled in
side bales of cotton. He pulls alit his pistol and starts tiring at the 
bales. If some of the bullets ricochet and scatter, the inspector can 
be sure thaI something hard is hidden inside. By firing electrons at 
protons and watChing them scatter, physicists are nO less confident 
than the customs inspector that some particle resembling quark> 
live inside protons. 

Yel the fact remains that no one has actually seen a quark. 
The situation has provoked philosophical musings on the meaning 
of existence. Again, another analogy: When I shake a baby rattle, 
I am absolutely positive that there are beads or something like 
beads hidden inside. By listening to the tone, and by varying the 
way I shake the rattle, I can deduce how hard the beads must be 
and, perhaps, even venture a guess on how many there are inside. 
My own positioll is such that, even if I am unable to crack the 
rattle open to actually see them, the beads surely exisL Similarly, 
physicists believe that quarks exist but that they are permanently 
confined inside hadrons. 

That quarks are so confined is a shockingly unpi'ecedented 
notion. When physicists suspected that matter is made up of 
atoms, it was easy enough 10 k.nock off an atom and isolate it for 
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study. Similarly, one can readily knock electrons out of atoms, 
and protons and neutrons out of atomic nuclei. But, somehow, we 
just can't knock quarks out of hadrons. 

The results of scattering electrons off protons indicate that 
the quarks inside the proton interact with each other in a rather 
peculiar way. If two quarks are close to each other, they behave 
as if they are almost free; in other words, as if they are barely 
interacting with each other. But if they get too far apart, 11 strong 
force suddenly tries to pun them together. To visualize this behav
ior, physicists think picturesquely of the quarks connected to each 
other by a string. When two quarks are close together, the string 
is slack, and the two quarks are not aware of each other. But if the 
two quarks try to move away from each other, the string suddenly 
becomes taut. 

In classical physics, if we imagine pulling the two quarks 

A 

.~~ .~: C'1'W .. 
" :/.,:. c. 

Figure 11.7. (A) Three hairy creatures pul.l hard on the three quarks in a baryon, 
trying 10 extract a quark. 

(B) The string tying the three quarks together stretches and eventually 
breaks, thus releasing a wallop of energy symbolized as an explosion. 

(C) The released energy is converted into a quark and an an!iquark (rep
resented as a black ball.) The three hairy creatures have only managed to knock 
off a meson. The conjecture that quarks are permanently confined means that the 
energy released by a breaking string is always converted into a quark and an 
antiquark. 
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apart hard enough, the string should break and the quarks would 
then be liberated from each other. But here, as we pull the quarks 
apart, we pllt energy into the string as a result of our exertion, in 
the ~ame manner that stretching a rubber band puts energy into it 
The energy in the string increases until it exceeds lhe en;;;rgy cor
responding to lhe masses of a quark and an anliquark, as indicated 
by Einstein's mass-energy relationship. At that point, the string 
itself has enough energy to create a quark and an antiquark. The 
string snaps, but oul come a quark and antiquark. Even with 
the string broken we still have not managed to liberate a qtlark. 
The two broken ends of the string are attached, respectively, to a 
quark and to an antiquark. (See Figure 11.7,) We have only man
aged to knock off a meson. 

The proposal of quarks illustrates the tortuous path the de
velopment of physics often takes. Consider the talk of the boot
strap versus reductionism. Actually, Gcll-Mann was, and still is, a 
leading bootstrapper. I asked Oell-Mann about quarks versus the 
bootstrap. He recalled that it was aU quite confusing. As a good 
bootstrapper, he believed that all observed hadron' are made up 
of each other. How then can the observed hadrons also be made· 
out of quarks? Does this not mean that quarks are in turn made out 
of the observed hadrons? To escape from this insane conundrum, 
Gell-Mann finally decided that he could simply assert that the 
quark is not observable and hence not an "observable hadron." It 
is then not necessary to believe that quarks are made out of the 
observed hadrons. Quarks can be more fundamentaL Whew] 
Thoughts along this line convinced Gell-Mann that quarks ought to 
be permanently confined. 

In this chapter. physicists used symmetries to avoid dealing 
with the strong interaction. It is an end-run strategy, as indicated 
by the schema in Figure 11.2. Bllt at some point one has to face 
the strong interaction. In the next chapter, I will discuss how phys- . 
ieist, tamed the beast of strong interaction and explained the pe- • 
culiar behaVior of quarks. 
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The Revenge of Art 

Zoe: Come and I will peel off. 
Bloom: (Feeling his occiput dubiously with the unparalled 
embarassment of a harassed pedlar gauging the symmetry of her peeled 
pears.) Somebody would be dreadfully jealous If she knew. 
-lames loyce, Ulysses 

fLEAS IN MOZART'S COURT 

When I think of the intellectual history of symmetry in 
physics, I like to picture two schools of thought, united in their 
devotion to symmetry but differing in their outlooks on the char
acter of symmetry. On one side stand Einstein and his intellectual 
descendants. To them, symmetry is beauty incarnate, wedded to 
the geometry of spacetime. The symmetries known to Einstein
parity, rotation, Lorentz invariance, and general covariance-are 
exact and absolute, frozen in their pelfection. On the other side 
stands Heisenberg with his isospin, shattering the aesthetic imper
ative of exact symmetry. Heisenberg's child is approximate and 
plays apart from spacetime. Unlike spacetime symmetries, isospin 
is respected only by the strong interaction. 

The idea of an approximate symmetry appalled Einstein and 
his intellectual heirs. It seemed sacrilegious and oxymoronic to 
describe Nature as "approximately beautiful" and "almost per
fect." The aesthetic sensibility of an entire generation was bruised. 
And no sooner had that generation of physicists gotten over the 
shock of isospin when along came the even more rudely approxi
mate eightfold way. But, Heisenberg and his followers could point 
to the result-subnuclear clutter had been put in order. They 
marched, following the banner of symmetry, deep into the subnu
clear forest, without having to determine the strong action first. 
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Using isospin, and later the eightfold way, they classified and made 
sense of the jumble of experimental observations. 

By tne 1960s, discussions on symmetry would focus almost 
entirely on the approximate symmetries of tbe subnuclear world. 
The absolute and exact symmetries known to Einstein continued 
to be held in the highest esteem, of course. Physicists all liked 
perfect symmetries; it was just that the fmitfulness of that partic
ular notion appeared to have been exhausted, or rather, to have 
come to a gloriously climactic completion in the general theory of 
relativity . 

While one would be deeply perturbed if spacetime Were not 
ruled by exact symmetries, no pressing imperative demands that 
material particles must also obey exact symmetries. Thus, physi
cists reached a worldview in which Nature provides an exact 
spacetime, ruled by elegantly perfect symmetries, as an arena for 
a ragtag band of particles animated by a boisterously approximate 
code to play in. j picture a fiea market held in the court of Mozart's 
Austria. 

IN RETREAT BUT NOT IN DEFEAT 

I have used a trick of the historian, in viewing the modem 
development of symmetry as resulting from the tension between 
two trends and outlooks. In this case, the outlooks on symmelty 
are not so much opposed as different. Furthermore, physicists who 
enjoy having Nature as the ultimate arbitrator, are not entrenched 
into warring camps as readily as other thinkers. Nevertheless, it is 
convenient to delineate sharply between these two views on how 
Nature "should" incorporate symmetry into Her design. I will 
continue, therefore, to speak of Einstein versus Heisenberg, of the 
exactness of art versus the crudity of pragmatism. 

The devotees of the one true god of perfect symmetry were 
in retreat, but they were not defeated. While the banner of perfect 
symmetry was raised occasionally. the partisans lay low for almost 
forty years. Then they came roaring back in the early 19705, even
tually taking over all of fundamental physics. This vindication of 
art makes for a stirring story. a story which I will recount in this 
and the following chapters. 
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Figure 12. 1. A Ile<l market in 1he court or M07..:lrl·s Auslria. 

COUNTERATTACK 

The counterattack was mounted in 1954 in what can only be 
described as an epoch-making paper by Chen-ning Yang, whom 
we met before in connection with parity, and Robert Mills. It was 
unusual ror a physics paper. It proposed a theory that did not 
appear to have anything whatsoever to do with the actual world. 

Yang and Mills invented a new exact symmetry of daz.z.ling 
mathematical beauty . The symmetry was not motivated by any 
experimental observat ion , as had been the case bj~torir.::a11y; rather, 
it was an intellectual construct based all aesthetics. 
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In a perfect illustration of Einstein's tenet that symmetry 
dictates design, Yang and Mills showed that their symmetry deter
mines the form of the action completely. The situation was remi
niscent of Einstein's determination of gravity theory, except that 
general covariance was motivated by Galileo's observation, while 
here tbe symmetry sprang out of purely intellectual considerations. 

Alas, unlike tbe case of gravity, the action discovered by 
Yang and Mills did not fit the real world as perceived in the 1950s.:: 
The very presence of an exact symmetry implies collections of: ".j" 
particles identical in their properties. No such collection had ever 
been seen. 

Furthermore, one collection of part ieles, now known as 
gauge bosons, are forced by the symmetry to be massless, just like 
tile photon. (More about gauge bosons late,.) The point here is that 
to produce a massive particle, one has to sllpply lin amount of 
energy at least equal to the mass of the particle. Thus, a massless 
particle is much more easily produced than a massive particle. 
Photons, for example, are easily produced. (That is why our world 
is filled with light.) It was a major embarrassment for Yang and 
Mills that the world was not filled with massless gauge bosons. 

IN SEARCH OF A WORLD 

Like a Pirandello character, the theory of Yang and Mills 
was in search of a world to descrihe. Their paper was [Jol sO much 
an offer to explain previously unexplained phenomena as a paean 
to the god of perfect symmetries. The paper seemed to say, 
"Look, here is the most beautiful theory that the human mind can 
dream up. If Nature does not cboose to use this theory in Her 
underlying design, then we physicists could only be disappointed 
in Nature." 

The exact symmetry proposed by Yang and Mills is now 
known by the rather forbidding-sounding name of "non-abelian 
gauge symmetry." The theory dictated by this symmetry is known 
either as a non-abelian gaugc theory or a Yang-Mills theory. 

When Yang-Mills theory first came out, the community of 
theorelical physicists agreed that it was indeed beautiful, but no 
one, not even Yang and Mills, had the foggiest idea what it was 
good for. Most physicists simply mumbled that it is too bad we do 
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not live in a non-abelian gauge world, shrugged, and went on with 
whatever they were doing. The theory thus lay dormant. 

When I was in graduate school in the late 1960s, non-abelian 
theory was not taught. Physicists studying the strong interaction 
focused on phenomenological theories, which seek to account for 
the actual details of observation. The pragmatic philosophy em
bodied in these studies is diametrically opposed to the aesthetic 

> 
philosophy so deeply felt by Einstein, and some of these tbeories, 
thougb successful in making sense of the data, were in fact brutally 
ugly. 

In the rest of this cbapter, I will first explain non-abelian 
gauge symmetry, then tell the exciting story of how physicists 
came to realize that Nature worships the same god worshiped by 
Einstein's intellectual disciples-and that the fabric of Nature is 
designed around non-abelian gauge symmetry. 

STRAN OS INTO TAPESTRY 

I have presented the development of twentieth-century 
physics as an intellectual history. Out of this history of ideas, 
elements emerged ftom the work of Einstein, Noether, and Hei
senberg to fuse into the concept of non-abelian gauge symmetry. 

From Einstein's work on gravity came the notion of local 
transformation. Recall that Einstein's strategy for dealing with an 
arbitrary gravitational field was to divide spacetime into smaller 
and smaller regions, so that, within each region, the gravitational 
field is constant to an ever-increasing accuracy. In this way, one 
ends up with the idea that the coordinate transformations one has 
to perform to mock up the gravitational field vary from point to 
point. A symmetry involving transformations that vary from point 
to point is said to be local. 

On the other hand, a symmetry involving transformations 
that do not vary from point to point is said to be globaL For a 
global symmetry, everyone in the universe would have to perform 
exactly the same transformation in order to leave the structure of 
physical reality invariant. 

Isospin invariance provides an example of a global symme
try. Heisenberg postulated that strong interaction physics is invar
iant under transformations turning the proton into the neutron, and 
vice versa. The strong interaction cannot distinguish between the 
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proton and the neutron. In other words, in the approximation in',: 
which one neglects the three feebler interactions, it does not matter' 
which of the two nucleons one calls the proton, which the neutron. 
But once we decide which one we call the proton, we have to stick" 
to that same choice throughout the universe. Put another way, if 
we perfonn an isospin transformation rotating the proton into the 
neutron, we have to perfonn the same rotation everywhere 
throughout the universe in order to leave the action invariant. 

Locality in symmetry transformation is one of those con
cepts that seems utterly natural, once someone enunciates it. If r 
perform a symmetry transformation on eartn, another pbysicist on : 
the dark side of the moon, or for that matter three galaxies over, • 
ought to be able to perform some other symmetry transformation. 
fn contrast, many theorists feel vaguely uneasy with tbe notion of 
global symmetry; in fact, it was largely distaste for global symme, 
tries that drove Yang and Mills to propose their theory. 

Another all·pervasive strand in modern thought is the deep 
connection between conservation and symmetry. Recall that 
Noether's insight prompted a search for the symmetry responsible",. " 
for electric charge conservation, a search taken up by the physicist,):::: ):: 
Hermann Weyt. The symmetry in question turns out to be rather ,,{" '{' 
peculiar and fairly abstract. For our purposes, it is only necessary::' 
to know that stich a transformation exists. 

Inspired by Einstein, Weyl decided to demand that the sym· 
metry responsible for electric charge conservation be locaL He 
discovered, to his surprise, that this requirement leads to a striking 
consequence. 

I mentioned earlier that theoretical physicists dream of 
scribbling down the action of the world on a cocktail napkin. The 
action certainly would include a teTIll describing the electromag· 
netic interaction. We know, after aI!, that the electromagnetic in, 
teraction exists. To understand Weyl's work, imagine a theoretical 
physicist who had a lapse of professional competence and had 
forgotten to include the electromagnetic field in the action. Now 
Weyl comes along and looks at the napkin. "Hmm, let me cbeck . 
this action to see if the symmetry responsible for electric charge 
conservation is locaL" (Strictly speaking, I should not use the 
phrase "electric charge" in the absence of an electromagnetic 
field. But call it what you Will, "electron number," for example; it 
does not affect the argument.) In fact, in the action without elec, 
tromagnetism, the symmetry ill question would not be local. It is 

190 



The Revenge ofAit 

global. Most remarkably, Weyl showed that, conversely, if one 
requires this symmetry to be local, one is forced to include the 
electromagnetic field-and hence, light. 

This was an astonishing discovery. Physicists have worked 
to understand the properties of light, but they always thought that 
the question of why there is light was beyond their ken. That 
"why" has now been replaced by the question of why Weyl's 
symmetry has to be locaL One why has been replaced by a more 
profollnd why, With this we have come a little closer to knowing 
His thOUghts. The question of why symmetries should be local can 
now be debated on aesthetic grounds, How did the mind of the 
Creator work when He designed our cosmos? Did He say, "Let 
there be light!" or did He say, "Let symmetries be loca!!"? 

The power of local symmetry was already manifest in Ein
stein's theory of gravity, which is, after all, the original example of 
a locally symmetric theory. In the same way that Weyl's local 
symmetry forced the photon on WeyI, local coordinate invariance 
forced the graviton on Einstein. Suppose we never heard of gravity 
but decided to require that the action of the world be invariant 
under local general coordinate transformations. We would find that 
we have to invent gravity. 

Weyl named his symmetry gauge symmetry. The term 
"gauge" comes from low Latin gaugia, referring to the standard 
size of casks, and this sense is retained in such modern usage as 
"railroad gauge" and" gauged skirt. " Curiollsly, the word entered 
the permanent vocabulary of physics only because Weyl made a 
serious but justifiable mistake. We now know that the symmetry 
responsible for electric charge conservation is described by trans
formations involving the quantum probability amplitude. WeyI was 
working before the advent of quantum physics, so he, like every
one else, never dreamed of probability amplitudes. Instead, in
spired by the geometric flavor of Einstein's work, Weyl proposed 
a transformation in which one changes the physical distance be
tween spacetime points. Weyl was reminded of the distance, or 
gauge, between two rails-hence the name for his symmetry, He 
showed Einstein his theory, but they were both deeply disap
pointed that it failed to describe electromagnetism, When the 
quantum era began, Wey!'s theory was quickly repaired. Mean
while, the term gauge symmetry, although a misnomer, remained. 
(Incidentally, physicists still do not know whether Weyl's original 
symmetry is relevant to the world.) 
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In summary, the action of the world, including electromag
netism, possesses a local symmetry called gauge symmetry. [n 
traditional textbooks, students were presented with tbe aClion de
scribing electromagnetism and told, "Behold! There is a local sym
metry." Nowadays, fundamental physicists, following Einstein, 
prefer to reverse the logic and say that the local symmetry fixes 
the form of tbe action. Symmetry dictates design. 

The story of gauge symmetry illustrates how physics be- " 
comes simpler. Recall that, as a student, I had to memorize the 
four Maxwell equations. Later, I needed only to remember an 
equation describing how the electromagnetic field varies in space
time, an equation almost as easy to remember as the shape of the 
circle. Now, I just say "gauge symmetry" and eleclTomal,'1letism 
is determined. 

Finally, Heisenberg came along and opened up an entirely 
new internal world for theoretical physicists to cavort in. But as 
we have explained, the symmetry he proposed for his internal 
world is approximate and rather ugly, and the transformation in
volved is global. 

Yang and Mills fused these different strands. They took 
Heisenberg's notion of an internal symmetry, but they insisted that 
it be exact. Then they made this exact symmetry local, a notion 
born of Einstein via Weyl. The result was called a non-abelian 
gauge symmetry. 

QUANTUM FIELD THEORY 

I should mention here that fundamental physics has been 
formulated in the language of quantum field theory since the 19305. 
Before the quantum era, there was a dichotomy between particles 
and fields in our description of Nature. Particles such as the elec
tron and the proton produce electromagnetic and gravitational 
fields. These fields act, in turn, on particles and affect their motion. 
To specify the dynamics of a particle, physicists have to give the 
location of the particle at a given time. In contrast, 10 specify the 
dynamics of a field, physicists have to give a bunch of numbers at 
each point in space at a given time. In the case of the electromag
netic field, the numbers are simply those characterizing the mag
nitude and direction of the electric and magnetic forces which a 
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test probe would detect at that point. Th us one can picture a fie ld 
pervading spacetime. 

With the dawning of lhe quantum e ra , th is dichotomy be
tween particles and fields was removed. Parti cles now are de
scribed by the probability amplitude waves governing their 
motion. and these waves are specified at each point in space and 
in time . In other words, particles in the quantum world also a re 
described by fields. Faraday's concept of fi eld has taken 'over all 
of physics. 

In a quantum field theory, the action is construc ted our of 
fields combined in such a way that the action will satisfy whatever 
symmetries are desired. For example , to construct a quantum field 
theory describing the interaction of electrons and photons. simply 
combine the electron field and the photon field (thai is, the electro
magnetic fiel d) into an action which satisfies Lorentz sy mmetry 
and gauge symmetry. It is really quile simple once one learns how 
to do it. 

A CONSTRUCTION MANUAL 

To explain Yang-Mills theory furt her, let me give the recipe 
for construc ting [he action . Choose anyone of the groups known 
(0 mathematicians and postulate <In internal symmetry based on 
that group. (The group does not have 10 be SU(2), as is the case in 
He isenberg's work.) Insist that the action be invari ant under local 
symmetry transformation . The ac tion is then Vang-MiHs, (It is 
understood that the action is also invariant under the established 
symmetries of spacetime . such as Lorenlz symmetry .) Inciden
tally. the eleClromagnelic action des<.:ribed by Weyl is j ust a special 
case of a Yang-Mills action. 

In Weyl's discussion, the local symmetry demands the pres
ence of the e lectroma.!,'Tletic fjeld, with th e associa ted massless 
photon . In a non-abelian gauge theory, the local symmetry de
mands the presence of a certain nu mber of fields. each associated 
with a massless particle. If you follow the rec ipe given above for 
constructing Ihe Yang- Mill s action, you will find that , try as you 
may. you will not be able ( 0 make the action locally invariant 
unless you add these extra fie lds. They we re forced on Yang and 
Mills , in the same wa y [hat the photon field was forced on Weyl. 

We saw how a global symmetry such as the eightfold way 
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demands the presence of a tenth resonance, given that there are 
nine resonances. To draw a crude analogy, if an architecfs client 
insists on a building with pentagonal symmetry and the design 
already includes four columns, the architect will have to put in a 
fifth column. Local symmetry is even more demanding than global 
symmetry: Not only does it require new particles, it also specifies 
that these particles must be massless. 

Let me indicate roughly why this is so. Local symmetry 
allows different transformations to be performed in different reo 
gions of spacetime. To be specific, suppose for a moment that 
isospin is a local symmetry. I choose to call olle of the nucleons 
the proton. But the man on the other side of the moon may choose 
to call what I call the proton the neutron. To transmit information 
about my choice to my lunar friend, a long-range field is needed. 
RecaU that massless particles are associated with long-range fields. 
Thus, the appearance of massless fields in gauge theories is not 
entirely surprising. Incidentally, this is a hand-waving explanation; 
in physics, an argument that is not totally convincing is so known 
because the one presenting it typically has to gesticulate a lot. 

The massless particles in Yang-Mills theory are called 
"gauge bosons." Once we decide on a group, the number of gauge 
bosons is determined completely. As I mentioned, electromagnetic 
theory is a special case of Yang-Mills theory. It has only one gauge 
boson-the photon. 

GAUGE DYNAMICS 

While gauge bosons are required by gauge symmetry, the 
partie! es that interact with the gauge bosons are not. Theoretical 
physicists can pul them in as they see fit. Each particle is associ
ated with a field. Under the internal symmetry, these fields trans
form into each other, thus furnishing a representation of the group. 
Recall that the group transformations scramble together a bunch 
of entities. The number of entities in a given representation is 
completely determined by group theory. We can choose any rep
resentation we like, but once the choice is made the number of 
fields is completely fixed. 

The basic dynamics of a non-abelian gauge theory can nOw 
be described quite simply. When a particle emits or absorbs a 

194 



The Revel1getjfArt. 

gauge boson, it changes into another particle. In other words.<a 
gauge field transforms particles into each other. 

The preceding description may remind the reader of our 
discussion of group representations. Mathematicians have long 
thought of group transformations acting on the abstract entities in 
a representation. Here, these abstract entities are replaced not by 
kittens or apples, but by particles and their associated fields. The 
particles are actually transformed into each other by the gauge 
hosons. What a thrill to see the abstract musings of mathematicians 
actually realized in the physical world! 

But I am getting ahead of myself. I have yet to tell the story 
of how Yang-Mills theory found a world to describe. 

PHYSICISTS AS DESPERADOES 

The story begins back in the 1950s, with the long-standing 
difficulty of constructing a theory of strong interaction. The per
turbation approach had failed utterly in dealing with the strong 
interaction. It appeared as if we would never be able to determine 
in detail the precise structure of the strong interaction. The best 
we could do was explore the symmetry of the strong interaction. 
Perhaps I should emphasize that physics did not fail, but rather the 
computational methods of physics faued. The strong interaction is 
too strong and that is that. In desperation, some physicists in the 
early 1960s even advocated abandoning reductionism in studying 
the strong interaction. As I already mentioned, this proved to be a 
glitch in the intellectual history of physics, and reductionism was 
eventually vindicated. How in the world did physicists ever man
age to tame the strong interaction then? 

Since I participated to some extent in the astonishing turn
about in our view of the strong interaction, I will tell the story from 
a personal point of view. What follows should not be taken by any 
means to be a history of the modem theory of the strong interac
tion. Rather, it is my first -person experience of history. JUst as an 
actor who went offstage to change does not know firsthand what 
transpired onstage in his absence, I cannot possibly describe how 
other physicists view this period. 

In the spring of 1970, as I was about to receive my degree 
in physics, the physicist Roman Jackiw asked me in would like to 
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spend some time thai summer in Aspen, Colorado, Every su"mmer, 
theoretical physicists from all over the world gather in As'pen to 
exchange ideas amid the majestic setting of the Colorado Rockies, 
I naturally jumped at the opportunity, When I arrived, I learned 
Ihal, as a greenhorn rookie physicist, I had been aSSigned to live 
in a basement, but I was pleasantly surprised when I discovered 
that I was to share it with Ken Wilson, a physicist well known for 
his profundity of thoughL I telephoned my then-future wife that I 
could now indulge in the elemental emotion of hero worship to the 
ruUes!. I often read in the sports page about a rookie football player 
describing his emotion on fiuding himself playing side by side with 
a great he had admired ever since junior high. Well, a physicist 
feels pretty much the same way for the lirst few years after receiv
ing his degree, 

The basement was not subdivided into rooms, so I got to 
know Ken Wilson rather well, We ate dinner together every night 
and I learned a fabulous amount of physics from him, At that time, 
Ken Wilson had just finished a massive piece of work that would 
later win him the Nobel prize, He asked me to go over the manu
script and to point out the passages that were unclear to me, It is 
an intriguing feature of the human mind that among truly deep 
thinkers. some are lucid expositors, others almost impossible to 
understand, r must confess that I had to struggle terribly to under
stand Ken, 

LOOKING AT THE WORLD 

Wilson was concerned with how we describe the world, The 
reader is familiar, of course, with the fact that the world looks 
quite different when examined on different length scales, Increase 
the resolution of the microscope and what appeared as haze crys
tallizes into detailed structure. In examples drawn from everyday 
life, our perceptions of the world, with a given resolution, do not 
tell us very much about what we will see with a finer resolution. 
However, the logical structure of quantum field theory is sO intri
cate that it can relate a description on one length scale to a descrip
tion on another, Given a description of the world, physicists can 
actually say something ahout how the world would look if seen 
with finer resolution. The essence of Wilson's work deals with how 
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much the logical structure of quantum field theory alJows us to 
say. 

In the preceding chapter, I said that each of the four funda
mental interactions is characterized by a coupling constant that 
measures the strength of the interaction. (In quantum physics, the 
probability that two particles will interact determines the strength 
of the interaction.) Phys.icists in 1970 were used to thinking of , 
coupling constants as constants, a notion built into the tenn. But 
let us reiy on operationalism and think how one of my experimen
tal colleagues would actually go about detennining the coupling 
constant of the electromagnetic interaction. Well, he would collide 
two electrons together, for example, and by repeating the experi
ment many times, determine the probability that the eJectrons 
would actually interact. That probability, essentially, defines the 
electromagnetic coupling constant. This operational definition 
makes clear that the coupling constant will depend on the energy 
with which the experimenter collides the two electrons. Another 
experimenter repeating the measurement at a different energy will 
extract a different coupling constant. The so-called cOLlpling con
stant is not a constant at all, but varies with the energy scale at 
which it is measured, So, instead of coupling constant, I 
henceforth use the more appropriate term coupling strength, or 
simply coupling, 

Recall that in quantum physics the wavelength of any parti
cle that we use as a probe decreases as the energy of the particle is 
increased, Thus, to examine Nature with a finer resolution, 
physicists simply collide particles at higher energies. This discus
sion tells us that as we look at Nature wit.h different resolutions, 
the coupling strengths of the various interactions will vary. 

One aspect of Wilson's work deals precise]y with this vari
ation. Interestingly, the internal Jogic of quantum field theory al
lows us to determine how the coupling strength varies with energy, 
at least in principle. Speaking picturesquely, physicists say that 
the coupling strength "moves" as one changes the energy at which 
one measures the coupling strength. It turns out that the coupling 
strength moves extremely slowly with energy. Over the entire 
range of energy that has been studieu from the beginning of physics 
until the late 19608, the electromagnetic coupling strength has 
moved only by a minute amount. This explains why the coupling 
strength had always been thought to be constant. 
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MOMENTS OF WEAKNESS 

In the fall of 1970, after my encounter with. Ken Wilson, I 
went to the Institute for Advanced Study in Princeton as 11 post
doctoral fellow. One of my friends there convinced me that having 
come from Harvard, where reductionism continued to be held in 
high regard, I was deficient in my education. I thought 1 had better 
try nonreductionism for a while. I did not return to the idea of 
moving coupling strengths until 1971. III the summer of 1971, my 
lhesis adviser, Sidney Coleman, who is well known as a gifted 
expositor, gave some lectures on moving coupling strengths and 
using a formulation given by Curt Callan and Kurt Symanzik, man
aged to make the subject crystal clear. I studied Coleman's lec
tures in detail. but was discouraged by his rather pes,imistic 
conclusions. Once again, the only calculational procedure avail
able was based on the perturbation method. ConsequentlY, one 
could determine the movement of coupling strengths only when 
the coupling was small, so pl1ysicists were just as helpless as be
fore in dealing with the strong interaction. The strong coupling 
would move, but like Longfellow's arrow, to physicists knew not 
where. 

One day, in the spring of 1972, as I lay on the couch reread
ing Coleman's lectures, the thought occun'ed 10 me that perhaps 
Nature is kinder than we think. My idea was that as we look at the 
strong interaction with ever-increasing energy, the strong interac
tion coupling may perhaps move to zero. If so, the strong interac
tion could be tamed after alL Mr. Macho-Too-Strong may yet have 
his moments of weakness' 

But in order to see if this actually occurs, I wa~ faced with 
the same old problem of the strong interaction coupling, being 
strong, preventing me from doing any meaningful calculations. I 
needed another strategy, I decided to ask myself the following 
Question instead. Suppose, at some energy scale, the strong cou
pling becomes quite weak: Would il tend to become stronger or 
weaker as we move up in energy? Now, this is a calculation 1 could 
do using the perturbation approach, since by supposition the 
strong coupling had already become weak. Let me make a rougn 
analogy. While I am not a social economist, I can readily imagine 
that it is easier to predict whether a given poor family will get 
poorer than to predict whether a middle-class family will get richer 
or poorer. 

198 



The Revenge arAft 

This supposition appears quite strange at first glance, and 
the senior physicists to whom I had mentioned it reacted rather 
negatively. The strong coupling has always been strong. To ask 
what would happen if the strong coupling were weak may be 
vaguely reminiscent of the old joke in which the raconteur asks 
what would his aunt give him for Christmas if she happened to be 
a man. 

Nevertheless, I thought the idea was well worth pursuing. 
If the calculation shows that the coupling, once weak, will become 
weaker, then physicists at least can hope that at some point the 
strong coupling will tend toward zero. I said earlier that a theory 
with zero coupling is said to be • 'free' '-the particles in it would 
be free to move about independently of the other particles. A the
ory whose coupling strength moves toward zero as the theory is 
examined at ever higher energies is flOW called an "asymptotically 
free" theory. 

The reader may get the impression that the search for 
asymptotic freedom was motivated purely by wishful thinking. We 
would like the strong interaction to become weaker at higher ener
gies so that we can deal with it. This is almost, but not exactly, 
true. Around 1970, there was already a hint, at least in hindsight, 
that the strong interaction may get weaker at high energies. Exper
imenters had scattered very energetic electrons off protons. In the 
quark picture, the electron gives one of the quarks inside the pro
ton a good kick. I have already stated in the preceding chapter that 
the experimental results indicate that when the quark kicked by 
the electron zips by the other quarks, it barely interacts with the 
other quarks. Asymptotic freedom wa.<; able to explain this phe
nomenon naturally. 

THE SEARCH FOR FREEDOM 

The attentive reader may be puuJed as to how I proposed 
to do the calculation since I did not know, and neither did anyone 
else, what the theory of strong interaction might be. In order to 
proceed, I had the idea of looking at all possible types of theories. 
Those theories that are asymptotically free would then present 
themselves as attractive candidates for a theory of the strong inter
action. In searching for asymptotic freedom, one may end up find
ing the theory of strong interaction as well! 
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And thus I embarked on a journey of the mind, looking at 
eaeh theory in turn, in search of asymptotic freedom. It was quite 
a treasure hunt, made all the more exciting since I did not know 
beforehand whether there was any treasure to be found. 

Unfortunately, none of the theories I looked at were l\symp
toticaJly free. For example, the electromagnetic. coupling increases 
as the relevant energy of the electromagnetic process increases. (It 
will turn out latcr that this fact is of crucial importance for a unified 
understanding of the universe.) I was rather disappointed. 

In the faJl of 1972, J joined the faculty of tne Rockefeller 
University in New York. II was an exciting time for me personally: 
I was newly married, and my wife and I were released from Prince
ton into the big city, with all its attractions. It was also an extraor
dinarily exciting time in particle physics. Physicists started to 
believe that the electromagnetic and weak interactions could be 
unified into a Yang-Mills theory. (l will go into thai slory in the 
next chapter.) Tne collective consciousness of fundamental physi
cists wa;; awakening to the Yang-Mills (neory. Since the proposed 
unification of the electromagnetic and weak interactions has not 
yet been confirmed experimentally, many theorists were seized by 
a frenzy to construct competing theories of these interactions. One 
hardly knew whether to work on the strong or the electromagnetic 
and weak interactions, or, in my case, to sample the New York 
nigntlife. 

I decided to do a little of each. Here I will telltne reader 
only of my search for freedom. Up to that point in my search, I 
had examined all the theories I had learned about in graduate 
school. But I had not yet examined this Yang-Mills theory, which 
everyone was now talking about in cOlJnection with the electro
magnetic and weak interactions, so I decided to do that next. 

In the winter of ]972-73, 1 heard, as by thunder, the electri
fying news that freedom was found. David Gross and his graduate 
student, Frank Wilczek, at Princeton University, and, indepen
dently, David Politzer, a graduale student of Sidney Coleman's at 
Harvard University, found that Yang-Mills theory is asymptoti· 
cally free. The news was stunning-we may finally have a handle 
on the strong interaction! Shortly thereafter, I saw Ken Wilson 
and Kurt Symanzik in Philadelphia at a conference on another 
subject, and I remember how excitedly we discussed the news. 
Symanzik and I took tne same train coming back. and we spent 
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the time chatting about the movement of couplings and asymptotic 
freedom. 

When r got back to New York, I tried to work out the 
experimental consequences of asymptotic freedom. At that time, 
experimenters were studying the annihilation of an electron and a 
positron-an antielectron-into strongly interacting particles. It 
had long been known that matter and antimatter annihilate i[1to a 
burst of energy out of which particles materialize. I picked this 
process because, in contrast to what the reader may think, it ha'> 
an extremely simple theoretical description. I showed that with 
asymptotic freedom, the probability of electron-positron annihila
tion into strongly interacting particles should decrease in a definite 
way as the energies of the colliding electron and positron increase. 
(Similar work was done independently by Tom Appelquist and 
Howard Georgi, and by David Gross and Frank Wilczek.) 

I then called up an experimentalist, and to my utter disap
pointment, I learned that the probability in question in fact in
creases as the energies of annihilation increase. So much for our 
dreams offreedom, then! The beauty of the theory, however, was 
so beguiling that I published my work, anyway. Later, those ex
periments were found to be wrong. 

Gross and Wilczek, and somewhat later, Georgi and Pol
itzer, tackled the theoretically more difficult problem of electron 
scattering off protons in the experiment I mentioned earlier. The 
detailed agreement between their theoretical calculations and the 
experiments established that Nature reaJly does enjoy asymptotic 
freedom. 

Meanwhile, David Gross had offered me a faculty position 
at Princeton, so I returned to the tmnquillity of pastoral New Jer
sey in the fall of 1973. (Incidentally, I had been offered a similar 
position the year before, but due to a curious twist of fate, had 
gone to New York instead.) At Princeton, I worked with Sam 
Treiman and Fmnk Wilczek, studying the detailed effects of 
asymptotic freedom on the scattering of highly energetic neutrinos 
otl' protons. 

Asymptotic freedom has been firmly established by now; 
physicists have tamed the strong intemction. The discovery of 
asymptotic freedom by Gross, Wilczek, and Politzer ranks as a 
great triumph of theoretical physics. 

The story of asymptotic freedom iUustrates the notion prev-
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alent among the disciples of Einstein that a theory dedicated to 
beauty will naturally have wonderful properties. Furthermore, one 
can show that Yang-Mills theory is the only asymptoticallY free 
theory in our spacetime. 

Good. Yang-Mills theory is asymptotically free. But how 
can we use it to describe the strong interaction? The theory is 
constructed on an exact symmetry, but the known symmetries of 
strong interaction are manifeslly approximate. To describe the 
world, the theory must go in search of an exact symmetry to hang 
its hat on. To explain how this symmetry was found, I have to go 
back to 1967. 

ALL GOOD THINGS COME IN THREES 

By 1967, most physicists were ready to believe in quarks. 
To put the idea of quarks to a test, theorists would have liked to 
calculate a physically measurahle quantity involving quarks. But 
since quarks interact strongly, no one knew how to proceed. Then 
in 1967, in an ingeniou, work, Steve Adler and Bill Bardeen, and 
also James Bell and Roman Jackiw, showed that oflhe bewildering 
multitude of processes involving the strong interaction one quan
tity could be calculated, namely the lifetime of the electrically 
neutral pion. Here, a variety of factors conspired so that the un
known effects of the strong interaction all cancelled out. Physicists 
were ovcIjoyed, but also puzzled. When the calculation was done, 
the amplitude for the neutral pion to disintegrate was found to be 
off by a factor of three from the value deduced from the experi
mental measurement. 

Perplexed, physicists soon realized, however, that this dis
crepancy could be explained jf there were three limes as many 
quarks as they thought there were! In the previous chapter, the 
reader was introduced to the up quark, the down quark, the 
strange quark, and so on. Suddenly, it appeared that each of these 
quarks came in three copies each. Gell-Mann introduced the pic
turesque term "color" to describe this bizarre triplication. Each 
quark supposedly comes in three colors-red, yellow, and blue, 
say. Thus, there is a red up quark, a yellow up quark, a blue up 
quark, a red down quark, et cetera. (The reader should understand 
that the term color is used metaphorically.J More evidence soon 
surfaced supporting this triplication of quarks. The situation was 
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most disconcerting. Why should Nature be so extravagantly florid? 
Poetry should be lean and sparse. 

COLOR SYMMETRY 

Once physicists contemplated the possibility tfiat a Yang
Mills theory could describe the strong interaction, Nature's pur
pose in triplicating the quarks became clear at once. An up quark 
is certainly different from a down quark; they have different 
masses, for example. But suppose the red up quark, the yellow up 
quark, and the blue up quark aU have precisely the same mass, and 
similarly for the down quark, the strange quark, and any other 
kind of quark. Then we have the exact symmetry we need in order 
to have a Yang-Mills theory! What appeared as florid extrava
gance in the late 1960s turned out to be eloquent purposefulness 
on Nature's part. 

The symmetry involves transforming a quark of one color 
into the same kind of quark but of a different color. The fact that 
differently colored quarks have exactly the same mass explains 
why it took physicists a while to catch on to this bizarre triplica
tion. After all, we may nod hello to a neighbor for years before 
discovering that she is a member of an identical triplet-and that 
we have been seeing three different persons all along! Dramatists, 
including Shakespeare, have used this device to complicate their 
plots or trick the audience. Physicists also felt that Nature had 
played a trick on them. 

Incidentally, to avoid having to say "the same kind of 
quark" all of the time, physicists find it convenient to say that each 
quark carries two attributes: flavor and color. Thus far, I have 
introduced three different flavors: up, down, and strange. Each of 
these three flavors comes in three colors, making nine quarks in 
alL Imagine an ice-cream store whose customers are so choosy 
that they demand not only thirty-one flavors, but also that each 
flavor be served in their favorite COIOL The price of a cone may 
vary from flavor to flavor, but, for a given flavor, the price is the 
same regardless of color. Artificial coloring is cheap_ Amusingly, 
the world of quarks appears to be set up in pretty much the same 
way_ The mass of a quark is the same regardless of its color, but . 
varies from flavor to flavor. 
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Figure 12.2, A quark parlur: Six flavors are available; each ftavotcomes In three 
colors. Up is the least expensive flavor; top, the most expensive, The price is the 
sam€': for each regardles5; of the color. 

In this language, the Yang-Mills symmetry changes the 
color carried by a quark, but not the flavor. 

Under the symmetry, three different colors are transformed 
into each other. The relevant group, therefore, is just SU(3), some
times referred to as color SU(3), to distinguish it from Ihe SU(3) of 
the eightfold way. 

Gell-Mann named the eight gauge bosons contained in the 
theory "gluons," since they are supposed \0 glue the quarks into 
hadrons. The force between quarks is mediated by the exchange 
of gluons in the same way that the electromagnetic force between 
charged particles is mediated by the exchange of photons. This 
theory of the strong interaction is !lOW caUed "quantum chromo
dynamics. " 
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FREEDOM AND SLAVERY 

Asymptotic freedom means that the strong force becomes 
weak when two quarks collide at high energies, or equivalently, 
according to quantum physics, when they get very close to each 
other. The quarks become bareJy aware of each other; they are 
free from each other's influence. (This explains the terminology of 
asymptotic freedom-the closer quarks get to each otHer, the freer 
they "feel. ") Thus, one can use the perturbation method to calcu
late those strong interaction processes in which quarks get close to 
each other. This marvelous situation is, of course, what motivated 
the search for asymptotic freedom in the first place. Since the 
results of these calculations agree with observations, quantum 
chromodynamics now is almost universally accepted as the correct 
theory of the strong interaction. 

The flip side of freedom is slavery, however: As the two 
quarks move away from each other, the coupling strength moves 
away from zero. It is generally believed today that the coupling 
strength becomes stronger and stronger, and prevents the two 

A 

B 

Figure 12.3. Quarks are like some lovers: When they are far apart (A), they 
want each other, but when they are close together (B), they barely acknowledge 
each other's presence. 
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quarks from ever separating from each other. This phenomenon is 
known as "infrared slavery." (The adjective infrared is of purely 
historic origin and does not concern us here.) 

Infrared slavery neatly explains the fact that no one has ever 
seen a quark: Quarks are confined inside hadrons. 

Quarks behave like some lovers. When they are far apart, 
they pine for each other with zeal, vowing that no one can ever 
separate them. But once they get close to each other, they replace 
their ardor with indifference and barely communicate with each 
other. 

The interaction between quarks is quite contrary to our in
tuition about what interactions between particles should be like, 
an intuition built up from studies of other interactions. The electro
magnetic interaction between two electrons, for example, de
creases as the electrons move apart. From playing with magnets, 
we know that as we separate two magnets, the interaction between 
them gets progressively weaker. But as you pull two quarks apart, 
the interaction between them gets progressively stronger I 

According to quantum chromodynamics, if quarks are en
slaved and confined, so are gluons. Indeed, experimenters have 
never seen a gluon. 

That quantum chromodynamics enslaves and confines has 
never been proven, precisely because physicists have been unable 
to deal with strong forces in the first place. But theorists have 
compiled a fair amount of circumstantial evidence suppOJ1ing the 
notion. Some theorists feel that the enslavement, is not absolute; 
perhaps, if one pulls at the lovers hard enough, they could be 
separated. 

APPEARANCE AND REALITY 

Quantum chromodynamics drastically revises our under
standing oflhe strong interaction. We thought that the strong force 
was mediated by the pion, but in fact, at a deeper level, the strong 
force between quarks is mediated by gluons. The gluons glue 
quarks into nucleons, pions, and other hadrons. The force between 
two nucleons caused by the exchange of pions between them is 
merely the phenomenological manifestation of a deeper reality. As 
an analogy, we might think of two complicated hiochemical mole
cules coming close to each other. A piece of one molecule may 
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break off and attach itself to the other molecule. Certain biological 
processes work in exactly this fashion. But this interaction be
tween the molecules is clearly just a phenomenological manifesta
tion of the underlying electromagnetic interaction between the 
electrons and the atomic nuclei. As fundamental physicists once 
moved from molecules to atoms, from atoms to nuclei, from nuclei 
to hadrons, they now move from hadrons to quarks. 

As a theory, quantum chromodynamics has no precedent in 
the history of physics. The present understanding is that the basic 
constructs in the theory, quarks and gluons. cannot be observed 
directly, even in principle. 

THE REVENGE IS COMPLETE 

Isospin and the eightfold way, the strong interaction sym
metries of old, are now revealed to be incidental symmetries that 
tell .us almost nothing about the underlying essence of the strong 
interaction. In the quark picture, isospm transformations change 
the up quark and the down quark into each other, white the trans
formations of the eightfold way change the up, the down, and the 
strange quarks into each other. They change flavor, but not color. 
They are symmetries only to the extent that these three quarks 
have approximately equal masses. Our understanding at present is 
that the masses of differently flavored quarks are not controlled by 
the strong interaction, and that there is no intrinsic reason for them 
to be equal. In fact, as I will discuss in a later chapter, quarks with 
other flavors have been discovered in the last ten years, and their 
masses are quite different from the up, the down, and the strange. 
On the other hand, quarks with the same flavor but with different 
colors always have exactly the same mass. 

The essence of the strong interaction is controlled by the 
exact symmetry of Yang and Mills, a symmetry born out of Ein
stein and Weyl and touched with the logic of geometry,. rather than 
by the approximate symmetries of isospin and the eightfold way. 
The revenge is complete. 
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LEARNING TO ADD 

-
I have now told the story of the revenge of art, but I must 

go back to fill a gap in tbe plot. The hunt for asymptotic freedom 
involves looking at all possible theories-a task, it appears, that 
one would have (0 devole a lifetime to. Fortunately, Nature is once 
again kind to us. It turns out that there are not that many theories 
to be looked at. Let me explain. 

in the chapter on quantum physics, we learned that to study 
a given theory, we have to add up the amplitudes of alJ possible 
histories. Now, that is an awful lot of adding, A particle, or a field, 
as the case may be, is faced with an infinity of possible histories. 
How in the world can one do the addition? Those of us who aspire 
to be fundamental physicists must spend a considerable amount of 
time learning how to add an infinite number of amplitudes together. 

Let me give the reader a flavor of what is involved by adding 
an infinite number of ordinary numbers together. Suppose we are 
told to add I + 2 + 3 +- 4 + 5 + . , .. The dots indicate that We 
are to keep on going indefinitely. Obviously, the sum makes no 
sense; it gets larger and larger, approaching infinity. Suppose in
stead, we are told to add I + liz + '/, + ',4 + 'I, + .. , . In this 
case, as we keep going, the number we add on gets smaller and 
smaller, Nevertheless, it turns out that the sum still approaches 
infinity. Even though each number we add on gets smaller and 
smaller, the accumulated effect is huge. But now, suppose we arc 
told to determine I - V, + V, - '/4 + \1:, - , . , , Here we may 
bave a chance. The alternating positive and negative llumbers can
cel each other to some extent. and the sum grows very slowly. Just 
after adding 113,943, for example, to the sum, we subtract 113,944 
the very next step. The net effect is 10 have added the tiny number 
1I15,551,ln. The sum, in this case, barely increaSeS after a while. 
In fact, it eventually approaches a well-defined number, equal to 
U.693 .. , , We reach a sensible an,wer. 

The moral of the story is, in order to sum an infinite number 
of amplitudes. the structure of the theory must be such that the 
amplitudes tend to cancel. The canceUation, furthermore, is quite 
delicate. In the example above, if we go around switChing some of 
the minlls signs to plus, even if we switch only one sign in every 
hundred, say, the total sum will no longer be sensible but would 
once again approach infinity. When we consider a quantum field 
theory, the infinitude of histories is such that the addition of all 
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these amplitudes makes sense only if the action has very special 
properties. 

THINK LIKE ME 

This is absolutely fabulous. A priori, physicists can write 
down an infinite variety of actions. Imposition of symmetries cuts 
down the possibilities immensely, but in general there are still 
many possible theories. Now we learn that in most of these theo
ries we cannot add the amplitudes up, just as we cannot determine 
J + 2 + 3 + 4 + 5 + .... A quantum field theory in which we 
can sensibly add up all the amplitudes is said to be "renormaliza
hie." Most remarkably, there are only three or four possible forms 
the action could take, depending on how one counts. The hunt for 
asymptotic freedom wa" possible precisely because one has to look 
at only a handful of renormalizab1e field theories. 

1 find it mind-boggling that physics has managed to narrow 
down the possible form of the ultimate design. He presented LIS 

with a puzzle. "Guess My design," He says. But there are so many 
possibilities! Then He shows us symmetry, and He shows us quan
tum physics, with its funny rules about adding the amplitudes of 
all possible histories. "Look, if you think symmetry and quantum, 
there aren't that many possibilities!" 

The question of whether one can sum the amplitudes of the 
infinite number of histories in a Yang-Mills theory occupied a 
number of theoretical physicists after the theory was proposed. 
Finally, in 1971, a brilHant young Dutch physicist, Gerard t'Hooft, 
showed that, indeed, one can: Yang-Mills theory is renormaiiza
ble. This discovery was of monumental importance, since it im
plied that Yang-Mills theory makes sense as a quantum field 
theory. In this chapter, we saw that this reaUzation broke the im
passe over the strong interaction. In the following chapter we wiH 
see that this discovery literally ushers in a new era in our under
standing of Nature. 
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The Ultimate Design Problem 

THE END OF SYMMETRY? 

Physicists have been astonishingly successful in using sym
metry to fathom His mind, almost as if they have found the lan
guage He prefers. 

They began with parity and rotational invariances and ar
rived at exact non-abelian symmetry. They witnessed the triumph 
of exact symmetries over approximate symmetries. They traveled 
a long road, following the Burning Tiger. Now leI them take stock. 

Imagine a physicist in the early 1960s reflecting on the state 
of symmetries. He pl'Ohably would be pessimistic about the future 
of approximate symmetrics. Heisenberg's once-shocking notion 
now appears to be inherentiy self-limiting ill irs utility. The proton 
and the neutron, related by isospin, have almost the same mass. 
The eight baryons, related by the eightfold way, have more or less 
the same mass. If there is a symmetry more approximate than the 
eightfold way, the particles it relates would have masses so differ
ent that we might have great difficulty recognizing them as related. 
An architect whose elient wants a round building designs a hexag
onal one. He tells the client, "Look, it's almost round," but the 
client may have a hard time recognizing the approximate circular 
symmetry. III practical terms, a very crudely approximate sym
metry, even if recognized, would not be useful. 

A PROBLEM IN DESICN 

What about exact symmetries? Our stocklakingphysicist 
could not imagine how they could possibly point the way to the 
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ultimate design. Basically, the difficulty is that symmetry implies> 
unity while the world exhibits diversity. 

It is a problem in design. Consider a rug weaver. If he insists 
on exact circular symmetry, he will produce a very dull circular 
rug. The only possible design consists of a bunch of concentric 
circular bands. By loosening the symmetry, he admits more inter
esting designs. 

Our world does not resemble the dull circular rug;'it is inter
estingly diverse. 

In music, also, the tension between unity and diversity is 
often palpable. 

When I speak of diversity here, I am not speaking of the 
bewildering variety of macroscopic phenomena that we see around 
us. As discussed in Chapter 2, physicists had already managed to 
reduce macroscopic phenomenology down to manifestations of 
electromagnetic interaction. Here, I am speaking of the diversity 
of the world at the particle-interaction level. The four interactions 
-strong, electromagnetic, weak, gravitational-have enormously 
disparate coupling strengths, and they differ totally in their char
acteristic properties. A motley crew of leptons and quarks partici
pates in one or more of these intemctions. The particles are full of 
individual quirks. The quarks interact strongly to form hadrons, 
the leptons do not. The electron is two thousand times lighter than 
the proton; the neutrino is massless. The electron interacts electro
magnetically~ the neutrino does not. And so on. Indeed, it is pre
cisely this diverse array of properties that makes possible the 
structure of the observed world. 

SYMMETRY VERSUS DIVERSITY 

The diversity exhibited by the fundamental interactions and 
particles would appear to indicate, in the late 1960s, that perfect 
symmetries have no place in Nature's design. Yet, the intellectual 
disciples of Einstein shuddered to think that the Good Lord would 
prefer approximately symmetrical actions to perfectly symmetrical 
ones. Apparently, they must be resigned to thinking that there is 
no unifying symmetry in the action of the world, pulling together 
the four fundamental interactions. The strong interaction is a 
hundred times stronger than the interaction next in strength, 
namely the electromagnetic. To hope for an approximate symme-
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try tying these two interactions together appeared as untenable as 
arguing that an ellipse in which onc axis is one hundred times 
longer than the other is approximately circular. 

For the Ultimate Designer, herein lies the rub. Symmetry is 
beauty, and beauty is desirable. But if the design is perfectly sym' 
metrical, then there would be only one interaction. The fundamen
tal particles would all be identical and hence indistinguishable from 
one another. Such a world is possible, but it would be very dull: 
There would be no atom, no star, no planet, no flower, and no 
physicist. 

Our peSSimistic physicist feels that neither approximate nor 
exact symmetries will tell us much more about the ultimate design. 
To him, the idea of symmetries appears to have exhausted itself. 
Perhaps the Burning Tiger can only guide us so far. 

Hey, wait a minute, you mighl say. We just saw Yang and 
Mills going off in a spectacularly new direction. Instead of looking 
for ever more approximate symmetries, they insisted that Nature 
uses exact symmetries. Veal'S later, a hidden exact Yang-Mills 
symmetry indeed was uncovered in the strong interaction. So, why 
was our pnysicist bearish on exact symmetries? 

True, OUf physicist did not foresee the possibility of an 
exact symmetry hidden in the strong interaction, yet the reasoning 
that led to his pessimism was basically correct. The exact gauge 
symmetry in the strong interaction forces the gluons to be massless 
and indistinguishable irom each other. It relates quarks with the 
same flavor and hence the same mass, but not differently flavored 
quarks. By its very exactness, an exact symmetry cannot relate 
particles with different properties. Thus, in the absence of a dras
tically new concept, exact symmetries cannot tie together the dis
parate interactions. 

AN IMPOSSIBLE DEMAND 

This dichotomy between symmetry and diversity strikes 
deep at our aesthetic sensibilities. Perfect symmetry evokes re
pose, austerity, even death. Geometry inspires awe, but not exu
berance. Modern sculpture strikes me as a continuing struggle to 
reconcile the geometric with the organic. Thomas Mann expressed 
this dichotomy in his Magic Mountain. Hans Castorp, a character 
in the book, nearly perished in a snowstorm. The snowflakes ap
peared to him as: 
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myriads of enchanting little stars, in their hidden splen
dor ... , there was not one like unto another. ... Yet each in 
itself-this was the uncanny, the anti-organic, the life-denying 
character of them all-each of them was absolutely symmetrical, 
icily regular in form. They were too regular, as substance adapted 
to life never was to this degree-the living principle shuddered at 
this perfect precision, found it deathly. the very marrow of death 
-Hans Castorp felt he understood now the reason why the build
ers of antiquily purposely and secretly introduced minute varia
tions from absolute symmetry in their columnar structures. 

We, too, prefer the world to deviate from the icy perfection 
of absolute sy mmetry, so that widely disparate interactions can 
play against each other, producing a world of interesting diversity, 
a world of organic beauty. But we cannot bring ourselves to imag
ine Him preferring ellipses to circles and introducing minute vari
ations on the s1 y . 

.The Ultimate Designer wants both unity and diversity, ab
solute pelfection and boisterous dynamism. symmetry and lack of 
symmetry. He appt~ars to be purting an impossible demand on 
Himself. 

THE WISDOM OF THE WINE BOTTLE 

I consider it a dazzling tribute to the human inteHect that 
physicists may well have discovered how He solved this impossi
ble design dilemma. I will now explain. 

When we speak of symmetry. we are apt to think of the 
symmetry of geometrical figures, such as those used in design and 
in architecture, A geometrical figure either has a certain symmetry, 
or it doesn't. The solution to the Ultimate Designer's problem 
cannot be visualized by thinking of geometrical figures. 

The solution can be found, instead, at the bottom of a wine 
bottle (after the contents have been consumed). The bottom of 
many resembles a hollow bowl, as illustrated in Figure 13.1 (le/t). 
Drop a small marble in the bottle; obviously. the marble will end 
up in the center. But some bottles have a kind of hump-known 
technically as a punt or kick-in "the bottom, as illustrated in Fig
ure 13.1 (right). Drop a marble in a punted bottle, and watch it 
eventuaJly come to rest at some point on the rim of the punt. 
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Figure 13.1. The wisdom of the wine hottle: (left) an unpunted bottle. (right) a 
punted bottle. 

So what, you say, this is child's play, and rather silly at 
that. But we are aC\\lally leaming something of fundamental impor
tance about the nature of symmetry. If I take off the labels, both 
the punted and the unpunted bottles are symmetrical under rota
tion around the bottle axis. The unpunteu bottle with the marble in 
it is still symmetrical under rotations around the bottle axis. In 
contrast, the marble in the punted bottle, by virtue of its position 
on the rim, picks out a direction. Rotational symmetry is "bro
ken." The configuration of the marble and the bottle is not invar
iant under rotations around the bottle's axis. The marble in the 
bottle may be pointing east, or north by northwest, as the case 
may be. (This is the fundamental operating principle of the roulette 
wheel, of course.) 

SPONTANEOUS SYMMETRY BREAKING 

To understand the lesson, we must appreciate that when 
speaking of symmetries in physics, we think not of the symmetries 
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of geometrical figures but of the symmetries of actions. Now 
comes the crucial point. Given an action, we still must determine 
the actual history fonowed by the system, be it a particle or the 
entire universe. If we are talking about quantum physics rather 
than classical, we have to detennine the more likely histories. In 
either case, even though toe symmetry transformations leave the 
action unchanged, they mayor may not leave the specific history 
unchanged. ' 

In the wine bottle analogy, nothing in the interaction be~ 
tween the marble and the punted bottle favors one direction over 
another. Yet, when the marble comes to rest, a specific direction 
is picked out. The interaction between the marble and the bottle 
corresponds to the action of the world, while the eventual position 
of the marble corresponds to the actual history followed by the 
world. 

If the actual history followed is not invariant under sym
metry transformations that leave the action invariant, as illustrated 
by the marble in the punted bottle, physicists say that the symme
try is "spontaneously broken." The notion of spontaneous sym
metry breaking is in contrast to that of explicit symmetry breaking. 
If the action itself is only approximately symmetrical, physicists 
say that the symmetry is broken explicitly. 

To understand explicit symmetry breaking, let's return to 
the wine bottle analogy. We ask the glassblower to slip up in his 
art so that the bottom of the bottle is not perfectly symmetrical; a 
small depression is located somewhere away from the center. Drop 
in a marble and it ends up in this depression. This situation corre
sponds to sllch approximate symmetries as isospin and the eight
fold way. The action, just like the bottle, manifestly is not 
symmetrical. Explicit symmetry breaking is also described as 
breaking "by hand." One puts the symmetry breaking into the 
action. 

The reader is probably asking, "What's so profound about 
all this?" Well, the wine bottle analogy is admittedly simplistic, 
and doesn't convey the full subtlety of the physics involved. How 
profound is the concept? Let me just say that the best minds in 
particle physics did not conceive of the notion of spontaneolls 
symmetry breaking until the early 1960s. Earlier on, when con
fronted with a broken symmetry, physicists simply assumed that 
the action was not symmetrical. 

Using spontaneous symmetry breaking, the Ultimate De-
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signer can solve His problem: He can have a design which exhibits 
at once symmetry and the lack of symmetry! He can write down a 
perfectly symmetrical action, yet have the actual history be non
symmetrical. 

SPONTANEITY IS NOT PUT IN BY HAND 

Physics is full of situations that can be described as exam-.· .. 
pJes of spontaneous symmetry breaking. Let me give a rather well
known example that Heisenberg in particular studied. Look at a 
piece of magnetic ore. At the microscopic level, the atoms inside· 
the ore are spinning perpetually. As explained in Chapter 3, the 
direction of spin of each atom defines an arrow. Each atom, there
fore, may be tnought of as carrying an arrow, a kind of miniature 
compass needle. In a magnetic material, the net effect of the elec
tromagnetic interaction bctween tne atoms is such that a force 
tends to make the arrows carried by two neighboring atoms point 
in the same direction, much as two bar magnets next to each other 
tend to point in the same direction. In fact, a magnet is nothing 
more (or less) than a piece of Ore in which the zillions of arrows 
contained in it are all pointing in the same direction. 

But the electromagnetic interaction is rotationally invariant, 
showing no preference for any particular direction. How is it, then, 
that in a magnetic substance a particular direction is picked out? 
The answer is obvious. Suppose we can arrange to have the zillions 
of arrows pointing every which way. Order is soon born of the 
chaos. Somewhere, a cluster of arrows will be pointing all in the 
same direction, more or less, and they would convince neighboring 
arrows to point in that direction also. Pretty soon, the zillions of 
arrows all end IIp pointing in the same direction. The rotational 
symmetry inherent to the underlying physics has been broken 
spontaneously. 

A kind of spontaneous symmetry breaking may also be dis~ 
cemed in some social trends. For example, say that at one time 
people are indifferent to the kind of water they drink, but [hen, 
due to peer-group pressure, two individUals in social contact tend 
to drink the same kind of water. An individual's preference may 
be indicated by an arrow pointing toward that particular killd of 
drink. Peer pressure may be represented as an interaction tending 
to align the two arrows carried by two individuals. The simplest 
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hypothesis would be that this interaction is rotational invariant: 
People do not have preferences of their own but tend to drink what 
their friends drink. The reader can fill in the resl of the story. 

REPOSE AND EXCITEMENT 

But these examples can only be suggestive. Fundamental 
physicists are not interested in actual objects, such as a marble in 
a wine bottle or atoms spinning in a magnet They are interested in 
the fundamental action of the world and the configuration of the 
world. 

Now, what in blazes do these physicists mean by that 
phrase "configuration of tne world"? No, they are not talking 
about the actual makeup of the universe, the distributiun and ori
entation of the galaxies, or anything directly observable. To ex
plain this concept, I must first say a few more words about field 
theory. 

As mentioned in the previous chapter, modern physics 
is described in terms of fields. Thanks to science fiction, "field" 
is now endowed with an aura of mysterious power, but the ba
sic concept of field, invented by a mathematically uneducated 
bookbinder's apprentice, is quite simple. Recall that the electro
magnetic field is characterized by the strength of the electric and 
magnetic forces that a charged particle would feel at aDY given 
point in spacetime. In other words, a field is characterized by a 
bunch of numbers at a specific time. 

In studying fields, physicists follow a strategy of first de
scribing the system in repose. For example, the elec1romagnetic 
field is in repose if it is zero everywhere; that is, if eJectric and 
magnetic forces are absent. In our marble in the bottle analogy, we 
first detennine where the marble comes to rest Then we can ask 
what happens if we give the marble a slight kick. By studying the 
way the marble rattles around, we leam about the bottom of the 
bottle. SimilarlY, physicists ask what happens jf they give the elec
tromagnetic field a "kick." The electromagnetic field "rattles" 
around; if the energy associated with the rattling is concentrated 
in small regions, they call the packets of energy photons. Physi
cists say that the electromagnetic field has been excited from re
pose; photons are referred to as excitations of the electromagnetic 
field. 
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By studying the nature of the excitations, physicists can 
learn about the action governing a given field theory, While it takes 
considerable dedication to master the full subtleties of modem field 
theory, this basic strategy is rather natural and perfectly easy to 
understand, It is the same type of strategy used by a child trying 
to find out about an unfamiliar object; she shakes and rattles the 
object and studies the nature of the excitations. 

I can nOw state what physicists mean by the configuration 
of the world: It's a description of the world in repose. 

In field theories studied prior to the 196{)s, the fields are 
always zero in the state of repose, or the ground state, as it is 
called technically. This corresponds to the case of the marble in 
the unpunted bottle, In the state of repose, the marble is at zero 
distance from the center. The magnitude of the field corresponds 
to the location of the marble, as measured by its distance !'rom the 
center of the bottle, Consider the symmetry transformations that 
leave the action invariant. Under these transformations, a field that 
is zero remains zero, In Ollr analogy, rotations oflhe bottle around 
its axis leave the bottle invariant. If the marble is located at zero 
-that is, at the center-it remains at zero under these rotations. 

But what if one of the fields is not zero in the state of 
repose? Tflis corresponds to the case of the marble in the punted 
boUle; the marble is at a nonzero distance from the center when it 
comes to rest and thus picks out a preferred direction. 

Call the field that is not zero in the state of repose the Higgs 
field for ease of writing, (Peter Higgs was among the physicists 
who studied spontaneous symmetry breaking,) By being nonzero, 
the Higgs field, just like the marble, picks out a direction, 

Consider the symmetry transformations that leave the ac
tion invariant. These transformations, in general, will change the 
Higgs field, In the punted bottle, a rotation about the bottle axis 
leaves the bottle invariant, but changes the position of the marble. 
As previously explained, while the interaction between the marble 
and the punted bottle is rotational invariant, the configuration of 
the marble in repose is noL Similarly, those symmetry transfor
mations that change the Higgs field are spontaneously broken. 

The strategy is now clear. Physicists can strui with a sym
metrical action of the world, but a symmetrical action resembling 
a punted bottle rather than an unpunted one, After spontaneous 
symmetry breaking, the ,actual physical laws derived from the ac
tion would no longer be symmellicaL The action of the world, of 
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course, must be designed so that certain cherished symmetries, 
such as Lorentz invariance, remain unbroken. As was noted be
fore, one advantage spontaneous breaking has over explicit break
ing is that the pattern of symmetry breaking is controlJed by the 
action and not by the physicist. 

THE STUDY OF NOTH[NG 

Incidentally, the world in repose is the most restful place 
you can ever visit It is empty of all particles; it's known to physi
cists as the vacuum. The particles that make up the stars and you 
and me are, of course, the excitations. The vacuum is the world 
with all the excitations removed. 

In order to determine the pattern of spontaneous symmetry 
breaking, physicists have devoted considerable energy to the study 
of the vacuum, thus provoking the quip that fundamental physics 
has now been reduced to the study of nothing! 

Having learned that it is possible to have an action shaped 
by perfect symmetries, yet have the manifestations of the action 
be totally nonsymmetrical, we will go on to discuss a dramatic 
development made possible by our understanding of spontaneous 
symmetry breaking. { am referring here to the epoch-making real
ization that, in fact, the weak and the electromagnetic interactions 
are related. To recount this story, I have to tell you a little more 
about the weak interaction. 

A CORPULENT MARRIAGE BROKER 

At first sight, it appears that the weak interaction cannot 
possibly be related to the electromagnetic interaction, it is so much 
weaker than the electromagnetic interaction. Recall the ghostly 
insouciance of the neutrino, and contrast that with the gregarious
ness of the photon. who hobnobs with anyone who is charged. The 
electromagnetic interaction is long-ranged, while the weak inter~ 
action is so extremely short-ranged that the weak interaction be
tween two particles turns on only when the two particles are 
practically on top of each other. The range of the weak interaction 
is tiny even on the scale of nuclear distances, which is essentially 
determined by the range of the strong interaction. 

Recall from Chapter 1] that the interaction between two 
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particles is understood as resulting from a mediator particle shut
tling constantly between the two particles, the maniage broker 
trying to pull two interested parties together. The range of the 
interaction is determined by the mass of Ihe mediator particle. 
Thus the nuclear interaction is short -ranged because thc pion is 
massive. The extremely short range of the weak interaction may 
be explained if its mediator is much more massive than the pion. 
The mediator of the weak interaction is known as the "intermedi
ate vector boson," denoted by the letter W. While Yukawa had 
already speculated in his classic paper on a mediator for the weak 
interaction, the W boson was only discovered a couple of years 
ago. The leaders of the experimental team responsible, Carlo Rub
bia and Simon van der Meer. were awarded the Nobel prize in 
1984. The mass of W is several hundred times that of the pion; as 
a maniage·broker, W is too corpulent 10 get very far! 

Although W was discovered only recently, particle physi
cists were able to deduce many of its properties soon after the 
structure of the weak interaction was established. In order for the 
weak interaction to have its observed properties, its "marriage 
broker" must behave in a prescribed way. Remarkably, W resem
bles, in,some respects. the photon. the mediator of the electromag
netic inter~clion. For example, Wand the photon spin at the same 
rate .. But in olRer respects, Wand the photon are strikingly differ
enJ,. The photon .is massless, while W is onc of the most massive 
particles known experimentally. When a particle emits a photon, 
parity, is conser;ved, bULsince the weak interaction does not respect 
parity,. when a partideemits a W, parity is, shockingly. not con· 
served. The situation is even more puzzling than Chadwick's en
counter with Tweedledum and Tweedledee. Imagine meeting at a 
party twO people who have identical facial features. But, one of 
them weighs next to nothing, the other is the most massive individ
ual you have ever met. Are they related or not? 

OF THE SAME STRENGTH 

By the late 19508, some physicists were already suggesting 
that the resemblance between W'Ind the photon indicated that the 
weak and electromagnetic interactions are reluted somehow. The 
first obstacle to this interpretation was posed by the enormous 
disparity in strengths.Jn quantum ·physics, the strength of an inter-

220 



The Ultimate Design Prohlecn"" """ 

action is measured by the probability amplitude that two particles 
separated by a certain specified distance would interact, as seen in 
Chapter 11. Since now we understand the interaction as being the 
result of a mediator going between the two particles, this probabil
ity amplitude is equal to the product of three probability ampli
tudes: the amplitUde for one of the particles to emit the mediator, 
the amplitude for the mediator to get to the other particle, and the , 
amplItude for the other particle to absorb the mediator. (In quan
tum physics, as in everyday life, the probability that a chain of 
events will occur is equal to the product of the individual probabil
ities for each event.) This fact suggests a way around the obstacle 
of disparate strengths. Perhaps the amplitude for a particle to emit 
a W is really no smaner than the amplitude for the particle to emil 
a photon, but W is so massive that the probability amplitude for it 
to pass from one particle to another is very small-it gets so 
"tired" that it's prone to just tum back. This would explain why 
the weak interaction is so much weaker. 

This argument allows us to guess what the mass of W might 
be. Suppose that we guess that the amplitUdes for a particle to emit 
a photon and to emita Ware the same. Then the relative strength 
between the weak and electromagnetic interactions is determined 
solely by the mass of W. Thus, we can simply figure out the mass 
that W must have in order to reproduce "the observed ratio of 
strengths. 

A SlSTERHOOD OF GAUGE BOSONS 

Several physicists, notably Julian Schwinger, Sidney Blud
man, and Shelley Glashow, all went one step further: They guessed 
that the photon and the W boson are both gauge bOBons of a Yang
Mills theory. To appreciate their boldness, we must note that in 
the late 1950s, the relevance of Yang-Mills theory was totally 
unclear. 

RecaU, in Yang-Mills theory one particle is transformed 
into another upon emitting or absorbing a gauge boson. This fact 
fits in naturally with the weak interaction. In radioactivity, the 
archetypical weak process, a neutron is observed to disintegrate 
into a proton, an electron, and a neutrino. Theorists picture the 
neutron emitting a Wand transforming itself into a proton (or, ala 
more fundamental level, a down quark inside the neutron emitting 
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Figure 13.2, An artist's conception of 11 collision between a neutrino and a 
neutron, Two re.-1ctions could occur: (A) a charged current proce~~, in which an 
electron and a proton come flying Ollt, and (C) a neutral current process, in which 
a neutrino and a neutron come flying out. The charged current process was 
observed in 1961-62, the neutral current process in 1973. Instead of drawing 
pictures like those in A and C, physicists draw "Feynman diagrams," as indj~ 
caled in Band 0, to depict in mOre detail what is going OTI. In the charged current 
process (8), the neutrino emits a W boson and turns itself into an electron. The 
W fhen converts lhe neutron into a proton. In {he neutral current process (D), the 
neutrino emits a Z boson and stays a neutrino. The Z is then absorhed by the 
neutron, 

a Wand transforming itself into an up quark). Or consider another 
typical weak process: A neutrino and a neutron collide, turning 
into an electron and a proton. See Figure 13.2. Again, we picture 
the neutrino emitting a Wand transforming itself into an electron, ... 
and the neutron absorbing the W emitted by the neutrino and tralls
forming itself into the proton. The study of weak interaction re
duces to the study of what happens when a particle emits or 
absorbs a W. 

At this point, we have to decide what group to use for the 
Yang-Mills theory. The choice of group determines the number of 
gauge boson> and their properties. Bludrnall tried the simplest 
group, our old friend SVm, but the resuiting theory did not fit the 
observed pattern. Glashow persisted and went on to study the next 
simplest possibility, the group SU(2) x V(I). This group is basi-
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cally just SU(2), but with some additional transformations ap~ 
pended. 

A LONG~LOST SIBLING 

Glashow was able to fit the observed pattern of the electro
magnetic and the weak interactions, but he also got mme than he 
bargained for: The symmetry SU(2) x U(l) mandates an extra 
gauge boson, now called the Z boson. 

When a neutrino emits or absorbs a Z boson, it remains a 
neutrino, according to the theory. (For that matter, an electron, a 
neutron, or any other particle remains itself when it emits a Z.) In 
this respect, the Z boson resembles the photon: When a particle 
emits or absorbs a photon, it does not change. But, in contrast to 
the emission or absorption of the photon, the emission or absorp
tion of the Z violates parity. 

The mediation of the Z produces a previously unknown 
interaction. For instance, when a neutrino and a neutron collide, 
this interaction could cause the neutrino and the neutron to simply 
scatter off each other, since the exchange of Z between the neu
trino and the neutron does not cause either particle to be trans
formed. This process, now known as a "neutral current process," 
differs from the standard weak process in which the colliding neu
trino and the neutron are changed into an electron and a proton. 
(See Figure 13.2.) The neutral current process clearly is even more 
difficult to detect than the standard weak one, since a ghostly 
neutrino comes out instead of an easily detected electron. Partly 
because of this difficulty and partly because of a widespread skep
ticism among the experimental community, the neutral current 
process was not actually detected until 1973. 

I must emphasize that Einstein's dictum, symmetry dictates 
design, operates with full force. That there is an extra gauge boson 
leading to a previously unknown set of processes is forced on 
Glashow by tbe symmetry. Once he decided on a symmetry, he 

, . had no fm1her say. 

PRETIY BUT FORGOTTEN 

The detection of the neutral current process vindicated dra
matically the idea that a Yang-Mills theory can describe the elec-
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tromagnetic and the weak interactions. But back in 196], the -
situation must have looked rather discouraging. Experimenters 
had never seen a neutral current process. In addition, Glashow 
was faced with the apparently insunnountable difficulty that in a 
Yang-Mills theory, the gauge symmetry forces all the gauge bo 
sons to be massless. 

Not knowing what else to do, Glashow simply broke the 
gauge symmetry explicitly and put the masses of the Wand the Z 
into the action by hand. By so doing, he lost predictive power, 
since he could put in essentially any masses he wanted. Since the 
Wand the Z are in no sense approximately massless, he had to 
break the symmetry by an enormous amount. The resulting action 
is far from symmetricaL Remember the architect who tried to pass 
off a hexagonal building as an approximately circular one? 

What's worse, breaking the symmetry by hand is a brutal 
process, upsetting completely the delicate cancellation that makes" 
a theory renormalizable. Recall the discussion in the previous 
chapter on renonnalizabilir.y and the problems of summing an infi, 
nite sequence of numbers. We can delennine I - \12 + V, - '14 + 
'I, - ... , for instance. Breaking the synunetry by hand is akin to 
changing all the minus signs to plus, thus rendering the sum mean' 
ingless. In Glashow's work, there was no way one could sum Over 
the infinite number of histories, so the theory made no sense. 

Because of these difficulties, people stayed away from 
Glashow's work, and it was SOOn forgoUen by all but a few who 
tried to keep the faith alive. In 1964, John Ward and Abdus Salam, 
whom we met in Chapter 11, attempted to resurrect the theory, 
but to no avail. Yeah, sure, Yang-Mills theory is kind of pretty, 
but what does Nature care about beauty anyway? The philistines 
arc in ascendancy. 

SPONTANEOUS BREAKING TO THE RESCUE 

Meanwhile, the eminent Japanese,American physicist Yoi
cluro Nambu had introduced spontaneous symmetry breaking into 
particle physics. I mentioned earlier that Gell,Mann invented some 
symmetries of the strong interaction by using the "pheasant meat 
between two slices of veal" method. Gell,Mann's approach was 
so blatantly absurd that many physicists did not expect these sym, 
metries \0 be relevant. And indeed, strollg interaction phenome, 
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no logy did not appear to be invariant under these symmetries. 
Later it turned out that these symmetries are present, in 
fact, in the action of the world; however, they are spontaneously 
broken. 

Around 1964, with spontaneous symmetry breaking suc
cessfully applied to the strong interaction, various physicists
Philip Anderson, Gerald Guralnik, Carl Hagen, and '(om Kibble, 
Fran~ois Englert and Richard Brout, and Peter Higgs-working in 
several independent groups, thought to look at what would happen 
if a gauge symmetry is spontaneously broken. 

In gauge theory, you would recall, the gauge symmetries 
require the corresponding gauge bosons to be massless. Not sur
prisingly then, when a gauge symmetry is spontaneously broken, 
the corresponding gauge boson becomes massive. This today is 
called the Higgs phenomenon. 

The fact that in a spontaneolJsly broken gauge theory some 
gauge bosons become massive while others remain massless is just 
what the doctor ordered to cure Glashow's dying scheme! The W 
and the Z bosons could become massive while the photon remains 
massless. The whole idea just might work! 

Surprisingly, at least in hindsight, Higgs and company did 
not apply their considerations to the weak and electromagnetic 
interactions. They treated their work as an amusing exercise in 
spontaneous symmetry breaking, and that was that. Glashow's 
scheme was not only dying, but also forgotten. The doctors who 
had the right medicine were nowhere near the patient. The psycho
social reasons for this curious turn of events are easy to under
stand if we place ourselves in the proper historical context. In the 
mid-1960s, the revenge of art was still a dream for the disciples of 
Einstein. The phenomenological approach dominated and gauge 
symmetries were far from the central concerns of the particle phys
ics community. 

Finally, in 1967, Abdus Salam and Steve Weinberg, working 
independently, came up with the brilliant idea of using the Higgs 
phenomenon to explain the differences between the weak and elec
tromagnetic interactions. 

At that time, Weinberg was using the notion of spontaneous 
symmetry breaking to study Gell-Mann's "veal-flavored pheasant 
meat" symmetries. He struggled to apply the Higgs phenomenon 
to these approximate symmetries of the strong interaction. As he 
recalled in his Nobel prize lecture, while driving to his office one 
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day, he suddenly realized that he had been applying the right ideas 
to the wrong problem. (Incidenlally, I generally avoid riding with 
theoretical physicists if at all possible, and when my wife and I go 
out, she always insists on driving. Absorbed in a problem, I once 
crashed my car on the road out of the Institute for Advanced Study 
in Princeton.) Once Weinberg realized the reievance of the Higgs 
phenomenon, he was able to work out quickly the unification of 
the electromagnetic and weak interactions. 

Meanwhile, Salam had been pondering the symmetry prop
erties of the weak interaction for years. I already mentioned that 
in 1964 he and John Ward had wrestled with the symmetry group 
SV(2) x V(1). The bout was apparently sO bruising that Salam 
went on to work on other problems instead. As it happened, Tom 
Kibble, one of the physicists who discovered the Higgs phenome
non, was Salam's colleague at the Imperial College. As Salam re
called in his Nobel lecture, Kibble had tutored him about the Higgs 
phenomel1on. In one of those unfathomable acts of creativity, 
Salam tinally fused these diverse elements together in 1967. 

The use of spontaneous symmetry breaking was crucial. 
Glashow had to pul in the masses of the Wand Z bosons by hand. 
This is analogous to the glassblower putting in a depression in the 
bottom of the wine bottle. Wit.h spontaneous symmetry breaking, 
on the other hand, the theory tells us about the masses of the W 
and Z bosons. 

Interestingly, both Salam and Weinberg had been quite fa
miliar with spontaneous symmelry breaking for some time. Wein
berg had spent the academic year 1961-1962 at the Imperial 
College as Salam's gues!. Together with the English physicist Jef
frey Goldstone, they had worked to elucidate spontaneous sym
metry breaking. Curiously, years passed before Salam and 
Weinberg realized the relevance of spontaneous symmetry break
ing to the unification of disparate interactions. The reason is clear, 
I think: As Weinberg has suggested, he and olhers, following 
Nambu, had focused on breaking the approximate symmetries of 
the slrong interaction. 

The work of Salam and Weinberg did not excite the theoret
ical community immediately. In fact, I remember thaI whenl came 
across Weinberg's paper as a beginning graduate student, I was 
discouraged by one of my professors from reading it. Fundamental 
physics was dominated by the phenomenological approach, as I 
have repeatedly remarked. There was also another reason for the 
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inattention of the theoretical community. No one actually knew 
how to sum the infinite number of histories in a Yang-Mills theory. 

The Dutch physicist 'tHooft finally demonstrated how to do 
the sum in 1971, as was mentioned in the preceding chapter. The 
use of spontaneous symmetry breaking again cruciaL The deli
cate cancellations, which enable the sum to be done, would be 
destroyed were one to break the symmetry brutally by hand. I 
remember how excited my colleagues and I all got wh'en news of 
'tHoon's work reached us from Europe. Sidney Coleman pro
claimed "'tHooft's work turned the Weinberg-Salam frog into an 
enchanted prince!" A theory of the electromagnetic and the weak 
interact.ion was finally at hand, now known simply as the standard 
theory. 

A NEW EPOCH 

The standard tneory was a watershed development in the 
history of physics. ft opened up a new epoch tn our understanding 
of Nature. Physicists had reduced all physical phenomena to four 
fundamental interactions, so disparate that it appeared, at first 
sight, that no symmetry could possibly connect them. But Nature 
was only trying to fool us, hiding the elegant symmetries of the 
action. The photon, the W, and the Z indeed are related, as the 
gauge bosons of Yang and Mdls, transforming into each other 
under the symmetry group. Like members of an identical triplet 
separated at birth, they retain only a vague remembrance of each 
other after spontaneous symmetry breaking. However, we can 
imagine physical processes involving energies much larger than the 
masses of the Wand the Z, so that Wand Z may be considered, 
effectively, as massless. In these processes, Wand Z claim their 
kinship to the photon. Yes, we are your sisters, and we couple to 
particles just as strongly as you do! It is just that, at low energies, 
we a.re dragged down by our masses, so you think we are weak. 
Henceforth, the electromagnetic and weak interactions no longer 
exist as separate entities: They are unified into a single electro
weak interaction. 

The physicist I alluded to in the opening section of this 
chapter was too pessimistic about the power of symmetry. It was 
not the end of the road for symmetry, only the beginning. 

227 



Unity of Forces 

WE THINK ALlKE 

The unification of the electromagnetic and weak interac
tions marked the dawning of a new era in our understanding of 
Nature. The point is not that we have finally managed to under
stand radioactivity or the ghoslly antics of the neutrino. Nor is the 
point that we now have a deeper understanding of electromagne
tism. The point is, we are now emboldened to think that we can 
someday know His thoughls. 

For the nearly forty years that approximate phenomenolog
ical symmetries ruled fundamental physics, believers in beauty and 
perfection plotted their comeback. The intellectual elements that 
went into electrowcak unification were a long time in the making. 

The quest began with Einstein's appreciation of symmetry, 
and his insistence on local transfonnations. The torch was carried 
by Weyl, who was moved by the deep spiritual tntth uncovered by 
Noether. Heisenberg opened up a new world of internal geometries 
and symmetries. Yang and Mills built on this legacy. With the 
understanding of spontaneous symmetry breaking, these diverse 
elements finally came together in the "standard theory." That ex
periments have resoundingly vindicated this theory has had a stu
pendously liberating effect. Nature is telling us we are on the right 
track. She thinks about the same things that we, insignificant 
though we may be, think about. 

A FATEFUL REUNION 

Now that the electromagnetic and weak interactions have 
been unified into a single electroweak interaction, as described by 
a Yang-Mills theory, physicists wonder about the strong interac
tion. In Chapter 12, we saw how physicists discovered that lhe 
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strong interaction is also described by a Yang-Mills theory. It was 
natural, therefore, to imagine that the electroweak and the strong 
interactions may be further unified with each other. 

The photon, the W, and the Z have had a tearful reunion. 
They now look longingly at the eight gIuom. Are you also our long
lost siblings? After all, we are all Yang-Mills gauge bosons. No, 
we cannot be born of the same womb, comes the reply. You are 
feeble, but we are strong! As messengers of the dark world inside 
hadrons, we live with power. 

But wait! Asymptotic freedom speaks. Yes, indeed, you 
gluons are infrared slaves, confined by your own power, but as 
your energies increase, you yearn for freedom. At higher and 
higher energies, you gluons become weaker and weaker. 

Yes, it is all coming together. In Chapter 12, when I re
counted the search for asymptotic freedom, I mentioned that elec
tromagnetism is not asymptoticaHy free. In other words, as we 
look at the world with ever higher energies, the electromagnetic 
force becomes ever stronger, while the strong force becomes ever 
weaker. At some energy level, the electromagnetic force will be
come just as strong as the strong force. Unification is possible! 

I, the photon, once thought, as I traversed the etemallone
liness of the universe, that I was all alone. I saw the Wand the Z, 
in their massive obesity. How can I be related to them? But, in 
fact, they were not born overweight; their masses resulted only 
from spontaneous symmetry breaking. At high enough energies, 
the three of us are all massless. At energies even higher, we wilJ 
become stronger, while you, the gluons, will become weaker. At 
some enormously high energy, it will be revealed that we are all 
siblings! 

GRAND UNIFICATION 

The dramatic proposal that the strong, the electromagnetic, 
and the weak interactions are unified at some energy scale is called 
"grand" unification, as distinguished from electroweak unifica
tion. 

Around 1973 or so, the idea that perhaps we could go one 
step further and unify three of the four fundamental interactions 
was in the air. But, as we have learned, history is never cut-and
dried. There wer~ still lingering doubts about electroweak unifica-
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tion. The skeptics criticized the entire theoretical framework as a . 
house of cards not firmly grounded on actual observations. In theo
retical physics, the prize goes to the bold, those who, while cross
ing a stream, do not wait to sec if the next stepping-stone is firm 
before leaping. Often, they end up in the drink, but sometimes 
they get to the other bank before anybody else. 

III 1973, Jogesh Pat; and Abdus Salam, and, independently, 
in 1974, Howard Georgi and Shelley Glashow, came forth boldly 
with theories of grand unification. The two theories agree in gen
eral philosophy but differ in detail, The theory proposed by Georgi 
and Glasbow is tighter and hence more predictive, and I will con
centrate on it here. 

A GREAT LEAP FORWARD 

In a classic paper, Howard Georgi, Helen Quinn, and Steve 
Weinberg calculated tbe energy at which the fateful reunion of tne 
strong and electroweak interactions would take place. Since we 
know how each coupling changes as the energy changes, it is a 
matter of elementary arithmetic to determine the energy at which 
they become equal. Recall, couplings move slowly-it takes a 
large change in energy to produce a small change in the couplings. 
In fact, they move so slowly with energy that they will become 
equal only at tbe fantastically large energy of 10 15 times the nu
cleon mass. (The number 10 15 is of course the mind-boggling 
J ,000,000,000,000,000.) 

Physicists associate with each physical process a character
istic energy seale, defined as the energy carried by a typical parti
cle participating in the process. (For example, the total energy 
involved in the collision of two Mack trucks may be quite awe
some, but the typical energy carried by an individual nucleon in 
the truck is actually minuscule.) The energy 10 15 times the nucleon 
mass is referred to as the grand unification energy scale. To appre
ciate how large this energy scale is, we may note that the charac
teristic energy released in a nuclear reaction is only aboUI one 
hundredtb the nucleon mass. Or, consider that at the world's larg
est ac.celerators, particles have been speeded up to energies of a 
few hundl'ed times the nucleon mass-the largest energies ever 
produced by man, 

Traditionally, physics has progressed by moving steadily.· ••• · 
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from one energy scale to the next. Here, by doing a simple calcu
lation that would fit on a small piece of paper, theoretical physicists 
managed to leap forward to a dramatically new domain, where 
three of the four fundamental interactions are unified as one. 

LONG-LOST SIBLINGS 

The idea of grand unification is to bring together the photon, 
the W, the Z, and the eight gluons as the gauge bosons of a single 
Yang-Mills theory. The photon, the W, and the Z are the gauge 
bosons of a theory with the group S U(2) x UO), while the gluons 
are the gauge bosons of a theory with the group S U(3). Remember 
that S U(3) is defined by transforming three objects into each other, 
and that SU(2) x U{l), or SU(2), is defined by transforming two 
objects into each other. Now we are ready to perform one of the 
most important calculations in the history of physics: 3 + 2 = 5. 
We conclude that we need a group that wiU transform five objects 
into each other. We want SU(5). 

Georgi and Glashow therefore proposed grand unification 
using a Yang-MiIIs theory with the symmetry group SU(5). Once 
the group is specified, the number of gauge bosons is completely 
fixed by group theory. A head count shows that, in addition to the 
photon, the W, the Z, and the eight gluons, there are two additional 
gauge bosons, named simply the X and the Y. At the tearful reun
ion where the gluons finally recognized the photon, the W, and the 
Z as their long-lost siblings, two other individuals showed up. 
Later, I will explain the important roles possibly played by these 
two bosons in the evolution of the universe. Here, I would like to 
emphasize that the X and the Yare present whether we like it or 
not; group theory requires their presence. The situation is entirely 
analogous to the one encountered by Glashow when he found that 
the Z boson was necessary for e1ectroweak unification. 

LET THERE BE GRAND UNIFiCATION 

Let me summarize. Georgi and Glashow proposed that the 
Ultimate Designer started with a Yang-Mills theory based on 
S U(5). At the grand unification scale, the symmetry is sponta
neously broken into color SU(3) and the SU(2) x U(l) of Glashow, 
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Salam, and Weinberg. In other words, the Yang-Mills theory . 
breaks up into two Yang-Mills theories, one based on SV(3), the 
other on SV(2) x Vel). At this stage, the X and Y bosolls acquire 
enormous masseS-OD the order of the grand unification energy 
scale; that is, about 10 15 times the nucleon mass-and bid farewell 
to their siblings, the gluons, the W. the Z. and Ihe photon, whieh 
remain massless. As we come dowll in energy, we reach the clec-
troweak energy scale, at an energy of a few hundred limes the 
nucleon mass. The Yang-Mills theory, based on SV(2) x V(l), in 
its IlJrn suffers SpoDtaneous breakdown, whereupon Wand Z be
come massive while the photon remains massless. Of aliine sibling 
gauge bosons in SV(5), only the photon and the eight gluons ap
pear as massless excitations at low energies. The gluons are con
fined in infrared slavery, leaving only the photon to roam, shedding 
light on our world. 

When He supposedly said, "Let there be light!" perhaps 
He actually said, "Let Inere be an SU(5) Yang-Mills theory with 
all its gauge bosons, let the symmetry be broken down sponta
neously, and let all but one orlhe remaining massless gauge bosons 
be sold into infrared slavery. That one last gauge boson is my 
favorite. Let him rush forth to illuminate all of my creations!" It 
doesn't sound as dramatic, but it is probably closer to the tnllh. 

L £T TMe.1l.£ BI£, AN S\A.. ('!'l) YAN(;o;~M}t..U> 
Tt\eOR'I \l.Jl"r'" AU- ! ... ~ 1'!>O*"ON~, ~T "n1~ 

Si'MME.TRV sa .. 

Figure [4.1. A Blakiao God bringing light into the world. 
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A SEAMLESS FIT 

What about the other fundamental particles in the universe, 
the quarks and the leptons-how do they fit in? Under the SU(5) 
transformations, the quarks and leptons are supposed to transform 
into each other, or, using math talk, the quarks and leptons are 
supposed to furnish representations of SU(5). , 

What are the dimensions of some representations of S U(5)? 
Recall that the dimension of the representation is simply the num
ber of entities belonging to that representation. The defining rep
resentation is five-dimensional, of course. In Chapter we learned 
to construct larger representations by gluing representations to
gether. Let us, then, glue two defining representations together, 

Using the pictorial device from Chapter 9, we imagine 
gluing a circle and a square together. The circle and the square are 
to be colored with one of five possible colors. Since we have five 
color choices for the circle and five choices for the square, we 
have 5 x 5 = 25 combinations or entities. In the appendix to 
Chapter 9, I explained how these entities are to be divided into the 
so-called even and odd combinations. Let us look at the odd com
binations; that is, combinations of the form ® IYI - (j) [[! (R = 
red, Y = yellow, and so on). In order for the combination not to 
vanish, we must use different colors for the circle and the square. 
Let us count. There are five choices of color for the circle; for each 
of these choices, we have four choices of color for the square. It 
appears that we have 5 x 4 = 20 combinations, but since ® [Y] 

and (j) lID appear in the same combination, we must divide by 2 to 
avoid counting twice. In other words, if we reverse red and yellow 
in the combination given above, we obtain (j) [[! - ® !Yl, which is 
not a new combination but merely minus the combination we al
ready have: ® [[j - ® ill = -(® rn - G) lID). So altogether we 
have 2012 :::: 10 odd combinations. We have a ten-dimensional 
representation. 

If the reader feels a bit unsure about this counting, perhaps 
the following mathematically identical problem would help. At an 
intercollegiate tennis tournament, one team arrives with five play
ers on its roster. For the doubles match, how many different pairs 
can the coach send in? He can pair Mr. Red with Mr. Yellow, and 
so on. Since he obviously cannot pair Mr. Red with himself, he 
may think that there are 5 x 4 = 20 pail'S, but since pairing Mr. 
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Red with Mr, Yellow is the same as pairing Mr, Yellow with Mr. 
Red, the coach in fact has only 20/2 = 10 distinct pairs. 

Enough mathematics-let us return to the quarks and lep
tons and count them, For reasons that will be explained later, we 
leave the strange quarks out. The leptons consist of the electron 
and the neutrino. We have the up quark and the down quark, but 
remember that each quark flavor comes in three colors, and so we 
actually have 2 x 3 = 6 quarks. Next, remember from Chapter 3 
that the neutrino, the culprit for panty violation, always spins left
handed. In contrast, the other particles can spin in either direction, 
In quantum field theory. one associates a field with each spin direc
tion. III other words. the electron is associated with two fields, 
while the neutrino is associated with only one. (Weyl was the one 
who figured out this arcane way of associating fields with spinning 
particles, and these fields are sometimes known as Weyl fields.) 
We fillal! yare ready to count all the fields associated with quarks 
and leptons. Six quarks plus the electron, each with two fields. 
make (6 + 1) x 2 = 14 Weyl fields. Add the neutrino field and we 
have altogether 14 + 1 ~ 15 fields. 

But, heavens, that is exactly equal to 5 + to ~ 15!' The 
quarks and leptons would fit exactly into the five-dimensional and 
the ten-dimensional representations of SUeS)! 

As a fundamental physicist, J imagine Him doing precisely 
this sort of calculation, simple but profound, and assuredly not the 
sort that covers pages and pages with messy formulas and equa
tions, 

The seamless fit of the quarks and leptolls into S U(5) con
vinces me and many other physicists that the Good Lord must 
have used SUeS) in His design. The group SUeS) may not be the 
whole story, but it is doubtlessly part of the story. The fit is even 
more seamless than our simple counting suggests. If one now ex
amines how each quark and lepton would respond llnder the influ
ence of each of the gauge bosons in the theory, one finds that they 
respond exactly as they should, For instance, by a.sking how each 
quark and lepton responds under the influence of the photon, one 
determines the electric charge of the quarks and leptons. One tinds 
that the group theory of 8U(5) gives precisely the correct charge. 
Thus, the electron has one unit of negative charge, the neutrino no 
charge. and so on. As a rough analogy, we may think of the fit in a 
jigsaw puzzle: Not only do the pieces lock together, but the picture 
also comes out perfectly, 



Unity of Forces 

In this way. grand unification solves one of the most pro
found mysteries of physics: Why does the electron carry a charge 
opposite but exactly equal in magnitude to the charge carried by 
tbe proton? This fact plays an enormously important role in mak
ing the world the way it is: Atoms, and, by extension, macroscopic 
objects, can be electrically neutraL Before grand unification, this 
question of why the electric charges of the proton and the electron 
are exactly equal but opposite was regarded a'l unanswerable. In
deed, it was the kind of question that the vast majority of physi
cists, more interested in how the electron wo'uld behave in this or 
that phenomenon, would not even consider asking, (The quark 
picture does not answer it either, but merely reduces it to asking 
why quark charges are related to the electron charge.) In the 
Georgi-Glashow theory, the exact equality of the magnitudes of 
the charges carried by the electron and the proton emerges natu~ 
rally from the group theory of SU(5). 

RENDEZVOUS A TROIS 

Many physicists, myself included, are willing to believe in 
the Georgi-Glashow theory on aesthetic grounds alone, But phys
ics ultimately is t.o be grounded in empirical verification, Remark
ably, the very notion of grand unification can be tested 
experimentally. 

Picture a path going up a mountain (see the illustration on 
the next page). Since coupling strength is a number that can only 
increase or decrease, we can picture a moving coupling strength as 
a kind of hiker moving along the path. The strength of the coupling 
corresponds to the elevation of the hiker. The "strong" hiker 
starts out high and proceeds to hike down. The "electromagnetic" 
and the "weak" start out close to t.he base of the mountain and 
proceed to hike up. In physics. the coupling strengths change as 
we increase the energy scale with which we view the world. In our 
analogy. the hikers move as time elapses. 

To grand unify the world, we require the coupling strengths 
to meet at one energy. If there are only two hikers, one going up, 
the other coming down, then of course they will meet at some 
point. But if there are three hikers, two going up, the third coming 
down, then generally they would not all arrive at one place at the 
same time. 
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Figure 14,2. At the crack of dawn. 3. hiker named "strong" starl~ coming down 
a mountain while two hlkers) named "electromagnetic" and "weak," start climb
ing up, "'Weak" starts out lower than "electromagnetic" :lnd has to move faster 
to keep up, I have plotted the elevatio11S of tbree hikers as: time passes. Given the 
stardng positions of two of the hikers, the requirement that the three hikers arrive 
at the same point at the same time clearly fixes the slurling position of the third, 
For instance, if ""electromagnetic" start~ out too high (the upper dOlled line), she 
\'.'ill run into "strong" before "weak" catches up. If she starts Ollt too low (the 
lower dotted fine), "weak" will pass her before he runs into "Strong." 

Suppose we know the rate at which each hiker moves as 
well as the starting positions of two of tile hikers. Then the require
ment that the three hikers all arrive at the same point at the same 
time dearly fixes the starting position of the third. Unless the third 
hiker starts at the exaclly correct position, he will miss the rendez-
vous. 

At this point, we realize that Nature is again kind to us. We 
have three interactions to be grand unified. Given the starting val
ues-in other words, the values at low energies-of two of the 
three coupling strengths, we can predict the starting value of the 
third. The requirement that the world is grand unified, Iherefore, 
fixes the strength of the weak interaction relative to the strong and 
electromagnetic interactions. [n practice, one uses this argument 
to predict the strength of the neutral current process. The experi
mental measurement agrees well with this prediction. 

J mentioned in Chapter 2 and 10 that, in some instances, the 
functioning of the universe depends on a delicate balance between 
the disparate strengths of competing interaction,. For a long time, 
physicists were perplexed by the presence of a hierarchy of inter
actions, so they were delighted to see grand unification explaining 
naturally the hierarchy between three of the four fundamental in
teractions. 
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THE COSMIC BOOK OF CHANGES 

To seal the case for grand unification, we would have to see 
.. the X and th~ Y bosons. Considering that our most powenul accel

erators can deli ver an energy only a few hundred times the mass 
of the nucleon, we cannot hope to actually produce the X and Y 
bosom, which have masses on the order of 10 15 times the mass of 
the nucleon. J nstead, we can try to detect their effects'. What do 
these bosons do? 
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Figure 14.3. Late twentieth-century alchemy: A chart showing the transmuta
tion of the constituents of matter by gauge bnsolls. The circles marked u, d, v 
(Greek nu), and e denote up quark, down qUllrk. neutrino, and electron, respec
tiveJy. Each quark comes in three different colors, suggested pictorially by the 
use of shading. The effects of the gauge bosons are represented by two-ended 
arrows labeled by the symbol of the corresponding gauge hoson. As depicted, the 
W changes the up and tbe down into each other, but nol its color. It also changes 
the neutrino and tbe electron inlo each other. In contrast, the gJuons. g, change 
a quark into another quark with a different color but the same OavOL (For the 
sake of simplicity, we do not show all the gluons. Also, we show only two !lavors, 
up and down; in the tenninology of Chapter 15, we show only fermions belonging 
to the first family.) Thus, in this chart, the mediator of the weak interaction 
operates vertically. in the flavor "direction," while the mediator of the strong 
interaction operates horizontally. in the color "direction." When a particle emits 
or absorbs a photon, it remains the same particle, as indicated by the curved 
arrows which begin and end on the same particle. The photon is denoted tradi
tionally by the Greek letter gamma, "I, as in gamma rays. Finlllly, the Z, like the 
pholon. Irnnsforms' fl particle into itself. Notice Ihat the neutrino is the only 
particle which docs not interact with the photon. The X and Y hosons (not 
shown). postulated in grand unified theory, connect the worlds of quarks and 
leptons, currently separnted BS indicated by the brick wall. I imagine a medieval 
alchemist drawing a similar chart with onB circle representing earth, say, another 
representing gold. and the arrow joining them labeled toad's blood. The differ
ence is of course thaI our chart is based OD facts. 
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To answer this question, let's first review what their sib
lings, the other gauge bosons, do, The gluons transform a quark 
into another quark with the same Havor but a different color; in 
other words, when a quark emits or absorbs a gluon, in its trans
formation it retains flavor but changes color. The gluons leave the 
leptons alone. The W boson, on the other hand, transfonns a quark 
into another quark with the same color but a different !lavoL It 
also transfonns a lepton into a different lepton. For instance, the 
W boson transforms the electron into a neutrino. The photon 
transforms an electrically charged particle into itself, That is, when 
a charged particle, such as the electron, emits or absorbs a photon, 
it remains an electron. The photon leaves electrically neutral par
ticles alone. Finally, the Z boson, like the photon, transforms a 
particle into itself, but, unlike the photon, the 2 boson docs nol 
limit its interactiol1 to charged particles. Confusing, isn't it? Per
haps Figure 14.3 helped. 

According to modern physics, the ultimate reality in the 
physical world involves change and transformation. Here, a red up 
quark is changed into a blue up qllark by a gluon, there, a blue up 
quark is changed into a blue down by a W. The W roams around 
and sees an electron, poor, it turns the electron into a neutrino. It 
is a magician's world run wild, 

Figure 14,4. Neutron decay and proton decay: The neutron consists of two 
down quarks., represented by the lIpside-down faces, and an lip quark, repre
sented by a rigbtside~up face, confined within a bag. Suddenly. one of the down 
quarks emits a W boson and turns itself into an up quark. The W then disinte~ 
grates ioto an electron and an antineutrino which, being leptons. escape from the 
bag. The two up quarks. and the down quark left behind constitute a proton. 
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But in change there is permanence. Quarks are always 
changed into quarks, leptons are always changed into leptons. As 
I mentioned before, the transformations of quarks are manifested 
as the transformations of hadrons. As an example, consider the 
neutron, consisting of an up quark and two down quarks glued 
together by the gluons, and the proton, consisting of two up quarks 
and a down quark glued together. One of the down quarks inside 
the neutron may emit a W boson and transform itself into an up 
quark. As a result, we now have two up quarks and a down quark; 
in other words, a proton. The W boson, in turn, transforms an 
electron into a neutrino. What we actually observe is a neutron 
"decaying" into a proton, an electron, and a neutrino. (See Figure 
14.4.) A neutron, if left alone, will actually do this in about ten 
minutes, on the average. The neutron, being more massive than 
the proton, can decay into the proton with energy to spare, that 
energy being imparted to the leptons. In contrast, the proton, being 
lighter, cannot decay into the neutron. We are led to an interesting 
question: If quarks can only be transformed into quarks, and lep
tons can only be transformed into leptons, something must be 
conserved. But what is being conserved? 

Consider a magician whose art is limited to transforming 
one animal into another animal, one vegetable into another. A 

PROTON DECAY 

The proton decays when one of its up quarks suddenly disintegrates into 
an X boson and a posilron. The other up quark absorbs the X boson and turns 
itself into an anti-down quark. represented by the upside-down race with a shaded 
rim. The positron escapes, leaving behind a bag containing a down quark and an 
ami-down quark, which we recognize as a neutral pion. 
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rabbit and an apple are on the stage. The magician, whose stage 
name is W. Boson, waves his cape, and, whoosh, the rabbit and 
the apple are tram;formed into a fox and some sour grapes. The 
audience bursts into applause. Whoosh, the fox and the grapes are 
gone, replaced by a mouse and a watermelon. But no matter how 
fantastic the transformations, there will always be one animal and 
one fruit onstage. 

So, too, in the world of fundamental particles, the W boson 
is limited in his art. As a result, the proton is absolutely stable. 
The three quarks contained inside the proton cannot just vanish 
into thin air. The quarks inside the proton can only change into 
some other variety of quarks, but there will always be three 
quarks. Since the proton is the lightest hadron composed of three 
quarks, there is not a hadron for the proton to decay into. Protons 
are forever. 

This is obviously good news. While everything around us is 
disintegrating and running down, the proton is a rock of solidity, 
guaranteeing the stability ofthe world. 

What is conserved is the total number of nucleons, namely 
the protons plus the neutrons. The neutron could decay into a 
proton, but the number of nucleons cannot change., Actually, as 
we learned in Chapter 10, the hyperons, namely the cousins of the 
proton and the neutron via the eightfold way, also decay into the 
nucleons. Thus, strictly speaking, we must include the hyperons 
and speak of baryon number conservation. (Recall, baryon, as in 
baritone, is just the generic term used to refer to the proton, the 
neutron, and the hyperons. Each baryon is made oul of three 
quarks.) Imagine putting twenty-one hyperons, fonr neutrons, and 
six protons in a box. Some time later, when we look in, we may 
find, say, ten hyperons, eleven neutrons, and ten protons. But no 
matter what happens, the baryon number remains unchanged at 
thirty-one. Quarks cannot dbappear. 

PROTONS, AND DIAMONDS, ARE NOT FOREVER 

r nto this reassuring picture crash the X and Y bosons. Be
fDre grand unification, quarks and leptons are kept apart; they 
belong to different representations. But in grand unification, the 
twelve quarks and three leptons are thrown into the five- and ten
dimensional representations of S U(5). Twelve cannibals and three 
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missionaries are to go into two boats, one capable of carrying five 
passengers, the other, ten passengers. Unavoidably, some quarks 
and some leptons are going to be thrown into the same represen
tation. As a result, in a grand unified theory quarks can be trans
formed into leptons, and vice versa. The gauge bosons responsible 
are precisely the X and Y bosons. Quarks can disappear into lep
tons by interacting with X and Y bosons. 

Onto the stage struts a new magician, Mr. X. Y. Biilsons. 
Applause and, whoosh, the rabbit is transformed into an orange. 
Inside the proton, an up quark emits an X boson and changes into 
a positron. (The positron is the antielectron.) The X boson wanders 
over to the other up quark and, whoosh, changes it into an anti
down quark. What do we actually see? We start with two up 
quarks and a down quark, and we end up with a down quark, an 
anti-down quark, and a positron. Since quarks are enslaved, the 
down quark and the anti-down quark cannot emerge separately, 
but combine to form a pion. Thus, the proton disintegrates into a 
pion and a positron. (See Figure 14.4.) 

THE FINAL DISASTER 

Scientists are always telling us about impending disasters
the sun is going to explode in a supernova, engulfing poor planet 
Earth; our galaxy is going to collide with another galaxy; and so 
on. Those scenarios are bad enough, but here is real disaster, a 
disaster to outclass aU other disasters, in the face of which a mere 
trifle such as the explosion of some star near the edge of some 
galaxy called the Milky Way pales into insignificance: Every pro
ton in the universe is going to, poof, disintegrate. Stars will go out, 
our bodies will decay. Everything, for that matter, will decay into 
a cloud of pions and positrons. Matter will be no more. 

But, do rest assmed. This ultimate disaster is not going to 
happen for a while. Remember, the weak interaction is weak 
merely because the W boson is so massive. Now, if a corpulent 
SOO-pounder can barely get around, imagine how a person weighing 
in at 5 x 10 15 pounds feels. The effects of the X and Y bosons are 
going to be zillion times weaker than any weak interaction effects. 
A calculation using the S U(S) theory shows that the lifetime of the 
proton is about 10 30 years. 

The mind reels before a timescale like this, a timescale that 
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makes an eOrl look like a wink of the eye. T cannot really grasp -
how long ago the dinosaurs roamed the cal1h, so how can I under
stand the lifetime of the proton? I can't. I can only throw.some 
numbers at you. The evidence is quite good that the universe is 
about 10 m years old. There are about 3 x 10" seconds in a year. 
Thus, the universe is about 3 x 10" seconds old, Think of all the 
seconds that have ticked by since thc universe began, Now, imag
ine expanding each second into the age of the universe. The total 
time elapsed would still be "only" 3 x 10" x 10'· = 3 x' 10" 
years, three hundred times shorter than the predicted lifetime of 
the proton. The proton lasls a long time, 

HOW CLEVER HE IS 

We see how clever the Ultimate Desi!lner is, He wants 
grand unification, but He arranges for the coupling constants to 
move very slowly so that they meet at an extremely high energy. 
While the neutron decays in about len mmutes, the proton lives on 
beyond the eons, It would not be fun 10 create a universe Ihat lasts 
only ten minutes! Talk about an unethical psychosocio!ogical ex
periment in which siblings are separated and raised under different 
circumstances, While the photon blithely dances, the hopelessly 
overweight X and Y bosons groan, Sorry, says the Boss, I have to 
keep you two overweight so that My universe can last for a while! 

INTO THE SALT MINE 

It would appear totally out of the question to verify experi
menIally that the proton actually decays, But thanks to the quan
tum law of probability, the experiment can in fact be done. In the 
quantum world, the statement that the prolonhas a lifetime of IOl1l 
years indicates that, on the average, a proton will exist for 10" 
years before disintegrating. Quantum physicists and ;ru;urance ex
ecutives use the word "lifetime" in the same sense, A given proton 
has a small, but nonzero, probabHlty of decaying the very next 
instant. It follows that if we could gather together enough protons, 
we may see ooe in the act of decaying. Indeed, if we watch an 
assembly of 10'· protons for an entire year, we should see one of 
them decay, Macroscopic matter, fortunately, contains an enor
mous number of protons. 
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When a proton in macroscopic matter decays, the pion and 
the positron, into which the proton decays, crash into the sur. 
rounding atoms, thus producing a telltale burst oflight. What is the 
least expensive material that is transparent to light? Water, of 
course. In principle, then, an experimentalist need only fill a large 
enough tank with water and watch over it with sophisticated elec
tronic cameras. In practice, the operation is considerably more 
difficult. The smface of the earth is being bombarde~ continually 
by cosmic rays, streams of particles that have been accelerated to 
high energies by magnetic fields in the galaxies. Cosmic ray parti
cles crashing into water produce a background of light that, while 
too dim for human eyes to see, would totaUy overwhelm the min
uscule amount of light associated with decaying protons. The only 
solution is to move the tank into a mine deep underground. Most 
of the cosmic ray particles will not be able to get through the layers 
of ealth. 

At this point, mining executives began to receive letters 
from various experimental physicists, outlining proposals for test
ing the ultimate stability of the universe. At the moment, experi
ments to detect proton decay have been set up around the world. 
One of t.he largest, involving several thousand tons of water (con
taining more than ]033 protons), is in a salt mine near Cleveland 
operated by MOlton-Thiokol, Inc., a well-known salt producer in 
the United States. Other experiments are being peIformed in the 
Kolar Gold Field in India, the Caucasus Mountains in the Soviet 
Union, the Mont Blanc tunnel between Italy and France, an iron 
mine in Minnesota, a silver mine in Utah, and a gold mine in South 
Dakota. 

Several years ago, when I found myself in South Dakota, I 
went to visit the experiment in the Homestake Gold Mine. which 
is known for the depth of its shafts. For a normally sedentary 
theorist, it was quite an experience. A safety officer from the min
ing company instructed me on various niceties not covered by Miss 
Manners, such as the correct way of walking in a mine. (One 
shuffles one's feet, so as not to trip in the dark.) r learned that in a 
mine, with its labyrinths of shafts and passages, the sense of smell 
provides the most efficient way of communication in an emer" 
gency. Bottles of a chemical with an exquisitely offensive smell 
are placed all around the mine. In an emergency, a bottle is 
smashed open and the warning smell is carried rapidly throughout 
the mine by the ventilation system, driven by gigantic fan mounted 
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on the entrance of the minco In the unpleasant part of the safety 
course, I had to take several practice whiffs of the warning signal. 
The elevator ride down is also memorable: The sensation is that of 
riding a New York City subway train traveling vertically in totlll 
darkness. Soon I found myself more than a mile underground, in a 
wet, windy darkncs> illuminated only by the miner's lamp on my 
helmet. The actual experimental area, however, was quite civi
lized, even equipped with such amenities as a refrigerator full of 
suitable refreshments for visiting theorists. 

My experimental colleagues used mountaineering equip
ment to maneuver themselves about the experiment and diving 
equipment to gct into the water. By Dot seeing any proton decay, 
physicists are able to set a lower limit to the proton's lifetime. 
Thus, if J walch 10'" protons for an hour and none of them decays, 
J can conclude that the proton's lifetime must be longer than 10" 
hours. During my visit, most regrettably, I did not see a single 
prolon decay. Remarking on this, my experimental friends joked 
that my visit represents a rare occurrence in the history of physics, 
when a theorist is able to advance human knowledge literally by 
doing nothing besides consuming refreshments. 

Experimenters have watched a 101 more protons for a lot 
longer time than r have. So far, they have not seen any proton 
decaying. Actually, bursts of light have been seen in the experi
mcnls, but they appear to be caused by the neutrinos contained in 
cosmic rays interacting with the nucleons in the water. A mile of 
rock would stop anybody, but not the ghostly neutrinos. 

The lower limit on the proton lifetime is now in the range of 
10" !O 10" years. What are the implications for grand unification? 
The original version of S U(5) grand unification predicted a. proton 
lifetime of 10'" years and, thUS, has been ruled out. But theorists 
have constructed several other versions in which the proton lives 
longer. Also, since the proton interacts strongly, an actual calcu
lation of its lifetime has to contend with difficult details of the 
strong inter-detion. 

The basic idea of grand unification is so overwhelmingly 
attractive thaI, at the moment, many phYSicists continue to believe 
in grand unification, even while conceding that the simplest reali
zation of the idea may not be correct in detail. 
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THE DEATH AND BIRTH OF MATTER 

If the proton is capable of dying, then it also must be capa
ble of being born. If the proton can decay into a positron and a 
pion, then it follows that we can reverse the process and make a 
proton out of a positron and a pion. This simple remark opens lip 
a dramatic new chapter in cosmology. 

A FEW FACTS ABOUT THE UNIVERSE 

There are two striking facts about the universe we live in: 
(1) The universe is not empty of matter; and (2) the universe is 
almost empty of matter. It is the task of fundamental physics to 
understand these facts. 

Our image of the universe is one vast emptiness dotted here 
and there by a few galaxies. The philosopher Pascal was scared: 
"Le silence eternal de ces espaces infinis m'effraie." How do we 
measure quantitatively this frightening and almost inconceivable 
emptiness? How empty is the universe? 

Matter is made of nucleons, but a mere count of their num
ber in the universe does not define the paucity of matter in the 
universe; we have to compare the number of nucleons to some 
other number. It is natural to use the number of photons as a 
reference. It is now known that there are 10 billion (that is, 10 10) 
photons for every nucleon. In other words, matter is a one part in 
10 billion contamination in an otherwise pristine universe. To fun
damental physicists, a universe devoid of matter appears pure and 
elegant. I like to think of matter as the dirt in the universe. 

GOD DOES NOT THROW DIRT AROUND 

Before grand unification, physicists believed in absolute 
baryon conservation. The number of baryons in the universe
that is, the number of protons, plus the number of neutrons, plus 
the number of hyperons-cannot change. 

Viewed in this light, it is doubly remarkable that the uni
verse, while almost empty of matter, is actually not empty of mat
ter. Suppose, for ease of talking, that there are exactly 537 baryons 
in the universe. Absolute baryon conservation would imply that 
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the universe has always contained, and will always contain, 537 
baryons, not one more, not one less. In that case, the issue of why 
the universe contains the actually observed amount of matter is 
not addressable by physics, but, instead, properly belongs to the 
realm of theological speculation. Whoever started the universe had 
(0 throw in 537 baryons, 

In this picture, it is rather curiOlIS that Whoever tbrew in 
the dirt decided to throw injusl a minuscule amount. Indeed, why 
would He want to throw in any dirt at aU? 

A MATTER-ANTIMATTER UNIVERSE 

Faced with this conundrum, some physicists concocted a 
nifty solution: He did not throw in any dirt at alL 

The idea is to exploit the proven existence of antimatter. 
Since the early 19508, experimenters have observed routinely the 
production of pairs of particles and antiparticles. We count an 
antibaryon as having a baryon number minus one, Thus, the pro
duction of a proton and antiproton pair is perfectly consistent with 
absolute baryon number conservation. 

The universe could slart without any baryons; pairs ofbary
ons and antibaryons could then be produced by the coUisions of 
the particles that were present. No matter how complicated these 
production processes might be, ahsolute baryon conservation 
guarantees that there would always be an equal number of baryons 
and anti baryons. The matter and the antimatter go! segregated, 
somehow, into different domains as the universe evolved. Accord
illg to this view, we are wrong to think that the entire universe is 
constructed out of matter just because our immediate neighbor
hood is filled with matter. Perhaps the galaxy next to ours is made 
of antimatter. 

The scenario that the universe is divided into maher and 
antimatter domains holds enormous appeal for science-fiction writ
ers, but it does not hold up under scrutiny. Observationally, Olle 
might expect to see an occasional antiparticle in cosmic rays, in
terlopers from another domain. But they have not been seen. One 
might also expect that at the boundary between two domains, mat
ter and antimatter would be annihilating furiously, emitting ex
tremely energetic photons. Again, astronomers have not detected 
these telltale photons. TheoreticaUy, the proponents of lhis sce-
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nario have never succeeded in finding a convincing mechanism that 
would segregate matter and antimatter. Thus, belief in baryon 
number conservation appears to preclude any l.mderstandingof the 
amount of matter in the universe. 

A DILEMMA 

The reason that physicists believed in baryon number con
servation before grand unification is quite clear. The mere exis
tence of matter implies that the proton's lifetime is larger than the 
age ofthe universe, and that seems like such a long, long time. 

However, by the 1950s, some physicists h.ad already felt 
somewhat uneasy about absolute baryon number conservation. 
Emmy Noether told us that a symmetry, either local or global, has 
to be responsible for baryon number conservation. In 1955 Lee 
and Yang pointed out that the symmetry responsible cannot pos
sibly be local because the long-range effect of the massless gauge 
field required by the local symmetry would have been seen. Thus, 
for a physicist who subscribes to the aesthetic framework outlined 
in Chapter 12 and who views global symmetry with suspicion and 
distaste, exact baryon number conservation poses something of a 
philosophical dilemma. This dilemma was made all the more acute 
because the exact conservation of electric charge (which guaran
tees the ultimate stability of the electron) is indeed accompanied 
by a massless gauge field-namely the photon-as pointed out by 
WeyL 

And so, when it was shown that grand unification tosses out 
absolute baryon number conservation and denies the proton its 
immortality, some physicists felt a profound intellectual relief and 
satisfaction. 

THE GENESIS OF MATIER 

If the number of baryons not absolutely conserved, then 
baryons could have been made in the early universe by physical 
processes. He did not have to throw in any dirt after alL The dirt 
generated itself. Grand unification opened up the possibility of 
understanding the genesis of matter. 

Clearly. by itself, baryon nonconservation is not enough. 
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The fundamental laws of physics must distinguish, at some level, 
between matter and antimatter. If the laws of physics are totally 
impartial toward matter and antimatter, how could the universe 
have chosen to evolve into one containing matter rather than one 
containing antimatter? 

For II long time, physicists believed that the laws of physics 
indeed did not distinguish between matter and antimatter. In Chap
ter 3,1 explained that after the scandalous fall of parity, physicists 
continued to hope thaI Nature would still respect Cp, the opera
tion of reflecting particles illto antiparticles, and vice venia, but 
that hope was dashed, In 1964, a minute violation of CP in variance 
was discovered in the decay of the K meson, For many year;;, it 
appeared as if CP violation does not affect any physical process 
other than K meson decay, But while we still do not have II good 
understanding of CP violation, we now have a clue to why He 
included iii small amount of CP violation, He wants the universe to 
contain matter. 

In this picture, the amount of matter contained in the uni
verse dependS on the ex.tent to which CP invariance is violated" 
We now understand wlW the universe is almost empty of matter: 
CP violation is minUSCUle, 

It appears, at first sight, that matter would not have had 
time to generate itself. The generation of a proton requires the 
intervention of the very same X and Y boson5 responsible for the 
decay of a proton. One might think, therefore, that it would take 
some 10'" years for a proton to be born, 

The resollition of this apparent paradox hinges critically on 
the notion of spontaneous symmetry breakdown, Imagine the X 
and Y b05ans crying out to their sibJings, Yes, we are hopelessly 
overweight and desperately weak compared to you, but at high 
energies, near the grand unification scale, our masses could be 
neglected and we too would be strong like you. 

Shortly after the Big Bang, when the universe was ex
tremely hot, particles were indeed zinging around with enormous 
amounts of energy, Even the X and Y bosons felt nimble, Pro
cesses in which baryons were generated occurred just as readily as 
electromagnetic processes, Matter was being born, 

How do we know that the universe was extremely hot im
mediately after the Big Bang? We are all familiar with the fact that 
gases cool as they expand, for example, it gets colder as one 
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climbs up a mountain. Our universe, similarly, cools as it expands. 
Knowing the temperature of the universe now, we can extrapolate 
backward to determine how hot the universe was at any given time 
in the past. In this way, it can be estimated quite easily that at 
about 10 -35 seconds after the Big Bang, the energy of every parti
cle in the universe was of the order of the grand unification energy. 

Meanwhile, the universe continued to expand and cool. In 
a very short time, the energies of the X and Y bosons dropped 
below their enormous masses, and they became extremely feeble. 
Their moment in the sun, brief but glorious, was over. The baryons 
that were generated can live with quasi-immortality for the next 
1 (1'0 years. 

An expanding universe is absolutely crucial. In a static uni
verse, the strength of the X and Y bosons would remain the same, 
and the birth and death of baryons would come to an equilibrium. 
Starting with no baryon, we would not be able to generate a net 
amount of baryons. 

I am impressed tremendously by how cleverly He put it all 
together. Use the principle of local symmetry to produce grand 
unification with its inevitable violation of baryon conservation. 
Include a little bit of CP violation. Put in gravity, to make the 
universe expand. And, voilii, a universe that produces its own dirt, 
making possible stars, flowers, and human beings. 

ORIGINS 

An understanding of the genesis of matter is enormously 
satisfying. We humans have always wondered where everything 
comes from. In this century, that deep-seated quest for origins was 
reduced to the issue of how atoms were made. I stated in Chapter 
2 that protons and neutrons were baked into helium nuclei a few 
minutes after the Big Bang. The more complicated nuclei were 
formed in stars and spewed out into space in stellar explosions. 
We, and everything else, are stardust, literally. Grand unification 
takes us one step further. We are, ultimately, the product of pri
meval forces mediated by the X and Y bosons. 

In principle, the amount of matter in the universe can be 
calculated. Given a measurement of K meson decay, in fact, we 
should be able to predict, without ever looking outside the labora-
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Figure 14.5. On (he ruler ortime, the number -30 indicates 10-;0 seconds after 
the Big Bang; [he number 30 indicates 10)(1 seconds af1t:r {he BIg Bang, and so 
on. In drawing this figure, I have assumed that the universe will go on expanding 
forever, as is indicated by current astronomical observations_ The pictograph on 
the left of the ruler symbolizes human history. 

tory, whether the universe is made out of matter or antimatter. 
Unfortunately, our understanding of CP violation is too rudimen
tary at present to allow us to carry out the calculation. 
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THE RULER OF TIME 

We are born in the right time: We live in that epoch of the· !!:!j, 
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In order to incorporate the huge span of time involved, I plot time ".'; 
logarithmically. In other words, the notch marked 20 indicates a:::;! 
time 10" seconds after the Big Bang. I list on the left side of the,;; "."-:. 
"time ruler" various events of particular interest to humans. A} 
pictograph indicates the building of human empires. 
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STANDING ON A COOLED CINDER 

The evolution of the world can be compared to a display of fire ...... orks 
that hils lust ended: some few red wisps. ashes. and smoke. Standing on 
a cooled cinder. we see the slow fading of the suns. and we try to recaU 
the vanished brllllil!\ce of the ongln ollhe world . . . 
-Lemaltre 

Our understanding of the genesis of matter opened up an 
era in which grand unification hreathes new excitement into cos· 
mology . I explained thaI the universe gets holler and hotter as one 
extrapolates backward in time. As the universe gets hotter, the 
typical energy of tbe particles in the universe increases. Thus, in 
order to understand earlier and earlier epochs in the univer!>e , we 
have to master physics at ever·higher energies. 

Before grand unification , cosmologists were limited to the 
epoch that started, roughly. one millionth ofa second after the Big 
Bang. In one leap, physicists moved to [he grand unification energy 
scale. Cosmologists, correspondingly. are now able to track the 
universe as far back as 10 <W seconds arter the Big Bang. 

Laymen are sometimes amazed that physicists claim 10 
know exactly what happened in the early universe. In fact, the 
early universe, being a hOI soup of particles zinging about, is con
siderably easier to describe than the universe at present. in which 
the soup has splatte red and congealed, so to speak. A vivid de· 
scription of the early universe can be given once the physics at the 
appropriate energy scale is estab lished. 

An l:Iccount of the current research in early cosmology 
would take us far beyond the scope of this book. I will limit myself 
[0 mentioning one panicularly exc it ing notion. that of an inflation
ary universe. as proposed by Alan Guth . Lei us go back to the 
punted wine bottle. 

ln the hot early universe, particles zing about with lots of 
energies; this idea corresponds to the marble bouncing aboUi in 
the bottlc . As the universe cools, the particles slow down. In the 
bottle, the marble settles down to a stale of repose and symmetry 
is spontaneously broken. Now, suppose that there is a smaJl 
depression in the cente r of the punt. As the marble settles down , 
it may be caught in the depression. The marble would possess 
potential energy proportional to the height of the depression above 
the bottom of the bottle. [n a similar manner, the Higgs field may 
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also be trapped for a cel1ain period of time, unable to reach its 
natural state of repose. The tf'dPped Higgs field, like the marble, 
would possess potential energy. 

The expansion of the universe is driven by the amount of 
energy contained within the universe. Crudely, we can think oflhe 
expanding universe as a balloon being blown up. The enormous 
energy carried by Ihe trapped Higgs field causes the universe to 
expand so rapidly that ttte expansion can only be described as 
rampant inllation. It is estimated that during this inflationary 
epoch, the universe doubled its size every 10 -" seconds or so. 

Here we return to some puzzling questions brought up ear
lier: Why is the universe so large? Why does it contain so many 
particles? Alan Guth pointed out that if the universe had once been 
in an inflationary epoch, these and other related questions could 
be answered. The universe got large through inflation. During infla
tion, the potential energy contained in the trapped Higgs field was 
rapidly converred into particles. 

Allhough the actual implementation of the inflationary sce
nario has met with grave difficulties, the basic idea remains ex
tremely exciting and appealing. It addresses lind answers questions 
that several years ago would have been considered beyond the 
scope of physics. 

The interface betwecn particle physics and cosmology has 
emerged as one of the most exciting areas of research. At a confer
ence on the early universe that I attended a few years ago, the 
participants took to giving their talks wearing T-shirts that pro
claimed, "COSMOLOGY TAKES GUTS"-GUT being the acronym of 
grand unified theory. And those who do not believe in grand unifi
cation are dismissed by some as gutless! 

NEW AND PERHAPS IMPROVED 

In the years since grand unification was invented, theorists 
have constructed a number of other grand unified theories, seeking 
to improve on the Georgi-Glashow SU(5) theory. For instance, 
many theorists consider the fact that quarks and leptons are as· 
signed to five- and ten-dimensional representations, as unsatisfac
tory. They believe that in a truly unified theory, quarks and leptons 
belong together in one single representation. 

Curiously enough, it turned out [0 be impossible to unify 
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the known quarks and leptons in a fifteen-dimensional represent(l~ 
tion. Instead, the search leads to the group SO(JOJ, which contains 
naturally the group SUeS). Bul the group SOOO) does not contain 
a fifteen-dimensional representation; rather, it contains a sixteen
dimensional representation, into which the known quarks and lep
tons fit naturally. Is group theory telling us that we have missed 
one extra field? 

Recall that we counted fifteen fields associated with quarks 
and leptons, because the neutrino always spins left-handed. It is 
most intriguing that the extra field in the sixteen-dimensional rep
resentation of 80(0) tums out to have precisely the right proper
ties to be associated with a neutrino spinning right-handedly. Thus, 
the group theory naturally leads physicists to consider a grand 
unified theory based all SOOG). At some energy scale, the SO(lO) 
symmetry breaks down spontaneously to SU(5), whereupon the 
right-handed neutrino field acquires an enormous mass, thus ex
plaining the f~lCt that a right-handed neutrino ha."i never been seen 
experimentally. 

The theory also tells us that when the right-handed neutrino 
field acquires an enormous mass, the left-handed neutrino field is 
forced to acquire a minuscule mass. At present, a number of ex
perimenters are actively trying to determine whether the left
handed neutrino, long believed to be exactly massless, actuaUy has 
a minuscule mass. 

Many theorists are inclined to believe in the S0(10) theory, 
but, at the moment, it is far from being established experimentally. 
I mention the SO(IO) theory to give the reader a flavor of what 
grand unification research is like. The flavor is that of symmetry 
and group theory, of counting the number of fundamental fields, 
and of fitting them into the correct representations. 

DESIGNER UNIVERSES 

In Chapter 2, I told of theorists designing universes in their 
imagination. Now I have explained to the reader the rules of the 
game. Pick your favorite group: Write down the Yang-Mills theory 
with your group as its lncal symmetry group; assign quark fields, 
lepton fields, and Higgs fields to suitable representations; let the 
symmetry be broken spontaneously. Now, watch to see what the 
symmetry breaks do'WIl to. (In our wine bottle analogy, we 
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watched for which direction the marble picked out in the puntel\i~;; 
bottle.} That, essentially, is all there is to it. Anyone can play. To:;:' 
win, one merely has to hit on the choice used by the Greates(l 
Player of all time. The prize? Fame and glory, plus a trip to Stock~"::::: 
holm. "J 

Oops, I chose the wrong group and ended up without an:f;,;~5. 
massless gauge boson. Well, my universe would not have any lighl:n,i;~ 
in it, No gO'l.d. Try again. I choose another group, but now I end;:~il 
up with two massless gauge bosons. This universe would have tW(1::,f;~ 
different kinds ofpholons" Well, another possible universe);;ts the,::'!?' 
wastebasket. Want to play?:i% 

"VING '" 'H' D"",'~I 
Accordiug to grand unification, we are living amid the debris)@ 

of spontaneous symmetry breaking. True physics is at an energy::~~ 
scale of 10 Jj times the nucleon mass; the physics we observe rep-jill 
resents only bits and pieces of this true physics. It is dizzying fo~:;ij 

, , ..... % 
me to think that the photon, whose behavior llnderlies the vas(::~ 
majority of macroscopic phenomena, is but one of many gauge:"::::: 
bosons of the true physics.:* 

To appreciate the role of spontaneous symmetry breaking.:l: 
suppose, for the moment, that the Good Lord had broken the ).lj 
symmetry by hand. The architectural analogy would be to take art:::!:: 
edifice built with a supremely intricate symmetry, and demolish it:il 
into rubble" Physicists may then be compared to intelligent antS;" 
crawling in the rubble, trying to reconstruct the original desiglkiili 
Physics would be forever doomed to be phenomenologicaL BUI,(l 

."/N 

the Ultimatc Designer appears to have broken the symmetry spon-,::@ 
taneous!y instead-and that is of crucial importance in enabling us':::::~ 
to glimpse the tme physics even while we are limited to pitifulll:'j~ 
low energies. >:;:;:a 

i~ 
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The Rise of Hubris 

TO SEE THE ENTIRE DESIGN 

Throughout history, we physicists sought to understand one 
phenomenon after another; that is how physics progressed. Why 
does the apple fall down while the moon does not'! What is this 
mysterious effect we call1ight'l What is inside the atomic nucleus? 
But then, in one magnificent and unprecedented leap, fundamental 
physicists went from studying phenomena at energy scales a 
hundred times the nucleon mass or less to contemplating the phys
ics at 10 IS times the nucleon mass. The hubris of my generation of 
physicists knows no bounds. We have glimpsed how He designed 
the universe; now we imagine that we, too, can design universes_ 

The character of research in my field has changed drasti
cally. I was in graduate school during the rule of phenomenology, 
when physicists grappled with such questions as how to calculate 
the collision of two protons, Many of these questions dealt with 
what Einstein caned "this or that phenomenon," and they were 
never answered, Fundamental physicists simply ceased to care 
about these questions. They asked, and answered, much more 
profound ones: Why is the electron charge exactly equal and op
posite to the proton charge? Why is the universe not empty of 
matter? Wby is the universe so large? 

Many physicists now feel that the big picture may be within 
our grasp, thanks to the guiding light of symmetry. After years of 
focusing 011 little patches of the oriental rug, we may finally be in a 
position to see the entire design. 
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A FLAVOR OF CURRENT RESEARCH 

Even in their euphoria, fundamental physicists realize that 
they have not yet achieved a tmly unified understanding of the 
physical world. To begin with, grand unification does not include 
gravity. Even leaving gravity aside, it is clear that the Georgi
Glashow theory is not the last word on grand unification. While 
certain long-standing fundamental questions have been answered, 
otners remain as mysterious as ever. 

In this chapter, I will try to give the reader a flavor of reo' 
search in fundamental physics. I will focus first on one of the 
questions left unanswered by the Georgi-Glashow theory, then I 
will sketch some of the attempts to bring gravity into the fold. 

THE IMPOSTOR 

In 1935, working on the summit of Pikes Peak in Colorado, 
experimenters Carl Anderson and Seth Neddermeyer discovered a 
particle in the cosmic rays. At first, this particle was thought to be 
the meson discussed by Yukawa and now known as the pion. The 
new particle had a mass roughly equal to the value Yukawa had 
predicted for the meson, but, curiously, it did not behave at all like 
a mediator of the strong interaction. After a great deal of confu
sion, physicists realized that this particle, today known as the 
muon, was in fact not the pion; its mass just happened to be about 
the same as the pion's. Nature had tried to trick us. 

Further studies revealed that the muon has exactly the same 
properties as the electron. The only difference between the two 
particles is that the muon is a couple of hundred times more mas
sive than the electron. The milon is just a heavier version of the 
electron. Being more massive, the muon can decay into the elec
tron via the weak interaction. 

But what is the point of throwing the muon into the ultimate 
design? As far as we know, if the muon had been omitted, the 
universe would still function in the same way. The muon is redun
dant. It sits around for a while and then disintegrates into the 
electron. Aside from that, the electron can do anything the muon 
can do. In exasperation, the eminent experimentalist lsidor Rabi 
exclaimed, "Who ordered the muon?" Who, indeed? No one 
knows. 
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Curiously, the behavior of the muon under the weak inter
action parallels that of the electron. The electron is transformed 
into the neutrino when acted upon by the W boson. Aping the 
electron, the muon is also transformed into a neutrino when acted 
upon by the W boson. A landmark experiment performed in the 
late 1950s established that the two neutrinos are not the same. To 
distinguish between them, physicists refer to one as the electron 
neutrino and the other as the muon neutrino. > 

In the 196Os, it slowly dawned on physicists that the strange 
quark is to the down quark as the muon is to the electron. The 
infamous strange quark has exactly the same properties as the 
down quark. Again, the only difference is that the strange quark is 
about twenty times more massive than the down quark. Nature is 
repeating Herself! 

THE DISCOVERY Of CHARM 

At this point, physicists made an obvious guess that there 
was also a heavy version of the up quark. But it was only a guess. 
In the late 1960s, ShelJey Glashow, working with Greco-French 
physicist John I1iopouios, and Italian physicist Luciano Malani, 
showed that this additional quark, which they dubbed the "charm 
quark," is rt':quired in a Yang-Mills theory of the weak interaction. 
The structure of the gauge group is such that unless the charm 
quark is included, certain hadrons would decay in ways excluded 
by observations. That the theory predicts these unobserved decays 
had posed, for some years, a serious obstacle toward realizing a 
gauge theory of the weak. interaction. The extra quark indeed 
worked like a charm in exorcising the unwanted decays. 

The cham1 quark was discovered experimentally in 1974. I 
remember how excited everyone got. Together with the discovery 
of neutral current interaction, the charm quark discovery indicated 
that the theoretical schema, based OJ] local symmetry and sponta
neous symmetry breaking, was, indeed, correct. We think alike! 
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REDUNDANCY IN DESIGN 

Goldilocks wandered into the bears' cottage and found that 
everything was triplicated, Gn the table were three bowls, identical 
in every way except size, Physicists are just as bewildered, They 
finally figured out how the universe is constructed: Matter is com
posed of the electron, the electron neutrino, the up quark, and the 
down quark; a bunch of gauge bosons and the gravlton act on these 
quarks and leptons, transforming them into each other; out of this 
set up we get the entire splendor of the universe! A supremely 
elegant design, Isn't it? But, just as physicists Were about to SWOOn 
in admiration, the Ultimate Designer threw in an entire crew of 
particles that apparently play no essential role whatsoever in the 
healthy functioning of the universe. The electroll is repeated in the 
muon, the electron neutrino in the muon neutrino, the up quark in 
the charmed quark, and the down quark in the strange quark. (fa 
distinguish between these two crews of particles, physicists refer 
to them as the electron family and the muon family.) 

The mystery deepened. Starting ill the mid-1970s, experi
menters discovered even mare fundamental particles, and it be
came clear that there was a third family, consisting of something 
called the "tau," the tau neutrino, the top quark, and the bottom . :)\:: 

~~:~i~~n:~?:iS~:7!r?Cf~)~;~~f0~~:a~~~~~!\:t~s~:~~;~ .•• • •• 1.:;··· 

replicas of the particles in the electron and muon families,'" 
Nature is not only confusing physicists, She is taxing our 

ability to coin cute names! Top and bottom sound awfully close to 
up and down, (As ! wa~ writing Feaifu! Symmetry, experimenters 
claimed to have discovered the top quark. Bm by the time I got 
around to editing, the claim bad been withdrawn.) Meanwtoile, 
some theorists had speculated that perhaps there wasn't any top 
quark and constructed theories that became known, quite natu
rally, as topless theories, Many of us, however, thought that such 
nomenclature seriously compromised the dignity of the profession, 
and certainjoumals refused to put the term in prine The observed 
behavior of the bottom quark, fortunately, supports the existence::., 
of the top, For this and a variety of other reasons, most theorists ." 
believe in the top quark. 
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PAINTING FEET ON SNAKES 

At the moment, physicists know of no good reason for in
cluding the muon and tau families in the design of the universe. 
Indeed, since the particles in these families decay rapidly into par
ticles in the electron family, they are not even present in the uni
verse, normally. The universe would function perfectly wen if the 
muon and tau families were not even included. ' 

Rabj's exasperated question is nOW updated to, "Why is He 
repeating Himself?" He appears to be ruining His mVIl elegantly 
simple design with unnecessary embellishments. In China, the 
story is told of an artist greatly skilled in painting snakes. His work 
WaS much admired, but, nevertheless, he was not satisfied. The 
snakes he painted just did not look right to him. Finally, picking 
up his brush, he painted feet on the snakes. The Chinese expres
sion "painting feet on snakes" is now used to describe the destruc
rion of a design due to excessive embeUislunents. 

Did Nature paint feet on snakes? Physicists do not think so. 
The prevaient faith is that in Xeroxing the matter content of the 
universe, She must have been motivated by a deep aesthetic im
perative which we are yet unable to appreciate. 

,L ' 

."rl . , 

'\ 
. . ' I . . 

Figure 15.1. Paintillg feet on snakes: A contemporary cartoonist reinterprets an 
ancient Chinese moral tale, saying more or less thaI you should quit while you 
are ahead. 
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THE FAMILY PROBLEM 

Physicists sometimes describe the electron, the muon, and 
the tau families as three generations in one big family. The puzzle 
as to why Nalure should include three generations, when one 
would have sufficed, is known as the family problem. A few years 
ago, I was invited to give some lectures in Japan. When I spoke of 
tbe family problem, the audience burst out laughing. It turns out 
that the real-life family problem caused by tllree generations living 
together was, at that time, a hot topic in tile Japanese news media! 

Grand unification sheds no light on the family problem. Re
call that when I counted fifteen quark and lepton fields in the last 
chapter, I omitted the strange quark. Now you understand why I 
did that: I wanted to count one generation at a time. Each genera
tion contains fifteen quark and lepton fields, fitting nicely into a 
five-dimensional representation and a ten-dimensional representa
tion of S U(5). To accommodate three generations, Georgi and 
Glashow simply triplicated the representations appearing in their 
theory. But we have absolutely no understanding whatsoever as to 
why the representations are to be triplicated and why each succes
sive generation is more massive. 

The family problem is one of the deepest outstanding puz
zles in physics today. At the moment, we can't even say for sure 
that there are just three generations; perhaps there are more. A 
number of physicists have tried to fix the number of families from 
first principles. In this endeavor, the Burning Tiger again leads tbe 
way. 

MIRRORS 

Many theorists assume that a group of symmetry transfor
mations relates the different families. One may feel that in a truly 

haps more, of the five- and ten-dimensional representations. of 
SU(5). Intriguingly, this is possible only if additiOllal particles that 

I «'x: <::;:::::: 
,~:~:~:~ 

"."."0', 

".-. 

~:o:~r~~~~~ar::c~: ~~et~~~~~d~~~~S :~o~e~;~~tr;;~ ~:;;:~ .•..•.. , •.. ,~.".,.; •.•. : •..•.. ,' 
neutrino, and so lorth. The mirror particles behave as if they are . 
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the mirror images of the known particles. For instance, the W 
boson transfonns the electron into a left-spinning neutrino, but it 
transforms the mirror electron into one that spins right. Since ex
perimenters have never observed mirror particles, mirror quarks 
and leptons, if they exist at all, must be more massive than the 
known quarks and leptons. 

This brings us to the intriguing possibility that the ultimate 
design may be, in fact, parity invariant, and that the parity viola
tion that shocked the physics world in the 19508 is but the result of 
a spontaneous symmetry bre;lking. Did He include mirror particles 
in His design and then proceed to break the mirror? 

STANDING APART 

In his definitive biography of Einstein, Abraham Pais wrote 
that he was struck by the apartness of the man. The gravitational 
interaction, in many ways Einstein's child, also stands conspicu
ously apart from the three other interactions. 

Gravity appears singularly different from the other interac
tions, even leaving aside the vast disparity in strengths. Given that 
Yang-Millo;; gauge bosons mediate the other three interactions, one 
may guess that the graviton, the particle mediating gravity, is also 
a gauge boson. But it's not. The graviton behaves quite differently 
from a gauge boson; for instance, the graviton spins twice as fast 

f 

as a photon. The graviton cannot be related directly to the media-
tors of the other three interactions. 

During the reign of the phenomenological approach to par
ticle physics, gravity often appeared as a forlorn stepchild, ad
mired but neglected. Because gravity is so fabulously weak, its 
effects are completely negligible in the microscopic world. In those 
days, one could be a leading particle physicist without any under
standing of gravity whatsoever. Even today, most physicists ob
tain their Ph.D.'s without bothering to take a COurse on Einstein's 
theory of gravity. A physicist studying the electronic properties of 
solids, for example, would not have to pay the slightest attention 
to the theory of gravity. 

Even now, opinions differ on the role of gravity. Some 
physicists feel that we can fully understand the grand unified inter
action only by relating it to gravity. Others prefer to focus on grand 
unification without worrying about gravity. In any case, one over-
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whelming thrust in current research ccnsists of efforts to draw 
Einstein's child into play. 

A MARRIAGE PROPOSAL RESISTED 

As a classical theory, Einstein' 8 gravity is beautifully com
plete, but jusl as he stubbornly refused to subscribe to quant\lffi 
pbysics, it has steadfastly resisted marriage with the quantum. 
When the quantum principles are applied to Einstein's theory, the 
resulting theory of quantum gravity does not make any sense: 
Quantum gravity is not renormaliz.able. In other words, whcn 
physicists try 10 sum the infirritc number of amplitudes associated 
with a gravitational process, they encounter a sum akin to 1 + 2 
+3+4+· ... 

A spectrum of opinion surounds this issue. One extreme 
holds that Einstein's child is telling us that quantum physics must 
fail llt some point. Others feel that the theory of gravity must be 
modified. Who is spurning wl1om? 

Figure 15,2, A mardagc propos a) Tefilsed: Einstein's, theory of gravity s.purns 
the quantum, 
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Physics started with grd vity, but, iromcaHy, it may also end 
with gravity. Of the four fundamental interactions, gravity is the 
least understood. 

ElNSTEIN'S OUEST 

, 
The classical world of Einstein admitted only electromag-

netism and gravity, and Einstein was quite convinced that the two 
were related, particularly after Weyl had demonstrated that elec
tromagnetism, like gravity, is based on a local symmetry. After his 
great work on b'I'avity, Einstein devoted his scientific energy to a 
quixotic quest for the so-called unified field theory. a quest tbat 
some biographers view as tragic. 

To bis contempordries, Einstein quest appeared bone~ 
headed and misguided. As Einstein labored, the world became 
quantum. The weak and the strong interactions were discovered, 
and phenomenology came to rule fundamental physics. it appeared 
absurd and terribly old-fashioned to insist 011 the unification of 
electromagnetism with gravity when the world contains two other 
interactions that appear to have nothing to do with local symme
tries. Laughing at Einstein's futile labors, Pauli once quipped, 
"Let no man join together what God has put asunder. " 

But Einstein had the last laugh on Paull. In some sense, 
grand unification realizes Einstein's impossible quest. Physicists 
have joined together what God has only appeared to put asunder. 
While it is true that unification of the other three interactions, 
leaving gravity out, was quite different from what Einstein had in 
mind, his vision of a unified design continues to inspire us today. 

I began this book by saying that physicists are sustained by 
their faith that Nature, ultimately, is simple and comprehensible. 
The drive toward simplicity and unity has now arrived at a grand 
unified theory of the strong, the electromagnetic, and the weak 
interactions (see Figure 15.3). Only gravity remains outside the 
fold. Fundamental physicists are titillated by the thought that per
haps only one more step separates them from the ultimate design. 
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Figure 15.3. The drive toward unity late in the twentieth centy,ry. (Compare 
with Figure 4.6.) fundamental physicists are titillated by the thought that perhaps 
only one more step separates them from the Ultimate Design. Is superstring that 
final step? Opinions differ. 

DIMENSIONS OF THE WORLD 

It is ironic, perhaps, that the current drive to unify gravity 
with the other three interactions relies on an idea resurrected from 
the dustbins of history. In J919, just four years after Einstein had 
proposed his theory of gravity, Polish mathematician and linguist 
Theodor Kaluza came forth with the absolutely nutty idea that 
spacetime is actually five-dimensional. This idea was developed by 
Swedish physicist Oskar Klein into what is known as the Kaluza
Klein theory. 

Einstein had married space with time, and he described the 
physical world as having four dimensions: the three familiar dimen
sions of space and the dimension of time. But to Einstein, space 
remained three-dimensional, as any ordinary person would have 
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thought. Kaluza and Klein were saying something much more rad
ical. In their scheme, space itself is four-dimensional. (It follows 
that spacetime is five-dimensional.) 

How could we possibly have missed one extra dimension in 
space, having lived in it all our lives? Did Kaluza and Klein mean 
to tell us that there is another direction in which we can move? 

To understand the answer to these questions, consider a 
> 

creature constrained to live on the surface of a long tube. An 
observer could see that the space "inhabited" by the creature, the 
surface of the tube, is really two-dimensionaL But suppose the 
radius of the tube is much smaller than the smallest distance that 
can be perceived by the creature. To the creature, space would 
appear to be one-dimensional, since the creature can move only 
along the tube. The creature would think that it was living in a two
dimensional world: one dimension for time, another for space. In 
other words, a very thin tube could be mistaken for a line. On 
closer inspection, every "point" on the "line" actually turns out 
to be a circle. 

Kaluza and Klein supposed that every point in the familiar 
three-dimensional space in which we move would, on closer in
spection, also turn out to be a circle. If the radii of the circles are 
much smaller than the smallest distance that we can measure, we 
would see the circles as points, and we would be misled into think
ing that we are living in a three-dimensional space instead of a 
four-dimensional one. 

The discussion thus far has to do only with geometry. Phys
ics enters with the supposition of Kaluza and Klein that the world, 
now imagined to be actually five-dimensional, possesses only the 
gravitational interaction as described by Einstein's action. 

Kaluza and Klein then asked how the inhabitants of this 
world, too myopic to see that what they call points are actually 
circles, would perceive the gravitational force. To their utter sur
prise, Kaluza and K1ein found that the inhabitants would feel two 
types of force, which they could interpret as a gravitational force, 
and an electromagnetic force! In Kaluza-Klein theory, Maxwell 
comes out of Einstein! 

More precisely, if spacetime is really five-dimensional, then 
Maxwell's electromagnetic action emerges as a piece of Einstein's 
gravitational action. We can understand this stunning discovery 
roughly as follows. A force in a three-dimensional space can pull 
in three different directions; after all, that is what we mean by 
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saying that space is three-dimensional. In the four-dimensional 
space of Kaluza-Klein theory, gravity can pull in four different 
directions. To us, the myopic inhabitants, a gravitational pull in 
the three directions corresponding to the three directions we know 
and love appears as just a gravitational pull. But what about a 
gravitational pull in the fourth direction, the direction that we are 
too myopic [0 see? We would construe that as another force. 

The reader may think of our four-dimensional spacetime,as 
an approximate representation of five-dimensional spacetime. An 
action describing physics in five-dimensional spacetime splits into 
pieces when viewed in the four-dimensional approximation. Ka
luza and Klein found that one piece describes gravity, the other, 
electromagnetism. 

In light of the preceding discussion, the fact that two differ
ent forces would emerge from Kalllza-Klein theory is not surpris
ing. What is surprising is that the second force has precisely the 
character of the electromagnetic force. 

Einstein was utterly astonished. He wrote to Kaluza that 
the idea that space is actually four-dimensional never dawned on 
him. Einstein liked the theory enormously. 

I~ ~ 2® ~~~i;~1 
--,--.-l"", MORT WALKING

". AROUND WITH TWO 
J-.......... PAIRS OF 3·D 

G-LASSES ON? 
~r......, 

HE'S TRYING TO FINO 
THE 6TH DIMi:NSION! 

FORTUNE: YOU ARE GOING TO HAVE A PET SHORTLY. 
Figure 15.4. DimenSions of the world, (Counesy Topps Chewing Gum, fllc) 
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TOO SMALL FOR US TO GET IN 

In Kaluza-Klein theory, the enormous disparity in strength 
between the gravitational and electromagnetic interactions can be 
accounted for if the radius of the circle is extremely small, some
thing like 10 18 times smaller than that of the proton. The theory 
replaces a fabulously small number-the strength of gravity com
pared 'to the other interactions-with another small number. At 
the moment, physicists have no deep understanding why, of the 
four dimensions of space, one is so tiny while the other three 
stretch clear across the universe. But the theory is consistent with 
observations, in the sense that the radius of the circle does not , . 
come out to be, say, one centImeter. 

Kaluza-Klein theory, wild though it is, is positively tame 
compared to what has been imagined by science-fiction writers. 
No, there is no way of touring the fifth dimension. The circles are 
so tiny that even sub nuclear particles are far too big to squeeze 
inside. 

Over the years, Kaluza-Klein theory has inspired an as
sortment of crackpots to come forth with similar ideas based on 
unspeakable abuses of the term "dimension." The point is that it 
is not enough simply to assert that spacetime has however many 
dimensions one fancies. Kaluza and Klein had to analyze the ac
tion in detail to see what they would get in four-dimensional space
time. Whether or not electromagnetism emerged was not up to 
them to decide. 

THE RULE Of LOCAL SYMMETRY 

The most astonishing feature of Kaluza-Klein theory, that 
gravity begets electromagnetism, is now understood as a conse
quence of local symmetry. Recall the discussion on local symme
tries in Chapter 12. Einstein had built his theory on local 
coordinate transformation, thus inspiring Weyl also to base elec
tromagnetism on a local symmetry, a symmetry now known as 
gauge symmetry. In Kaluza-Klein theory, the action written in 
five-dimensional spacetime possesses a local symmetry, namely 
invariance under five-dimensional local coordinate transforma
tions. When spacetime is reduced to four dimensions, the local 
symmetry that the action possesses cannot be lost. Thus, the 
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pieces into which the action splits cannot help but be those actions 
that are known to possess local symmetry, namely the Einstein 
action and the Maxwell-Weyl action. 

The discovery of the weak and strong interactions, two in
teractions that apparently had nothing to do witb local symmetries, 
consigned Kaluza-Klein theory to the aforementioned dustbins. 
Phenomenology ruled, and Kaluza-Klein theory, based on geom
etry, appeared as a hopelessly antiquated curiosity. When I sLUc\ied 
physics, Kaluza-Klein tbeory was never even mentionec\. The 
major textbooks on gravity in the 19705 did not discuss it. Then 
the followers of exact symmetries came roaring back. Thc other 
three interactions all turned out to be based upon the exact local 
symmetry of Yang and Mills. Physicists searching for a link be
tween gravity and the grand unified interaction naturally turned to 
Kaluza-Klein theory. But first, they had to generalize Kaluza
Klein theory to produce the Yang-Mills action. 

Kaluza and Klein supposed that each point in our three
dimensional space is actually a tiny circle. It is natural to work out 
what would happen if each point is actually a tiny sphere. (Note 
that spacetime is now six-dimensional, the sphere being a two
dimensional surface.) The Yang-Mills action, amazingly enough, 
pops right out! More precisely, the Einstein action for the six
dimensional spacetime splits into two pieces when viewed in 
four-dimensional spacetime, one piece corresponding to the 
four-dimensional Einstein action, the other to the Yang-Mills 
action. 

Mathematicians call spaces lilat are curled up, such as the 
circle and the sphere, "compact spaces." In general, we could 
suppose each point in our three-dimensional space to be actually a 
tiny d-dimensional compact space (so that space is actually 
[3 + d]-dimensional and spacetime, [4 + d]-dimensional). Given a . 
compact space, physicists can write down the corresponding Ka-' 
luza-Klein theory. .. 

Mathematicians have invented all sorts of compact spaces, 
some shaped so oddly that we could hardly picture them. In gen- .... 
eral, each compact space is invariant under some geometrical 
transformation. The sphere, for instance, is invariant under rota
tions. Indeed, the symmetry of geometrical objects provided the 
original motivation for our notion of symmetry. Remarkably, the 
geometrical symmetry of the compact space used in Kaluza-Klein 
theory emerges as the local symmetry of the Yang-Mills action. 
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GEOMETRY INTO PHYSICS 

• 
This metamorphosis of geometrical symmetry into physical 

symmetry is extremely beautiful to watch, but, unfortunately, it 
can be appreciated fully only when cloaked in the splendor of 
mathematics. 

Throughout this book, I have tried to convey my sense of 
awe at the stunning beauty of the Einstein theory of gravity and 
the Yang-Mills theory of the other three interactions, but the re
alization that one emerges out of the other can only be described 
as absolutely "mind-blowing," to use that overworked term. 

IS GRAVITY FUNDAMENTAL? 

I must caution the reader that Kaluza-Klein theory is far 
from established, and various other ideas remain in contention. 
For instance, a minority opinion holds that gravity is not a funda
mental interaction at all, but merely a manifestation of the grand 
unified gauge interaction. In this view, the gauge interaction begets 
gravity, rather than the other way around. The philosophy of this 
approach is summarized in the aphorism: "La lumiere fut, done la 
pomme a chu" (roughly, Let there be light, so the apple may fall). 

Some physicists have been critical of Kaluza-Klein theory 
on the grounds that it exacerbates the difficulty of renormalizing 
Einstein's theory of gravity. The reader can easily understand that 
the larger the dimension of spacetime, the more processes one has 
to sum up, simply because any given process has more directions 
in which to proceed-and the more histories one has to sum up, 
the less likely that sum will be sensible. As we shall see, some 
physicists are now thinking that this difficulty may be near resolu
tion. 

MATTER AN D UGHT 

Physics books used to describe the world in terms of matter 
and light. Our description has become more sophisticated but the 
dichotomy has persisted. On one side stand the quarks and lep
tons, known collectively as fermions; on the other, the gauge bo
sons and the graviton, known collectively as bosons. For instance, 
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in Figure 14.3 (page 237), the circles denote fermions, the arrows, 
bosons, 

Matter is composed of fermions, wb.i\e the fundamen,al unit 
of light, the photon, is the typical boson, A fermion can emit or 
absorb a boson, and, in the process, it can either remain unchanged 
or transform itself into another fermion. In this sense physicists 
speak of bosons acting on fcrmions. The shuttling of bosons back 
and forth between fermions produces the forces we observe" 

The theories discussed thus far in this book treat, bosons 
quite differently from fermions, In a gauge theory, the symmetry 
group fixes the number of gauge bosons, A theorist is free, on tbe 
other hand, to assign fermions to any representation of the sym
metry group, 

For example, once Georgi and Glashow decided on SU(5), 
they were forced by group theory to have a certain number of 
gauge bosons, The X and Y bosons are present whether Georgi and 
Glashow like it or not. 

Group theory alone does not determine tbe number of quark 
and lepton fields: The only requirement is that they have to fit into 
the representations of the group, Georgi and Glashow had to ap
peal to experimental observations to know that each generation 
contains fifteen quark and lepton fields. As J explained in the 
preceding chapter, the seamless fit of these fifteen fields into 
five-dimensional and ten-dimensional representations of S U(5) 
provides us with a major reason for wanting to believe in grand 
unification, 

At the moment, physicists do nol understand how the Ulti
mate Designer chose the number offermions. The group SU(5) has 
a twenty-fom-dimensional representation, for example. A theonst 
can easily imagine constructing a grand unified theory based on 
SU(5), with twenty-four fermion fields assigned to the twenty
four-dimensional representation, The resulting universe, While 
quite different from the one we know, is a perfectly possible uni
verse. Why did He choose fifteen instead of twenty-four? 

Thus, the dichotomy between fermions and bosons may be 
expressed more sharply as questions: How did the Ultimate De
signer decide on the number of fermions and which representations 
to put them into? Indeed, why did the Ultimate Designer include 
fermion, at all, given that the gauge symmetry does not require 
them') 
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SYMMETRY BECOMES SlIPER 

To answer these questions, some theorists have argued that 
there must be a symmetry linking fermions to bosons, under which 
fennions are transformed into bosons, and vice versa. They argue 
for matter and light having a common origin, 

In tune with our age of hyperbole, the symmetry in question 
has been named "supersymmetry"by its inventors, I personally 
regret the deflation of the word "symmetry" by implication. In
evitably, proponents of supersymmetry are sometimes referred to 
as superphysidsts, and their field as superphysics, 

Disappointingly, the original motivation of linking the 
known fermions to the known bosons did not work out. Supersym
metry turns out to link the known fermions to bosons yet un
known, and the known bosom;; to fermions yet unknown. If 
supersymmetry is correct, then every known particle is associated 
with a superparlner. Double the particles, double the fun, the en
thusiasts gushed, 

The sudden (bypothetical) birth of so many particles over
whelmed the registrar of particle names. The registrar, in despera~ 
tion, named the superparlners of the quarks and leptons, 
monstrously, "squarks" and "sleptons." More endearingly. he 
called the superpartncrs of the bosons by the corresponding Italian 
diminutives. The photon, thus, is associated with the photino, the 
graviton with the gravitino, and so forth. But, then the superpart
ner of the W boson ends up with the unhappy name Wino! 

Experimenters have failed to find any of these particles re
quired by supersymmetry. It could be that these superpartncrs are 
so massive that they cannot be produced with the energies cur
rently available at particle accelerators. At the moment, supersym
meky, like Yang-Mills theory during the 1950s and 1960s. is a 
mathematical theory in search of a world to describe, 

Theorists have systematically made various existing theo
ries supersymmetricaL For instance, the supersymmetrical version 
of Einstein's theory of gravity, known as supergravity, extends the 
theory to include the gravitino. 

Supersymmetry, being broader in scope than the symme
tries we have considered thus far, is consequently also more re
strictive. Indeed, it is so restrictive that many supersymmetrical 
theories cannot be constnlcted in four-dimensional spacetime. One 
is forced by the mathematics involved to consider the theory in 
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higher dimensional spacetime. Curiously, supersyrnmetry leads 
physicists back to Kaluza-Klein theory. 

SUPERSTRINGS 

Of all the recent drives toward the ultimate design, the. most 
ambitious and revolutionary is the idea of superstrings, developed 
by John Schwarz, Michael Green, and others. The language of 
fundamental physics is quantum field theory, very sophisticated 
and built up over the last two hundred years or so. But while 
quantum field theory has reached a great level of refinement in 
recent years, it ultimately is based on the simple intuitive notion 
(hat particles are like tiny balls that can be represented mathemat
ically as points. In the late 19608, the notion developed slowly that 
perhaps we should construct theories whose fundamental entities 
are represented mathematically as line segments. 

The result became known as the theory of strings. A fun
damental particle is represented as a bit of vibrating string. If the 
bit of string is much shorter than the resolution of our detection 
instruments, it will look like a point particle. The remarkable fea
ture of string theory is that by vibrating in different ways, the string 
can appear to us as different particles. By vibrating in a certain 
way, it appears as a graviton, in another, as a gauge boson. Thus, 
string theory holds out the promise of a truly grand unification, in 
which gravity is tied intrinsically to the grand unified interaction. 

In the last few years, Schwarz and others have imposed. 
supersymmetry on string theory, obtaining what is known as su- .:: 
perstring theory. It turns out that superstring theory can only be 
formulated consistently in ten-dimensional spacetime. Once again, 
to relate superstring theory to observations, Kaluza-Klein theory <: 
must be invoked. 

If we do not probe the siring with too fine an m"tnlm,enl 
superstring theory effectively reduces to a field theory cOl1tainil1gi 
naturally, Einstein's theory of gravity and Yang-Mills gauge 
ory. Recently, in the summer of 1984 to be exact, Green 
Schwarz discovered that superstring theory possesses some amah 
ingly attractive propelties. In particular, thanks to its 
symmetry structure, the quantum version of superstring theory 
renormalizable. Given that superstring theory contains Einsl:ei •. l'.s 
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theory of gravity, Green and Schwarz may have solved the long- .... 
standing problem of renormalizing gravity. . .... 

Einstein's child is finally willing to be married to the quan
tum, but only as part of a larger theory. Many theorists are now 
working on superstring theory in feverish excitement. Others re
main profoundly skeptical. 

THE BAROQUE AND THE ROCOCO 

There, I have taken the reader to the cutting edge of physi
cal knowledge. At the moment, it feels as if we are living in an era 
when a hundred flowers bloom and a hundred schools contend. 
Excitement is in the air. But it remains to be seen whether any of 
the current ideas about the ultimate design wilJ prove to be correct. 
The conservative and timid may point out that even grand Immca
tion has not been definitively established by experiment. 

One disturbing sign is that while the Georgi-Glashow SU(5) 
grand unified theory fits the observed particIes and their behaviors 
seamlessly, these further developments all invoke hitherto unob
served particles. In art history, the baroque and the rococo fol
lowed the Renaissance. In fundamental physics, after an era of 
unification and simplification, we seem to have entered an era of 
embellishments and complexities. Recent developments tend to be 
increasingly complicated; in particular, superstring theory involves 
an enormous jump in mathematical complication. 

In spite of the escalation in complication, many fundamental 
physicists are bullish on the future. In our limitless hubris, we are 
beginning to feel that we are on the threshold of really knowing 
His thoughts. 

The details of the ongoing research in fundamental physics 
need not concern the lay reader. The important point is that sym
metry plays a dominant role in the theories being considered cur
rendy, from grand unification to superstring. The intricacies of 
these theories are such that no one could possibly have con-

-:.: structed them by following the schema of nineteenth-century phys
:~~:: les. Physicists have to rely on the Burning Tiger. 
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AS THE ANCIENTS DREAMED 

In a lecture given in 1933, just before the phenomenological 
approach was to take hold of physics, Einstein said: "I am con
vinced that we can discover by means of purely mathematical con
structions the concepts and the laws ... which furnish the key to 
the understanding of natural phenomena. Experience may suggest 
the appropriate mathematical concepts, but they most certainly 
cannot be deduced from it. ... In a certain sense, therefore, I 
hold it true that pure thought can grasp reality, as the ancients . 
dreamed. I' 

Recent developments appear to vindicate Einstein. Our cur- . 
rent leap in understanding results from an insistence on aesthetic 
imperatives. 
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THE FLOW OF TIME 

I have saved until last the most mysterious symmetry of 
them all, the symmetry of physicailaws under the reversal of time. 
Physicists say that Nature is invariant under time reversal if the 
laws of Nature do not determine the an-ow of time. As in our 
discussion of parity, I must give a precise and operational defini
tion of time reversal invariance in order to avoid potential confu
sion. Make a movie of any physical process. Now play it 
backward. Does the process we see in the backward-playing movie 
contradict any physical laws? If not, physicists say that the laws 
governing that physical process are time reversal invariant. (This 
operational definition obviously puts to rest the potential miscon
ception that time reversal invariance somehow means that we can 
travel backward in time.) 

Notice that time reversal invariance only says that the pro
cess in the backward-playing movie, the so-called time reversed 
process, is possible. We watch a movie of a baseball player sliding 
home. Run the movie backward and we laugh: We see an implod
ing cloud of sand and dust converging on the player lying on the 
ground and lifting him up. But as far as physical laws are con
cerned, this process is entirely possible, though extremely improb
able. As the player slides home, the molecules in the player's body 
transfer their momenta and energies to the molecules in the 
ground. If we could arrange for every molecule involved in the 
process to reverse its direction of motion, then the time-reversed 
process would in fact occur. 

The direction of time is laughably evident in this example: 
It is amusing to think of examples for which this is not the case. 
Consider a silent film of a person talking: Unless we can read lips, 
we would have a hard time determining whether the film is "''''''flO 



T0i(NC>\)iI::IISTI::IOU('H,c.T"S'-________________ _ 

run forward or backward, (But if the speaker is Italian, say, his 
gestures might give the game away,) 

Physicists generally believe that the arrow of time in mac
roscopic physical phenomena is generated by the collective behav
ior of the enormous numbers of particles involved, Consider'the 
well-known example of pouring hot water gently into a glass of 
cold water, We all know what happens: As time goes by, the water 
becomes lukewarm, At the microscopic level, the molecules in the 
hot water are moving fast, while those in the cold move slowly, 
When the hot comes into contact with the cold, fast and slow 
molecules collide, Soon, all the molecules end up moving at some 
stately speed, neither fast nor slow, and the water registers luke
warm, 

But the physics governing molecular collisions is in fact 
time reversal invaliant, and any given collision can be run back
ward, Two molecules, both moving at a stately pace, could collide 
in such a way that one of them goes zipping off while the .other 
moves off slowly, 

No one, of course, has ever seen lukewarm water sponta
neously separating into a cold layer and a hot layer, However, the 
point is, physical laws do not forbid this separation from occurring. 
But that the water actually would separate is extrcmely improba
ble, All the fast molecules would have to find themselves, by 
chance, in the top layer. say, and all the slow ones in the bottom 
layer, Given the huge number of molecules involved, the odds 
against a spontaneous separation are just staggering, 

Staggeringly small, yes, but not zero, If we could watch a 
glass of lukewarm water long enough, far longer than the present 
age of the universe, we would see the water separating for just a 
moment into ice and hissing steam, 

Because a complex macroscopic phenomenon can be re-, " 
duced to various microscopic phenomena, such as the scattering "", 
of two molecules, physicists can focus their attention on mi,cre.-, 
scopic processes. Since the time of Newton, physicists have re~ 
lentlessly tried to nm every microscopic process backward 
check if Nature, at the fundamental level, knows about the diJ'cc'o 
!ion of time, Numerous experiments have been carried out, and 
one has ever directly observed a physical process that cannot 
run backward, Time reversal invariance, as a result, has come 
enjoy the status of a sacred principle, just as parity invariance 
at one time, 
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But the physicists' time reversal invariant world cannot 
possibly be correct. We feel an arrow of time. Also, experimenters 
have discovered indirect evidence that under some circumstances 
the weak interaction mysteriously violates time reversal invari
ance. 

THE FALL OF TIME REVERSAL INVARIANCE 

I explained in Chapter 3 that after the fall of parity, shell
shocked physicists went around checking all "sacred" principles. 
They immediately discovered that Nature also violates charge con
jugation invariance, the proposition that matter and antimatter be
have in exactly the same way. 

It will prove convenient in this discussion to denote parity 
by P, charge conjugation, C, and time reversal, T. You also may 
recall that after physicists discovered the breakdown of parity and 
charge conjugation, they found that Nature still respects the com
bined operation CP, in which one reflects left and right and turns 
particles into antiparticles at the same time. But a few years later, 
in 1%4, experimenters discovered that Nature also violates CP 
once in a while in the weak interaction decay of the K meson. 

Now, what does all this have to do with time reversal invar
iance? It turns out that a rather abstruse theorem was proven in 
the ]950s. The theorem states that in a world described by a rela
tivistic quantum field theory, one may violate parity, charge con
jugation, and time reversaJ invariances to the heart's content, if 
one so wishes, but one can never violate invariance under the 
combined operation CPT. More precisely, as a theorist, I can eas
ily write down physical laws that violate C, P, and T separately, 
never minding whether these laws describe the real world ... yet, 
somehow, if I take any physical process and turn it into another 
process by reflecting left and right, replacing particles with antipar
ticles, and reversing the flow of time, that transformed process 
also is allowed by my physical laws. 

This theorem, known as the CPT theorem, surely ranks as 
one of the strangest and deepest theorems conceived and proven 
by the human mind. Since relativistic quantum field theory results 
from the marriage of the principle of relativistic invariance to the 
principle of the quantum, its pedigree is impeccable. And physi-
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cists, barring an utterly unexpected development, are extremely 
loath [a give up the CPT theorem. 

Given the CPT theorem and the observation of CP v,iola
tion, one concludes by basic logic that T, namely time re.versal 
invariance, must be violated. 

In summary. physicists have strong indirect evidence that 
Nature violates time reversal invariance, but mysteriously enough, 
they have never caught Her in the act. It would be more satisfying 
10 see the fal! of lime reversal invariance without having to invoke 
any theorem. Experimenters would like to detect an actual differ
ence between a microscopic process and its time-reversed counter
part. 

TIME AND CONSCIOUSNESS 

You must remember this; I A kiss Is still a kiss, I A sigh Is just a slgh-J 
The fundamental things apply I As time goes by< 
-"As Time Goes By." Hetman Hupfield 

I have saved the discussion of time reversal in variance for 
the closing pages of Femju/ Symmetry because I do not understand 
it. Neither does anybody else. As a physicist, I know what 1 have 
told you about time reversal invariance: The fundamental Jaws of 
Nature do not pick out a direction of time except in the decay of a 
certain subnuclear particle, blah, blah, blah. But as a consciolls 
being, I know dam well that there is a direction of time< I don'l 
care what physicists say, I know that the flow of time is irrevoca
ble. For lovers and nonlovers alike, time goes by. 

In physics, time is simply treated as a mathematical param· 
eter; as time changes, various physical quantities change in aeeor- . 
dance with various physical laws. Einstein's work deepened the 
mystery by treating time and space on equal fOOling. Yet, again as 
a conscious being. I know thaI lime is different from space: I can 
go ea.,t or west, as I please, but I can only go in one direction in 
time. 

We are confronted here with an impasse enforced by a fun· 
damental guiding tenet of science: the exclusion of consciousness. 
Physicists are carefUl to say Ihal their knowledge is limited to Ihe 
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physical world. The realization that the world may be divided into 
the physical and, for lack of a better term, the nonphysical surely 
ranks as a major ruming point in intellectual history, and one that 
has made possible the advent of Western science. But eventually 
we will have to cross the dividing line. I believe that a deep under
standing of time reversal invariance will take us across that line. 

Is the arrow of time perceived by our human consciousness 
generated in the same way that an apparent arrow of time is gen
erated when we mix hot and cold water? Will someone someday 
suddenly perceive, for an instant, time flowing backward? Some
how, I do not think so. I have no good reason for believing this, 
but I refuse to believe that our perception of time is merely a 
probabilistic illusion. 

The possibility that our perception of lime is linked to the 
violation of time reversal invariance in the decay of some subnu
dear particle appears untenable, if not absolutely inconceivable. K 
mesons, surely, are not present in our brains. Besides, how can a 
tiny effect in the weak interaction govern the overall working of 
the mind, which, as some wou.ld have it, is entirely driven by the 
electromagnetic interaction? Physics has not been able to provide 
any answers. 

That there is consciousness in the universe is undeniable. 
That science in general, and physics in particular, do not address 
this most striking of ali observable phenomena is glaring. Con
sciousness, so central to our existence, remains a mystery. 

A tantalizing clue comes from quantum physics. Ever since 
the early days of the quantum, when it was realized that tile act of 
observation unavoidably disturbs the observed (as quantified by 
the uncertainty principle), physicists and philosophers have spec
ulated about the possible link between consciolJsness and the prob
abilistic mystery of the quantum. There is no lack of speculation 
and musing on the subject, but it is fair to say that the overwhelm
ing majority of work.ing physicists find what has been written ex
ceedingly difficult, if not impossible, to understand The 
distinguished physicist Murph Goldberger was once asked by a 
television interviewer why he had never worked in this area. He 
answered that every time he decided to think about these ques
tions, he would sit down, get out a clean piece of paper, sharpen 
his pencil-and then he just couldn't think of anything to put 
down. That is as good a summary as any of our present under
standing of the role of consciousness in physics. 
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Ultimately, the discussion comes down to the question of 
whether science can explain life; that is, whether there is a "life 
force," for lack of a better term, outside Ihe purview of raiional 
thought. Is the hllman consciousness merely the result of abullCh 
of neurons exchanging electromagnetic pulses? Is the thinking 
brain ultimately just a collection of quarks, gluons, and leptons? I 
don't think so. Do I have a cogent reason? No, it is just that, as a 
physicist, I do not have enough hubris to believe that physics can 
be all encompassing. When He set down the symmetrical action of 
the world, did He see human consciousness in it? Is consciousness 
a piece of the action, or is it beyond the purview of li symmetrical 
action? Sir Arthur Eddington (I882-1944), a distinguished English 
astrophysicist who was beset by bizarre ideas toward the end of 
his life, once gave ttle following parable: In a seaside village, a 
fisherman with a ratber scientific bent proposed as a law of the sea 
that all fish are longer than one inch. Bul he failed to realize that 
the nets used in the village were all of a one-inch mesh. Are we 
filtering physical reality? Can we catch consciousness with the nets 
we are using'! 

Such are the night thoughts of a fully conscious, contem
porary physicist who's a bit afraid of the dark. But I better stop 
and go back to something I beJieve in: symmetry, for instance. 

THE NATURE OF THE BEAST 

We have traveled a long road with the Burning Tiger. Start
ing with the discovery that heaven is not above us, symmetries) 
have played an increasingly central role in our understanding of ... 
the physical world. From rotational symmetry, physicists wellt on 
to formulate ever more abstruse symmetries. But the basic notion 
and motivation remain the same. Fundamental physicists are sus
tained by the faith that the ultimate design is suffused with sym
metries. 

Contemporruy physics would not have been possible with
out symmetries to guide us. Einstein showed uS how the secrets of 
gravity could be mastered in one feU swoop. Learning from Ein
stein, physicists impose symmetries and see that a unified concep
tion of the physical world may be possible. They bear symmetries ..•. 
whispered in their ears. As physics moves further away from 
everyday experience and closer to the mind of the Ultimate De-



signer, our minds are trained away from their familiar moorings. 
We need the Burning Tiger. 

Writing about Blake's poem on the Burning Tiger, noted 
critic Lionel Trilling pointed out that, up until the fifth stanza, the 
poet sought to define the nature of Tiger by the nature of God, but 
that in the sixth and last stanza, the tone ofthe poem shifts, and it 
is God who is defined by the nature of the Tiger. In the same vein, 
I like to think of an Ultimate Designer defined by Symmetry, a 
Deus Congruentiae. 

The point to appreciate is that contemporary theories, such 
as grand unification or superstring, have such rich and intricate 
mathematical structures that physicists must marshal the force 
of symmetry to construct them. They cannot be dreamed up out of 
the blue, Nor can they be constructed by laboriously fitting one 
experimental fact after another. These theories are dictated by 
Symmetry, 

Do recent developments in fundamental physics represent 
the beginning of the end in our search for understanding, or do 
they merely signal the end of the beginning? The optimists pro
claim that we wiU know the ultimate design any day now. The 
pessimists mumble that we are likejigsaw-puzzlc solvers who suc
ceed in fitting four pieces together, not realizing that hundreds 
more remain in the box. The traditionalists decry basing theories 
on aesthetics rather than on cold hard facts. Certain theories, such 
as superstring, are so far removed from perceived realities that 
they cou]d wen come crashing down. Or perhaps they will become 
sterile, as did atomic theory, for example, in the time of Democri
tus. 

DID HE HAVE ANY CHOICE? 

When judgIng a scientific theory. his own or another'S, he asked himself 
whether he would have made the universe in this v,'ay had he been God, 
This criterion ... reveals Einstein's faith in an ultimate simplicity and 
beauty in the universe. Only a man with a profound religious and artistic 
conviction that beauty was there. waiting to be discovered, could have 
constructed theories whose most striking attribute, quite Dvertopping 
their spectacular successes, was their beauty. 
-Bane.sh Hoffm<;1l1 

It has been said that the hlghest praise of God consists in the denial of 
Him by the atheist, who finds creation so perfect that he can dispense 
with a creator. 
-Marcel Proust 
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As fundamental physicists drive toward the ultimate design, 
they begin to confront the issue of uniqueness. If we believe the , 
ultimate design to be the most beautiful possible, does it follow 
that it is the only one possible'? Einstein once said, "What I'm 
reatly interested in is whether God could have made the world in a 
different way; that is, whether the necessity of logical simplicity 
leaves any freedom at all." Most of LIS who work on fundamental 
physics share this sentiment. We want to know if He had any 
choice. 

Grand unified theories fail the test of uuiqueness. In con
structing one, we can choose any group we please, and once the 
group is decided upon, we can choose the representations to which 
the fermions belong. Why would He choose SU(5), if indeed He 
did? Why didn't He choose SU(4) or SU(6), or SU(497), for that 
matter, if indeed He didn't? We do not know why. Of course, most 
choices would not lead to the world as we know it, but 'that's 
beside the point. 

Some theorists amuse themselves by posing the foHowing 
sort of questions, "If I were given forty-five fermion fields, how 
would I design the universe? Would I choose SU(5), and put the 
fermions into three generations, or is there a better design?" Re
markably, by imposing only a few rules based on general princi
ples, the choices can be narrowed down considerably. But who 
decides that there are to be forty-five fermion fields" 

Many fllndamental physicists believe that by imposing ever 
more stringent symmetries, we may find that we have only one 
choice for the action of the world. While philosophers such as 
Pangloss once attempted to demonstrate that ours is "the best of 
all possible worlds," fundamental physicists are now smitten with 
the ultimate hubris of wanting to prove that ours is the only pos
sible world. (Actually, this view is not entirely novel. Already, in 
the early eighteenth century, Leibniz, puzzling over why the world 
is the way it is, fell that God must have had a good reason for 
creating our particular world rather than some other out of the 
infinitude of possible worlds.) 

The reader should not confuse this desire to prove that God 
had no choice with a class of arguments known as the "an
thropic." They purport to show that the world must be the way it 
is because, otherwise, intelligent beings, such as we humans, 
would not have been possible. 

As an example, consider the burning of stars. The strong 
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force between two protons inside a star tends to push the two 
protons together, while the electric force between them tends to 
pull them apart. As I discussed in Chapter 2, were the strong force 
just a wee bit stronger, the two protons would come together rap
idly, releasing energy. Stars would soon burn out, making steady 
stellar evolution and biological evolution impossible. 

Proponents of the anthropic argument point to this intricate 
balance and exclaim that the existence of intelligent' beings re
quires that the strong interaction cannot be stronger than a certain 
amount. They then try to fmd another situation in which the com
fort of intelligent beings would be seriously compromised, were 
the strong interaction weaker than it actually is. They hope to 
show, in this way, that the fundamental laws of physics must be as 
they are. 

The trouble with anthropic arguments is that they only show 
that to support life as we know it, the world has to be intricately 
balanced. The world is the way it is because it is the way it is. 
While anthropic arguments are often very interesting, many phys
icists, including myself, do not find them intellectually satisfying. 

In the anthropic view, the Ultimate Designer is a tinkerer. 
He tried out one design after another until He found one that 
accommodates intelligent beings. Living in this age of computer
aided design, when an engineer can tryout many different designs 
by simply pushing a few' buttons, I can even imagine that He ac
tually created an infinite number of universes, one for each of the 
infinitely many possible choices of groups and representations. 
Hmm, this universe, based on SU(4), doesn't work too well. The 
one based on SU(6), which I tried yesterday, was even worse. But 
hey, look at this one, based on SUeS); looks like it will make a fun 
umverse. 

Like many of my colleagues in fundamental physics, I pre
fer Einstein's view. I like to think that a truly great architect, when 
shown a site and a program, would proclaim instantly that there is 
only one design possible. Surely, He too was driven by the impla
cable force of aesthetics to a unique design. 

At the moment, this somewhat mystical view that God had 
no choice remains little more than a cherished dream. We are still 
groping to discover what the relevant aesthetic criteria are, but we 
do not doubt that symmetry wiU light our way in our quest to know 
His mind. 
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Appendix to Chapter 9 , 

For the mathematicaUy inclined reader, I will indicate why 
the nine entities obtained by gluing two defining representations of 
SO(3) together split up into separate clans. 

Let's look at the nine: ® lID, ® [!], <YJ lID, and so on. Select 
anyone entity and inten;han the colors indicated in the circle 1\ 
and in the square. The entity ® oes not change, but the entity 
@ [f] becomes (!l lID, and the entity <YJ ffiJ becomes ® 1Yl. Mathe
maticians had the key idea of dealing with the linea,.r combinations 
® IYl + ® lID and ® [!] - Ci) lID, instead of ® [f] and Ci) lID. 

Why in the world is this a good idea? The point is, when we 
interchange the colors indicated in the cirde and the square, the 
combination ® [!] - ® lID, which mathematicians call odd, be
comes Q) [[J - ® [f], which is equal to - (® [Y] - G) 00). The 
odd combination, in other words, becomes minus itself. In con
tr8-<;t, the combination ® I!J + ® I]J, which mathematicians call 
even, becomes ® lID + ® [Y], which is just itself. It does not 
change, in other words. The entities ® [[], ® [!], and @ lID are 
also even in this sense: When the colors indicated in the circle and 
square are interchanged, these entities do not change. 

We have managed, thus, to separate the nine entities into 
two dans: one that includes three odd combinations, the other, six 
even ones. It is clear that there are three odd combinations; in fact, 
we can easily list them: @ [YJ - (f) [!i], Q) [[] - @ lYl, and ® lID -
® I]J. Similarly, we can list the even combinations. 

Good. Now we must examine how these combinations are 
transformed by a rotation. 

Consider a rotation that takes the erro~7 i!2to a 1. + b'1 
+ ct:. (As explai;eain the text, a, b, and c are just good old 
o:ra-mary plain Dumbers.) 
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Then, the entity ® 00 is transformed into (he linear combi
nation: 
(a ® + b @ + c ®) (a 00 + b [j} + c lID) 
~ a' ® 00 + ab ® [j} 

+ ae ® lID + ba @ 00 
+b'@[j}+bc@1ID 

+ ca @Jlill + c b 1!J 1\:1 + i" 1!J lftJ 

Nothing fancy was done here. We merely "multiplied out" ,. 
the expression (0 ® + b @ + c ®) (a lID + b [j} + c lID). Thus, 
the first term, a' ® lID, comes from multiplying a ® by a 00, the. 
second term, ab ® [j}, from mUltiplying a ® by b [j}, and so 00. 

Al! right, you say, you've just shown me that the ~e
lo~ is transformed by a rotation into a mess. Now 
what? . 

Luckily, we don't really have to tackle thaI meSSl!-lc.oking 
combination. All we bave to do is notice that it contains only even 
combinations. Thus, for example, the entity ® [j} appears multi- .;, 
plied by the number ab, and the entity @ 00 appears multiplied bY:(· 
the number ba, which, of course, is Ihe same as ab (a and b denote .'L 
numbers). In other words, tne even combination ® lYl .,. ® 00 
appears, but not the odd, ® [j} - @ 00. 

Wait, this is totally obvious! We are looking at the transfor-· 
mation of an even combination, ® Illl. For an odd combination 10 •... 

appear, a minus sign has to appear. But a minus sign cannot juS!:::" 
pop out of thin air! 

There, we've done it. We have just proved that even com-: 
binations transform only into even combinations. Similarly, odd' 
combinations transform only into odd. The division of even and 
odd combinations conveys the essence of why a representation 
obtained by gluing two representations together will, in general, 
split up into smaller representations. 
~ad of continuing with an exhaustive (and exlhatlstling) 

mathematical analysis, I content myself with having given you 
flavor of the argument involved. I will not go on, therefore, 
show why the six even combinations split up further into a clan 
five combinations and a clan of one combination. 

To sum up, let us refer to Our silly analogy. The 
trial realized that he should classify objects by how many legs they 
have, Since the pumpkin has no legs, it cannot be transformed 
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the prince. Here, we are more sophisticated: We classify the cOm
binations by whether or not they have a minus sign. 

You have now learned more group theory than you may 
realize. For instance, in Chapter 13, I mention that the Ultimate 
Designer used the rotation group in ten-dimensional space, S0(10). 
Wen, now you can actually work out how to glue two copies of the 
defining representation of SO(10) together, There are presently ten 
possible colors and one hundred entities in 10 x 10: rID [[J, ® [!J, 

and so forth. Well, how many odd combinations are there? Let's 
count. We can choose ten possible colors to put in the circle. After 
coloring the circle, we are left with nine possible colors for the 
square (since we cannot choose the same color for the circle and 
the square in an odd combination: ® [ID - ® llil = On. 

Furthermore, since ® [!J and ® [jj] appear together in one 
combination, we should divide by two to avoid counting twice. 
Thus, we have altogether (10 x 9) I 2 = 45 odd combinations. 
Using this fact, physicists deduced that if the world is really de
scribed by a gauge theory based on SO(]O), then there must be 
forty-five gauge bosons. (Gauge theory and gauge bosans are dis
cussed in Chapter 12.) 

Of the 100 - 45 ::::: 55 s.ymmetric combinations, one trans
forms into itself. (l do not explain this mathematical fact nere.) 
Thus, in SOOO) we have: 10 ® 10 = 1 EB 45 EB 54. (See, group 
theory is not thai difficult.) 
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Notes 

Some of the following notes are bibliographical references, others 
amplify or supplement discussions found in the text. 

Chapter I: In Search of Beauty 

• Page 3. The passage quoted from Bondi can be found in Einstein: The 
Mall alld His Achievement, edited by G. 1. Whitrow (New York: 
Dover, 1973). 

• Page 3. Einstein's criterion in judging a physical theory is described by 
B. Hoffman in Albert Einstein: Creator and Rebel (New York: Viking 
Press, 1972). In describing Einstein's work, the author, a one-time col
laborator of Einstein's, said, «The essence of Einstein's profundity lay 
in his simplicity, and the essence of his science lay in his artistry-his 
phenomenal sense of beauty." 

.. Page 4, Einstein cxprc.sst.:d his wonder at the apparent fact that tbe 
world has a design, and that that design is comprehensible to us, in a 
leller to his friend Maurice Solovl"e. See "What, precisely, is 'think
ing'? Einstein's answer," by G. Holton in Einstein: A Centenary Vol
ume, edited by A. P. French (Cambridge, Mass.: Harvard University 
Press, 1979) . 

• Page 6. The distinction between phenomenological laws and funda
mental is not completely clear-cut, of course, Einstein derived New
ton's law of gravitation, once thought to be fundamental, as a 
phenomenological manifestation of his theory of gravity, but, recently, 
some theoreLical phy;.;icists have demonstrated that Einstein's theory 
may, in tum, follow from a deeper theory. The huhris of physicists 
notwithstanding, what is regarded as fundamental by one generation· 
may be regarded as phenomenological by a later one, 
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Chapter 2: Symmetry and Slmplldty 

• Page 9. A dassic, but outdated, reference on symmetry in physics and 
mathematics is H. Weyl. Symmetry (Princeton, N.J.: Princeton Univer
sity Press, 1952). See also E. P. Wigner's Symmetries and Reflections 
(Bloomington, Ind.: Indiana University Press, 1967). 

• Page 17. The explanation of why stars burn slowly originated with 
Hans Bethe and others. For a good technical discllssion, See D. D. 
Clayton, Principles of Stellar Evolution and Nucleosynthesis (New 
York: McGraw-Hill, 1968). 

• Page 17. In the section "The Rule of Large Numbers," I talk about the 
mind-boggling number of photons and protons in tbe universe. The 
reader may wonder who counted all those photons and protons in the 
universe, never mind who ordered them. The census was totally un
planned. About twenty years ago, Arno Penzias and Robert Wilson, 
two engineers at the Bell Telephone Laboratories in Holmdel. New 
Jersey. built an ultrasensitive antenna. To their dismay, it produced a 
steady hum, despite their best efforts. which included, incidentally, 
periodically removing deposits left by some pigeons who took a liking 
to the antenna. It turned out that they were listening, in fact, to the 
song of the universe. The universe is suffused with microwave radia
tion, much like the space inside a microwave oven, but at an enor
mously lower intensity, of course. Tbis great discovery, for which a 
Nobel prize was awarded, also helped to establish George Gamow's 
theory of the universe originating from a big bang. In detecting micro
wave radiation. Penzias and Wilson were actually seeing the faint glow 
of an explosion that occurred a long. long time ago. Microwave radia
tion, like radio and light waves, is 11 form of electromagnetic radiation. 
Knowing the number density of photons conLained in microwave radia
tion of a given inlensity from the theory of electromagnetism, and 
knowing roughly the size of the universe, the physicist has merely to 
muJtiply two numbers together to obtain the population of photons in 
the universe. Incidentally, the number of photons produced by all the 
stars in the universe since stars were born, let alone the number of 
photons produced by alJ our light bulbs, is minuscule compared with 
the number of photons contained in the cosmic microwave background. 

To determine the number of protons, one can simp[y count and 
multiply the number of protons in a typical star (such as the sun), the 
number of stars in a typical galaxy (such as our Milky Way), and the 
number of galaxies in the observable universe. But since the number 
density of photons is known quite accurately by measuring the cosmic 
microwave, it is better to determine the number of protons indirectly 
by first ascertaining the ratio of the number densities of protons to 
photons. In the early universe (early by human standards, but very late 
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by the standards of particle physics), protons and neutrons were cooked 
into various nuclei. Most of the protons managed to marry an ek;ctron, 
thus fonning hydrogen atoms; some, however, collided with neutrons 
and got stuck together to form a helium nucleus, for example. By m"ullg 

a cake, an expert cook could easily deduce the relative amount of flour. 
to butter that went into the baking. In exactly the same way; the amount 
of belium that astronomers now observe in the sky tells us about 
ratio of photolls to protons. The imagery of cooking, incidentally, is.· . 
more than picturesque ID this instance: In baking, chemical reactions <: : 
rearrange molecules. In the early universe, nuclear reactions bonded::: 
protons and neutrons. 

Chapter 3: The Far Side of the Mirror 

• Page 22, The quotation about passing directions at the dinner IHnw 
comes from Judith Martin, Miss Manner's Guide to Excruciatingly Cor-. 
reet Behavior (New York: Warner Books, 1982), p. 130. 

• Page 25. The description of the Poeciliidae family of fish comes 
G. Murchie, The Seven Mysteries of Life (Boston: Houghton Milfl1il', 
1981), p. 134. 

• Page 25. I would like to thank John Martin, one of my art 
professors a\ Princeton, for a helpful conversation in which he told me 
how Rembrandt did not bother to adhere to the left-right convention in 
his etchings. 

• Page 26. Men's striped ties provide another amusing example of human 
convention regarding left and right. In the United States, the conven-' 
tion that the stripes go from right shoulder to left hip has 
emerged over the years. In England, it's just the opposite. Some years 
ago, Brooks Brothers, a well-known U.S. clothier, decided to introduce 
a line of striped ties in which the direction of the shipes were reversed. 
The new pattern lasted only one season. That such a totally arbitrary 
convention should have such a powerful hold on us is indicated in a' 
report from Harvard Magazine (1985). 

• Page 26. In military weddings, such as those held at West Point, the 
bride stands to the right of the groom, so as not to be struck should he::: 
draw his sword. 

• Page 28. I have drawn on the account of parity violation presented by .• 
J. Bernstein in A Comprehensible World (New York: Random HO'""', 
1967), p. 35. For another account of symmetry and parity violation, 
C. N. Yang, Elementary Particles (Princeton, N.J.: Princeton 
sity Press, 1961). 

• Page 33. For a brief biographic sketch of Madame Wu, see G. Lubkin, 
"Chien-Shiung Wu. the First Lady of Physics Research," in Sm'ithsot.
ian, January 1971. For a discussion of the history of experiments on 
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Surprise: The Contri
the Weak Interactions," 

the New York Acad-
emy of :)cl!en'ces 

• Page 
J traveled 
tli obtain a 
prosperously nmTICI:llf\ 

whatever stereotypic I,.",;:;", 

nuclear physicist. 
chuckled as she rerninlisc:ed 
life. 

m~ue,-oU;l1llna[ell SO(:lel:v come to 
~~I"""U"'_"V"-' nuclear physics," and occ:omle 

the American Physical Society? 
Madame Wu explained that she was 

mouth of the Yangtze River, a town ",hi"" 

figured in history as the launching point r tn,,,,,,,,.i,, 
and. later on, as one of the first places China eXIDO~jed 
intluence. Because of silting, the town eventually lost 
a to another small town about twenty 
Madame Wu's father had gone to Shanghal to 
trading companies. He was so imbued with URJ ........ ' 

some years he decided to return to hometown to start a 
much to the displeasure of his father. Madame Wu 
father had learned to build radios in Shanghai, Starting 
broadcasts from Shanghai could received Ho, 
father would construct radios the peasants. 

But her childhood was far from totally tranquil. Tbanks to 
coastal pirates and warlords, was ravaged repeatedly, She was 
luckier than most, however, and completed her university studies in 
1936 Central University Nanjing. a university 

'~U"e>'J' perhaps, 1902. After working briefly on X-r-dy 
",h,p'"c,"" University. under a woman who had studied at the 

ichligall. 1\Iladlarrle Wu had the opportunity to study fur-
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ther at Michigan. However, on arriving in San Francisco she was lakcn 
by a friend to see Berkeley; she liked the campus at once. FurtheJ11lore. 
Madame Wo recalled that she had very much wanted to immerse herself 
in American life, and she learned Ihal, for some rcason, mdst of the 
~tudenls from China went 10 Michigan. She decided not to go. A phys· 
ies student she had mel look her 10 see Raymond Birge. a physicist 
now generally credited with building up the physics department at 
Berkeley. Madame Wu recalled that Birge was "very, very nice," and 
he allowed her to enroll even though classes had already been under 
way for severn I weeks. 

In 1939. word came to the United States that two Gennan phys
icists. Otto Hahn and Fritz Strassmann, had managed to split the ura~ 
nium nucleus, thereby causing a large amount of energy to be released. 
Ernest Lawrence, the great South Dakotan who invented and devel· 
oped the particle accelerators. without which modcrn nuclear and par· 
tiele physics would be impossible, put Madame Wu to work 
immediately. She was given clearance, and the expertise she gained 
was later to be crucial in the Manhattan project when one of the atomic 
piles built by Fermi slopped working after a fcw hours, In 1942, Ma
dame Wu took up a teaching position at Smith College, the well·known 
women's institution located in pastoral Massachusetts, That might have 
been the end of her research c'reer had not Ernest Lawrence come to 
visit. He remarked that she really ought to be doing research. Soon 
afterward, she was offered research positions at Harvard, Columbia, 
Prine'elOn, M.l.T., and several other research centers, such was the 
influence of Lawrence. She went to Princeton and found that "the boys 
were very nice," particularly the nuclear phy,icist Henry Smythe, who 
tried very hard to place her on the alHllale faculty. (Later, sbe was to 
be the first woman awarded an honorary degree by Princeton.) When 
Columbia asked her again the next year, Madame Wu decided to move 
to New York. 

In her position, Madame Wu is often asked about women going 
into phYsiCS. She is very pleased that women nowadays are confident 
that they can do anything. RecaUing that women physicists already 
have had a major impact, Madame Wu exclaimed, "Never before have 
so rew contributed so much under such trying circumstances!" Sile 
feels lucky that in her career every one has been very nice to her, 
Contrary to what one might have guessed, she met no resistance in 
China. There wax an enormous sense among her fellow universlty stu
dents that since China was so backward, both sexes mllst work hard in 
all fields, After her arrival in the United States, she learned to her 
amazement that women were excluded from most of the leading private 
universities. She was even more astonished when, many years \ater, 
one of her women graduate students told her thm boys do not Ilke to go 
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out with girls WilD are studying physics. At Berkeley, Madame Wu was 
the only woman ill. physics. Everyone was "most helpful and kind." 
Robert Oppenheimer, who taught her quantum mechanics, was a "per
fect gentleman. " 

Madame Wu is saddened that other women physicists were not all 
so lucky. Lise Mehner (1878-1968), an Austrian physicist working in 
Germany and a pioneer researcher of radioactive decays, was forced to 
do her experiments in a carpenter's shed outside the physics building. 
Meitner was the first person to understand nuclear fissIon. When she 
visited Columbia, Madame Wu, mindful that older people have go to 
the bathroom more often, asked MeHner periodically if she would like to 
go. Meitner had replied wryly, no, she had been well trained. There was 
no ladies' mom in the carpenter's shed. 
• Page 35. Much of Ellis's work was done with W. A. Wooster. 
• Page 37. The poem "Cosmic Gall" can be found in John Updike's 

Telephone Poles and Olher Poems (New York: Knopf, 1965). 
• Page 37. As an illustration of how yesterday's physics could become 

tomorrow's technology, it has been suggested that the ghostlike neu
trino could be used to prospect for oil. The idea is 10 send a beam of 
neutrinos through the round earth and to study it emerging some dis
tance away. Since oil and rock have differen! nuclear compositions, the 
number of neutrinos that get through will tell us, in principle, whether 
or not the beam has passed through an oil deposit. Given the present 
difficulty in producing and in. detecting neutrinos, the scheme is rather 
futuristic. But who knows. one day, neutrinos m.1.Y en.1.ble us to peek 
into places now otf-limits. (lncidelltally, beams of another particle, the 
muon, have already been slIccessfully used Lo detect secret chambers 
in the pyramids.) 

• Page 37. For half a century, physicists have repeated Ellis's measure
ments with ever-increasing accuracy, in an attempt to determine 
whether or not the neutrino actualJy has a tiny mass. The experiment, 
as I have explained, hinges on whether the maximum electron energy 
is less than E*. (Recently, a Russian group announced that the neutrino 
mass is not zero. Other experimental groups, however. have failed thus 
far to corroborate this finding.) 

Chapter 4: Marriage of Time arid Space 

• Page 52. The poem by Y. Chen is from An Annotated A.nthology of 
Sung Dynasty Poems [in Chinese], edited by Zhung-shu Chien (Bei
jing: People's Literature Publishers, 1979), p, 148. Translation in the 
lext is by this author. 

• Page 56. For the flashback on the development of electromagnetic the-
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cry, I have consulted tbe following historical sources: B. MOt'glln, Me>! 
and Discoveries in Electricity (London: Wyman and Sons, (952); G. 
Holton and D. H. D. Roller, Foundations of Modern Plrysicai Science 
(Reading, Mass.: Addison·Wesley, 1958); J. C. Maxwell, Physical 
Thought from the Pre·Socratics 10 Ille Quantum Physicisls, an anthol· 
ogy edited by S. Sambursky (New York: Pica Press, 1975). 

• Page 56. The word "electric" comes from tne Greek word for amber. 
• Page 56. Children are unfailingly fascinated by magnets. Here is a 

force tbat operates even between two bodie, that arC not in contact 
with each other. To account for tbis phenomenon, the Roman poet 
Lucretius proposed that "a shoal of seeds" streams rnrth from a lode
stone, "drilling away with its blows" the surroundiog air. This forms a 
vacuum into which "the atoms of iron tumble hea.dlong." (Whlle Ihis 
amusing theory is wrong, Lucretius showed a remarkable understand· 
ing ofthe effects of a vacuum.) 

• Page 57, In 160Q, Gilbert published his research in one or the mosl 
influential books in Ihe history of physics. Indeed, the Inquisition 
charged Galileo with owning a copy of Gilbert's De magnele, among 
other misdeeds. It is also noteworthy, incidentally, tbat the English 
navy, under Charles Howard, defeated the Spanisb Armada in 1588. It 
was neither the first nor the last time that commercial and military 
interests had stimulated research. 

• Page 58. The question as to whether the passage of an electric CUlTent 
through a wire in the vicinity ofa magnet would cause the wire to move 
was asked by William Wollaston (1766-1828), now long forgotten by all 
but historians of science. 

• Page 65. In 1887, when Einstein was eight years old, American physi
cists Albert Michelson and Edward Morley, stimulated by an inquiry 
that Maxwell addressed to the u.s. Navy,.carried om an ingenious 
experiment to determine the speed of light, as measured by observers 
in relative uniform motion. Textbooks often present this experiment as 
one of the most crucial in the development of physics, and, indeed, the 
surprising result found by these two caused quite a stir in the physics 
community. Einstein, however, gave no indication whatsoever in his 
work that he was aware of the Michelson-Morley experiment. As I 
have explained, he could weU have reached the same conclusion as 
they by purely theoretical reasoning. The question as to whether Ein·' 
stein knew of the experiment before 1905 has long intrigued science. 
historians, Abraham Pais, the leading biographer of Einstein, sifted the 
historical records and concluded that yes, Einstein did know. Sec A, 
Pais, Subtle Is the Lord: The Science and tile Life of Albert Einstein 
(New York: Oxford University Press, (982). 

• Page 65. Another bit of history involves the talented Frenchman Ar· 
mand Hippolyte Louis Fizeau. In 1851, he measured the speed nflight 
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in moving streams of water, but the result of his measurements sat 
unexpJained for half a century until Einstein's theory came along. 

• Page 68. In 1928, Einstein suggested to Piaget that he sbould study how 
children perceive time. See J. Piaget, The Child's Conception of Time 
(New York: Ballantine, 1971), p. vii. 

• Page 68. The author of the limerick about Miss Bright is an expert on 
fungi. It can be found in W. S. Baring-Gould, The Lure of the Limerick: 
A Uninhibited History (New York: C. N. Potter, 1967). , 

• Page 68. Magellan's voyage is recounted in S. Zweig, The Story of 
Magellan (Philadelphia: Century Book Bindery, 1983). Incidentally, 
Lewis Carroll was among those who, in 1878, proposed the introduction 
of international time zones to resolve the paradox of how Magellan lost 
a day. 

• Page 68. In accounts such as this, and, for that matter, in physics texts 
as well, one naturally tends to attribute any given development to an 
individual physicist. One does not, by necessity. clutter up the text with 
the false leads and blind alleys so prevalent in science; for that, look to 
a specialized historical treatise. 

By giving a long flashback on electromagnetism, I hope to con
vey to the reader a sense of the Zeitgeist prevalent in the physics 
community around the turn of the century. The point is, electromag
netic theory had developed to tbe point that the relativistic-in variance 
issue came naturally into the consciousness of Einstein's generation. 
Art historians are known to use the same kind of argument to explain 
why, for example, the baroque influence surfaced more or less simul
taneously in different countries. Similarly, a number of physicists be
sides Einstein-Henri Poincare in France, Henrich Lorentz in Holland, 
George Fitzgerald in England, Woldemar Voigt and Hennan Min
kowski in Germany-all had wrestled with relativity. Einstein, how
ever, went the furthest in extracting the physical consequences of 
relativistic invariance. 

• Page 71. For those of you who want 10 know more about Einstein's 
revision of mechanics, here are some salient points. A central notion in 
mechanics, of course, is that the velocity of a moving object is defined 
as the distance the object traveled divided by the time elapsed. But 
which time'? 

Should we use the object's proper time, or the time clocked by 
an observer watching the object go by'? Physicists betray their preju
dices and call these two possible definitions velocity and improper ve
locity, respectively. In everyday experiences, the distinction is entirely 
negligible. For fast moving objects, however, the proper and improper 
velocities can differ enormously. 

The photon provides the most extreme example. RecalJ, the 
clock carried by a photon is stuck perpetuuHy at high noon. The proper 
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time of the photon does not change. Thus, the proper velocity of light 
is actually infinite, The improper velocity of light, in contrast, is per
fectly finite, equal to about 300,000 km per second. Some laymen find 
one aspect of relativity particularly fascinating: the existence of an 
ultimate speed limit imposed by the speed of light. Actually, this speed 
Umit refers to the improper velocity of ligbt, not the proper. 

In mechanics, the momentum of a moving object is equal to its 
mass times its ve!oci:y, an eminently reasonable fonnula. The moving 
Mack" truck has more momentum than the passenger sedan moving 
alongside it. Einstein, in considering the motion of fast moving objects, 
had to decide whether the definition of momentum should involve the 
proper or the improper velocity. 

The choice of which definition to use in physics is influenced by 
the desire that the equations look as "clean" and as symmetric as 
possible, Physicists, in essence, require physical quantities to tranS
form neatly under the relevant transformations, the LorentL in this 
case, Proper velocity wins this contest hands down. Under a Lorentz 
transformation, the denominator in the definition of proper ve\oci(y
the proper time of the moving object-does not change at alL In other 
words, the proper time of a moving object by definition is an intrinsic 
property of the moving object and does not depend Oil the observer. 
The elapsed time clocked by an observer, un the other hand, depends 
on the observer. Einstein chose to define momentum using the proper 
velocity, a choice Ihal inexorably drove him to his formula, E ~ me': 
Once the definition of momentum is fixed, the definition of energy fol
low:>, since, under Lorentz transformation energy and momentum are 
relaled. 

Another important consideration is thai momentum is conserved 
if it is defined in terms of the proper velocity rather than the improper. 
(See Chapler 8 for a discussiun of conservation laws and their close 
relationship to symmetry considerations.) 

It logical1y follows from the formula for momentum-the mo
mentum of an object is equal to its rna" limes its proper velocity-that 
a massive object cannot move at Ihe speed of light. If it did, it would 
have lnfinite proper velocitY and, hence, infinite momentum. Slnce mo
mentum, as opposed to proper velocity, is • measurable physical quan
tity, an object is not allowed to carry infinite momentum. Conversely, 
a massless particle, such as the photon or neutrino, must travel at the 
speed of light in order to carry any momenlum at all. 
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Chapter 5: A Happy Thought 

Not'; 
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• Page 76. Einstein expressed his dislike for the word "relativity" in a 
letter to E. Zschimmer, September 30, J921 (as quoted by G. Holton, 
ibid.). 

• Page 76. See Lawrence Durrell, Balthazar (New York: Dutton, 1958), 
pp. 9, !42. 

• Page 76. In his article, "Introduction: Einstein and the Shaping of Our 
Imagination," published in Alber! Einstein, Historical and Cultural 
Perspectives, edited by O. Holton and Y. Elkana (Princeton, N.J.: 
Princeton University Press, 1982), Holton lists and analyzes the enor
mous misconceptions of Einstein's work that have become part of our 
culture. In his estimation, one writer who successfully incorporated 
Einstein's thoughts is William Faulkner (in The Sound and the f"'llry). 
Hohon writes that in Faulkner' 'it is futile to judge whether the traces 
of modern physics are good physics or bad, for these trace elements 
have been used in the making of a new alloy." 

• Page 83. S. Weinberg, Gravitation and Cosmology (New York: Wiley, 
1972). 

• Page 84. Peters map, by A. Peters, is published in the United States 
by Friendship Press; a description can be found in the April 1984 issue 
of Harper's. Thanks to Peggy Gallagher for calling my attention to this 
reference. 

• Page 86. Incidentally, the notion that gravity could bend light occurred 
to Newton, who thought that light consisted of tiny. dense s. 

• Page 89. In 1884. Harvard University erected the first building in the 
United States devoted exclusively to physics and lured Edwin P. Hall, 
an early American experimentalist of some note, away from Johns Hop
kins. He had taken some important electromagnetic measurements, but 
now he became enthusiastic over the notion of detecting possible devia
tions from Newton's law of free fall. To accommodate him, Harvard 
incorporated a tower some twenty meters high in the new building. 
Hall, naturally, did not discover any interesting effects. and three quar
ters of a century passed before the tower was put to sensible use. 

• Page 90. To truly undersumd black holes, we must grasp an essential 
difference between Newton and Einstein. 

In Newton's theory, a massive object generates a gravitational 
field around it. and that is the end of the story. The situation with 
Einstein is considerably more complicated. Physicists have understood 
that a given field contains energy since Maxwell's time; consider the 
gravitational field around a star, for instance. Since, according to Ein
stein's earlier work, energy is equivalent to mass, that gravitational 
field contains mass and, thus, generates an additional gravitational field. 
The star, in other words, generates a gravitational field, which, in turn, 
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generates an additional field, which generates yet another field, and so 
on, ad infinitum. It is the gravitational analogy of money begetting more 
money through compound inlerest. In this way, Einstein's theory ex
empliHes a so-called nonlinear theory; Newton's theory is linear. Nor
mally, the additional gravitational fields generated are small, and 
Einstein's theory differs little from Newton's. Around a black hole, 
however, the additional gravitational fields pile up, causing an extreme 
warping of spacetime. 

• Page 92. Hubble built on the earlier work of Vesto Slipher, as well as 
that of his colleague Milton Humason. See H. Pagels, Perfect Symme
try (New York; Simon & Schuster, 1985). 

• Page 93. The comparison between Einstein'S work and Beethoven's is 
taken from A. Pais, Subrl!! Is the Lord: The Science and the Life of 
Alher! Einstein (New York: Oxford University Press, 1982). Pais re
marks on the aptness nfthe motto carried by Beethoven's Opus 135. 

Chapter 6, Symmelty Dictates Design 

• Page 96-97, The ligures on these pages are adapted from C. N. Yang, 
"Einstein and His Impact On the Physics of the Second Half of the 
Twentieth Century," CERN report, 1979. 

• Page 98, Einstein's theory looks quite simple. So does Newton's when 
expressed in terms of what Newton called the gravitational field. But 
Einstein's theory expressed in Newton's field becomes a ghastly mess, 
consisting of an infinite number of terms. It is a safe bet that no one 
could have guessed at this infinite series without the help of a symmetry 
principle. 

Chapler 7, Where the Action Is Not 

• Page 107. The mathematics developed in connection with tbe action 
principJe has spread from physics 10 a variety of Other fields in which 
strategic planning plays a role. The runner wants to determine the his
tory that would minimize the time it takes to finish a race. Indeed, just 
such an analysis of racing has appeared in a physics journal. The rele
vance of economics has already been suggested in our discussion. Em· 
inem economist Paul Samuelson began his Nobel Prize lecture, 
"Maximum Principles m Analytic Mechanics," delivered December 
I L 1970, with a discussion of the action principle in physics. He went 
on to speak ahout a profit-maximizing firm whose outpuf is controUed 
by ninety-nine different inputs; be wrote: 
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ninety-nine variables depicting the input prices; ... What a COJ05Sal 

task it would be to store bil'i of information defining ninety-nine distinct 
surfaces in a one hundred dimensional space! [Modern economics is 
made manageable by the recognition tha.t] the observed demand 
curves, .. are llctuaHy themselves solutions to fl maximum-profit 
problem. 

* Page 109. Some people have fantasized that the least-action principle 
can apply to the nonphysical world as weH as the physical, imagining 
that somewhere there is a film library containing all possible histories. 
In one history, Romulus and Remus are eaten, rather than nourished, 
by the she-wolr. In another, Napoleon defeats Wellington. Each history 
is assigned a number. Out of this infinity of histories, the one with the 
smallest number is chosen! 

Chapter 8: The Lady and the Tyger 

• Page] 14. I have taken the facts of Noether's life from her primary 
biography by A. Dick, Emmy Noether 1882-1935, English translation 
by H. L Blocher (Boston: Birkhal.lser, 1981). and from Emmy Noether: 
A Tribute to Her Life and Work, edited by J. W. Brewer and M. K. 
Smith (New York: Marcel Dekker, 1981), as well as from the memorial 
addresses given by her contemporaries, many reprinted in the two 
works just cited. Brewer and Smith's book appeared in the series Mon
ographs and Texthooks in Pure and Applied J!.fathematics, and while 
much of it is of a purely mathematical nature, it docs contain biograph
ical materiaL 

• Page 118. According to E. Wigner, in an article published in Under
standing the Fundamental Constituents of Matter, edited by . Zichi
chi (New York: Plenum, 1978), J. F. C. Hessel, in studying the 
symmetries of crystals, wa.s the first physicist to discuss symmetries 
ex.plicitly. One of the first systematic discussions was given by A. 
Kretscilman. Ann. del' Physik 53 (1917), p. 575. The connection be· 
tween invariance and consenation was studied with varying degrees of 
generality by O. Hamel, Z. Math. Phys. 50 (1904), p. I; E. Noether, 
Nach. Ges. Wiss. Gortingen (1918), p. 235; and F. Engel, ibid., p. 375. 

• Page 121. In April 1933, one month after the inception of the Third 
Reich, Noether, who was of lewish descent, was expelled from the 
university. She died two years later at Bryn Mawr College. 

Chapter 9: learning to Read the Great Book 

• Page 125. or all the math courses I ever took, group theory was the 
most fun. 
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• Page 127. A note to the mathematicians who may happen to rend Fea/" 
ful Symmetry: I discuss the rotation group, and not its covering group. 

Chapter 10: Symmetry Triumphs 

• Page 140. Heisenberg's uncertainty principle has suffered the same 
fate as Einstein's principle of relativity at the hands of writers to whom 
the word "uncertainly" conjures up images never envisioned by Hei
senberg. r learned, to my astonishment, that Heisenberg's uncertainty 
principle is bandied about in some architectural circles. Others have 
stretched it to mean whatever they want it to mean. I will refrain from 
denouncing this phenomenon further; Instead, ! once again quote eeoo, 
omist Paul Samuelson, who, in his Nobellecrure, stated: 

There is realty nothing more pathetic than to have an economist or a 
retired engineer try to force analogies between the concepts of physics 
and the concepts of economics .. , , when an economist makes refer~ 
ence to a Heisenberg Principle of Indeterminacy in the s()cial world, at 
best this muSt be regarded as a figure of speech or a play on words. 
rather than a valid application of the relations of quantum mechanics, 

• Page 142. In quantum physics, probability amplitudes are not given by 
ordinary numbers, but by wbat mathematicians call complex numbers. 

• Page 143. In the 196()s, Steve Adler, and, independently, lohn Bell and 
Roman Jack.iw~ discovered that, under certain circumstances, a quan~ 
tum theory may not have aU ihe symmetries possessed by ihe corre
sponding classical theory. At that lime, this theoretical possibility was 
so unexpected that it became known .s lhe anomaly. The study of 
anomalies now plays an important role in our search for the symmetries 
of nature. 

• Page 146. I have simplified the discussion of the role of rotational sym
metry in atoms by neglecting the electron's spin, 

Chapter I 1: The Eightfold Path In the Forest of the Night 

• Page 159. Here is a brief omline of the history of isospin symmetry. 
Since the neutron is so close in mass to the proton, Chadwick nawraUy 
assumed that the neutron cons.isted of a proton with an electrDfl stuCK 
on it. Thus, atomic nuclei were thought to consist of protons and 
trons. We now know that this pictll!e is incorrect and contradicts a 
number of experimental observations. It was difficult to 
how some of the electrons in the atom managed to orbit around 
nucleus whlle others were sucked into the nucleus, 
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Heisenberg proposed that the neutron is a particle in its· oWn 
right and that the nucleus consists of protons and neutrons. He then 
supposed that strong intemction physics remains invariant if one ex
changes the proton and the neutron. Note that this symmetry is consid
erably weaker than isospin symmetry, in which one tmnsforms the 
proton and the neutron into linear combinations of each other. Heisen
berg, however, continued to think of the neutron as a proton with an 
electron attached. He explained the origin of the interaction between 
the proton and the neutron as follows: When a neutron gets close to a 
proton, the electron inside the neutron may hop over to tbe proton. 
Heisenberg reasoned that the electron, by hopping back and forth be
tween the proton and neutron, could produce an interaction between 
the two. In Heisenberg's picture, there is no strong interaction between 
two protons, since there is no electron around to hop back and forth. 
The atomic nucleus was erroneously supposed to be held together by 
the attraction between protons and neutrons. 

Heisenberg's theory was proven wrong by the experimentalists 
N. P. Hydenburg, L. R. Hafstad, and M. Tuve, who measured the 
strong interaction between two protons (following earlier work of M. 
White) and discovered it to be comparable in strength to the interaction 
between a proton and a neutron. In 1936, n. Cassen and E. U. Condon, 
and, independently, G. Breit and E. Feenberg, proposed that Heisen
berg's exchange symmetry be generalized to isospin symmetry. (I thank 
S. Weinberg for a helpful discussion on this point.) 

Incidentally, only the electrically charged pions appeared in Yu
kawa's 1934 paper. The fact that isospin requires the electrically neutral 
pion was not recognized until considerably later (around 1938) by N. 
Kemmer, and, independently, by S. Sakata, M. Taketani, and H. Yu
kawa. 

• Page 166. I have quoted from Hideki Yukawa's autobiography, Tabi
bito (The Traveler), English translation by L. Brown and R. Yoshida 
(Singapore: World Scientific Publishing, 1982). In it, Yukawa describes 
the "long days of suffering" he endured from 1932 to 1934 searching 
for a theory of the nuclear force. To calm himself, he tried sleeping in 
a different room every night. The crucial point came to him in a flash 
one night in October 1934. 

• Page 167. I simplified the discussion of strangeness conservation by 
saying that the KG is always produced with a k +. Also, the route by 
which Murray GeJI-Mann, Kazuo Nishijima, Abraham Pais, and others 
arrived at strangeness conservation was considerably more arduous 
than what the text might suggest. 

• Page 168. The quotation attributed to E. Fermi appears in More Ran
dom Walks in Science, compiled by R. L. Weber (Bristol, England: The 
Institute of Physics, 1982). 
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• Page 168, Incidentally, there's a limit to linguistic purity among physi
cists, The plural "leptons" is used instead oflhe Greek lepta. 

• Page 168, The term "mesaton" was assigned by experimenters Carl 
Anderson and Seth Neddermeyer to a particle that they had discovered, 
Physicist Robert Millikan suggested changing it to "mesotron" in order 
to be consistent with the terms ciectron and neutron, but, as Anderson 
remarked, not proton, The awful mesotron was used and later short
ened to "meson," at the suggestion of the Indian physicist Homi 
Bhabhu. According to George Gamow, some French physicists pro
tested, fearing confusion with their word for hOllse. Meson has the same 
sound as the word J:t -It, ,Chinese and Japanese for hallucination or 
illusion. In the 19305, Japanese physicists met regularly to discuss 
meson physics in wbat were known as illusion meetings, 

It lurned out that the particle discovered by Anderson' and Ned
dermeyer is not Yak"wa',. To distinguish between them, YUkawa's 
particie was called tbe pi meson, and the impostor, the mu meson, 
Later) it was realized that the mu meson is not a meson at aU; it is a 
lepton, like the electron, and its name was shortened to muon (see 
Chapter 15). Incidentally, Yukawa in his paper referred to the pion as 
the U-particJe, See the article by Carl D. Anderson il) The Birth of 
Parlicle Physics, edited by Laurie Brown and Lillian Hoddeson (New 
York: Cambridge University Press, 1983), p, 148. I thank S, Hayakawa 
and L. Brown for a helpful discussion of the history associated with the 
name meson. 

• Page 172, As an indication of the confused experimontal situation in 
the early 19605, consider the fact that of twenty-six hadrons (with cer· 
tain properties) listed in a survey published in 1963, nineteen are now 
known not to exist. 

• Page 173. The reader may note that the group SU(3) and the rotation 
group SO(3) both involve transformations of three objects in their defin
ing representations. The transformations involved are different for the 
two groups, however. 

• Page 174, I have consulted Yuval Neeman's autobiographical article, 
"Hadron Symmetry, Classification, and Compositeness" (10 be pub
lished), for material on his life. See also R. Deacon, The Israeli Secret 
Service (New York: Tapiioger, 1977), p, 318. 

One learns from this quasi-autobiographical account that Ne~
man's ancestors were among the disciples "I' Rabbi Eliyahu Ihe Goan 
(1720-1797), a group which represented the cutting edge of rationalistic 
and scholarly Judaism, the "resisters" against the "sentimentalist" 
Hassjdic view. 

Accordiog to Neeman, in an article published in The interaction 
Between Science and Philosophy, edited by y, Elkana (Atlantic 
Heights, N.J.: Humanitie, Press, 1974), pp. 1-26, Sakata, who was a' 
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confirmed Marxist, was led astray by his insistence on a philosophy of 
Nature based on dialectical materialism. I thank Yuval Neeman for 
sending me copies of his writings. 

• Page 177. GelJ-l\1ann referred to haute cuisine in bis paper Phys. I 
(1964), p. 63, 

• Page 179. A personaJaccount of tbe invention of quarks may be found 
i[J M. Gell-Mann, "Particle Theory from S-Matrix to Quarks," a talk 
presented at the First International Congress on the History of Scien
tific Ideas at Sant Feliu de Ouixols, Catalunya, Spain, in September 
1983. 

• Page 179. Given that the proton is made of two up quarks and a down 
quark, and that the neutron is made of two down quarks and an up, we 
can easily work out the electric charges of the quarks. The electric 
charges of the proton and of the neutron are given simply by the sum 
of the electric charges of the quarks they contain. We can change a 
neutron into a proton by changing one of its down quarks to an up. 
Recall, the proton carries one unit of electric charge while the neutron 
carnes nOne. The up quark, therefore, must carry One more unit of 
charge than the down. Denote the up quark's charge by Q. Then 
down carries the charge Q - L The proton, containing two up quarks 
and a down. would then have charge Q + Q + Q - 1 = 3Q - 1. Since 
the proton has charge], we obtain the equation 3Q - I == I, which we 
can see [s solved by Q = 2JJ. Some of the most important calculations 
in fundamental physics are not that difficult, 

That quarks have fractional charges disturbed many physicists 
and accounted for Gell-Marm's initial reluctance to consider the defin
ing triplet representation of SU(3). Until then. all known particles had 
charges equal to multiples of the proton charge. 

Chapter 12. The Rel/enge of Art 

• Page 185. The remarkable discovery that James Joyce had known 
about gauge symmetry back in 1914 was made by Predrag Cvitanovic, 
Field Theory. Nordila lecture notes (Copenhagen: Nordita, Blegdarn
svej, 1(83), p. 72. I thank WilJiam Bialek for showing me this book. 

o Page i85. I cannot resist reproducing the passage in which Joyce spoke 
of gauge symmetry. I am sure that many readers would be curious about 
the context. Here it is. 

Zoe: (Stiffiy, her finger in her necklillel.) Hones!? Till the next time. 
(She sneers.) Suppose you got up the wrong side of the be.d or came too quick 
with your best girl. 0, I can read your thoughts. 

Bloom: (Bitterly.) Man and woman, love, what is it? A cork and bottle. 
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Zoe~ (In sudden sulks,) I hale a TOtter that's insincere. Give a bleeding 
whore a chance. 

Bloom: (Repentantly.) I am very disagreeahle, You are a necessary evil, 
Where are you from? London? 

Zoe: (Glibiy.) Hog's Norton where the pigs play the orgallS. I'm Yorl{
shire born. (She holds his hand which is feeling for her nipple.) I say. Tommy 
TiUlemou::ie. Stop that and begin worse. Have you cash for a short time? Ten 
shillings? 

Bloom: (Smiles. nods slowly.) More, houri. more, 
Zoe: And more's mother? (She pats him offhandedly wIth velvet paws.) 

Are you coming into the musicroom to see our new pjanoJa'! Come and ]'11 peel 
off. 

Bloom: (Peeling his occiput dubiollsly with the unparaUeJed embarrass
ment of a harassed pedlar gauging the ~ymmetry of her peeled pears.) Some
body would be dreadfully jealous if she knew. The greeneyed monster. 
(Earnestly.) You know how difficult it IS. (needn't tell you, 

Zoc; (Flattered.) What the eye can't see the heart can't grieve for, (She 
pats him.) Come. 

Bloorn: Laughing witch? TIle hand that rocks the cradle. 
Zoe: Babby! 
Bloom; On babyJincn and pelisse. bigheaded. with a caul of dark hair t 

fixes big eyes on her Ruid slip and counts its bron;J~ Ducldes witb a chubby 
finger, his moist tongue lolHng and ilsping.} One two tiee: tlee Uwo tlone, 

• Page 187. Ideas similar to that of Yang and Mills had also been dig
cussed by 0. Klein and R. Shaw. 

• Page 188. Niels Hendrik Abel Was born the son of a poor pastor in 
rural Norway. A brilliant mathematician, be died in abject poverty at 
the age of twenty-six. Remember that the order in which one multiplies 

'together two transformations in a group makes a difference. Abel's 
name is associated with groups in which the order of multiplying trans
formalions makes no difference; they are known as abelian. Physicists 
generally are interested in non-abelian groups, lhose in which the order 
of mllltiplying transformations does make a difference; hence, the term 
non-abelian gauge theories. Our theory of the strong interaction. for 
example. is a nOll-abelian gauge theory. It is ironical that this brilliant 
mathematician's name is now routinely invoked by physicists nega
tively. Incidentally, electromagnetism is an example of an abelian 'gaL)ge 
theory. 

• Page 19 I. The infonnalion 1 gave about the word "gauge" was gleaned 
from several dictionaries. The Oxford English Dictionary slales, how
ever. that Ihc word is of unknown origin. II appeared first in Old North
ern French in loe thirteenth century. but it is left wanting in other 
romance languages. (In modern French. gauge is speiled jauge,) Week
ley conCUrS with the OED but includes a questionable etymological 
altribution to Middle High German; see K Weekley, An Etymological 
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Dictionary of Modern English (New York: Dover, 1967). In any case, 
gauge theories in physics have nothing to do with distance or siz.e. 

• Page 197. The notion that coupling strengths may vary with the energy 
scale at which the physical world is examined was pointed out in the 
early 1950s by E. C, G. Stucckelberg and A. Peterman, by M. Ge1l
Mann and F. Low, and by N. Bogolyubov and D. V. Shirkov. The 
physics community on the whole did not pursue this idea partly because 
the relevant papers were very difficult to read. , 

• Page 199. I called asymptotically free theOries "stagnant theories," 
since once the coupling strength has moved to zero, il stays there. 

• Page 201. G. 'mooft also had realized independently that Yang-Mills 
theory is asymptotically free. His findings, however, were not pub
lished in a journal and not widely known. Soviet physicist 1 B. Khri
plovich had also been studying the behavior of the coupling strength in 
Yang-Mills theory. 

• Page 20 l. Incidentally, my work with Wilczek on the neutrino scatter
ing off protons marked the beginning of a long collaboration. We spent 
a number of years together at Princeton, where our growing families 
got to know each other very well. Wilczek and I both are now at the 
Institute for Theoretical Physics in Santa Barbara. 

• Page 20ft That Yang-Mills theory is renormalizable was also dis
cussed by B. W. Lee and J. Zirm-Justin. 

Chapter 13: The Ultimate Design Problem 

• Page 212. Thomas Mann, The Magic Mountain, translated by Helen 
Lowe-Porter (New York: Knopf, 1927), p. 480. 

• Page 214. The notion of spontaneous symmetry breaking came to fun
damental physics by a rather circuitous route. The examples we gave, 
involving the wine bottle and the magnet, indicate that many common 
physical phenomena exhibit .spontaneous symmetry breaking, a fact 
that was often not specifically recognized. In 1957, three American 
physicists, John Bardeen, Leon Cooper, and Robert Schrieffer, man
aged 10 explain a peculiar phenomenon known since the early 1900s, 
the phenomenon of superconductivity. As is well known, a metal wire 
displays a cermin resistance to the passage of electric current. But 
when various metals are cooled to very low temperatures, this resis
tance dramatically disappears. Bardeen, Cooper, and Schrieffer were 
awarded the Nobel prize for their work. (IncidcnlarIy, John Bardeen 
thereby became the only person in history to have won two Nobel!; in 
[he same field, having won it earlier with the discovery of the transis
toL) I will refrain from giving a detailed account of how superconduc
tivity is explained, but suffice to say that it involves spontaneous 
symmetry breaking in an essential way. This is particularly evident in a 
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version of the theory by Russian physicists V. Ginsburg and Lev Lan
daiL Many physicists, notably Stephen Adler, Curtis Callan, G. Jona
Lasinio, Maurice Levy, Murray Gell-Mann, Murph Goldberger, Sam 
Treiman, and William Weisberger, besides the ones mentioned in the 
text, contributed to our understanding of spontaneous symmetry break
mg. 

• Page 218. Gell-Mann's "veal-flavored pheasant" symmetries turned 
out to be both explicitly and spontaneously broken. Thus, the task of 
bringing these symmetries to light was extremely arduous. 

Chapter 14: Untty of Forces 

• Page 234. Some reader may wonder why the fifteen quark and lepton 
fields cannot be assigned to three copies of the five-dimensional repre
senlation. They can, but then the quarks and leplons would not have 
their observed properties. That is what I meant when I said in the text 
that the fit is more seamless than our simple counting would suggest. 
The point is that, a priori, there is no guarantee that the quarks and 
leptons would come out with their observed properties. (Also, were one 
to use this assignment, the theory would suffer from the anomaly. Sec 
note to Chapter 10.) 
Page 234. Naturally, some wag has referred to the assignment of 
quarks and leptons in the SU(5) theory as the "Woolworth assign
ment. ~. 

• Page 236. To streamUne the presentation, I have taken some liberties 
and explained grand unification in terms ohm "electromagnetic hiker" 
and a "weak hiker." Strictly speaking, I should say a "SU(Z) hiker" 
(who comes down) and a "U(I) hiker" (who climbs up). 

• Page 236. The presence of three hikers rather than two may puzzle 
some readers, Even though the electroweak interaction unifies [he elec
tromagnetic and the weak interactions, it still contains two' different 
coupling strengths, See also the preceding note. 

· Page 238. When I mentioned neulron decay, lance again sacrificed 
strict scientific accuracy. Thc neutron actually decays into a proton, an 
electron, and an antineutrino. 

• Page 246. In an inftuential article, Gary Stcigman examined the avail
able evidence and concluded that the matter-antimatter universe is not 
lenable. 

• Page 252. Previously, I authored a book on grand unification, Unity of 
Forces ill the Universe, 2 vol. (Singapore: World Scientific Publishing, 
1982). While it is addressed to graduale Sludents and researchers in this 
field, the lay reader who wants to know more about grand unification 
can get a flavor of what some of the ongoing research is like from 
glancing through it. 
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252. Long before grand unification. the 
bumanitarian Andrei Sakharov had speculated that 
in the universe may be understood if tbe 
strictly conserved. Few in the West were aware 
After grand unification was a nurnol:~r 
M. Yoshimura, s. Dimopoulos, Susskind, 

Wilczek, S. Weinberg, and """"'c"l1> 

genesis of matter and placed it in framework 
My own involvement with this problem dates back 
when 1 wenl visit I 
longing to a colJabora 
advocated a 

unification. , 
y 1970s, 

all apartmcot be
physicist who had 
antimatter. There, 

I came across 
with 

scenario. Later, together 
a couple of years to see if 

IDJjght "r,"""l"'" II. segregation mech

economists 
"}P""''' out of 

to no avail, Finally, 
'"""'."'~'" that ba.ryon noncon-

the inflationary universe idea. 
"graceful exit problem": getting the 

in.flationary epoch. To solve it, A. Linde. A. A.l
"l'l1,TPr! variants of the original model. brecht. and P. SteJlnh~lrdt 

Chapter I The Rise of Hubris 

• fact that fundamental physicists have changed the ques-
tions reminds me of an old academic joke about a graduate student in 
economics getting ready for bis doctoral exam. The student decided III 

PICPl:1.l,1;: by looking up the exams from the preceding years. To his 
surprise, he found that the.same questions were 'asked year after year. 
Confronting professor about this fact, the graduate student was told 
by the distinguiShed academic, "Oh yes, the questions are the same 
every year, but the correct answers change from year to yeaL" 

• Page 256. The muon was also discovered independently by Jabez 
Street and E. C. Stevenson. 

• Page 256. The confusion over the muon was cleared up in the ] 940s by 
S. Sakata and T. Inoue in Japan, and by R. Marshak and H. Sethe in 
the United States. 

• Page 261. The apart ness of Einstein was described by Pais in 
graphical treatise (particularly page 39). 

« Page 264. Higher dimensional theories of gravity were also proposed 
independently by Gunnar Nordstrom and by Heinrich 
Pais). 
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• Page 269, The notion that the grand unified gauge interaction may 
beget gravity originaled in the work by Soviet physicist and human 
rights activist Andre; Sakbarov, A number of other physicists, including 
p, Minkowski, y, Fujii, H. Terazawa, S, Adler, and myself, rediscov
ered tbis idea later and developed it. 

• Page 270. Fermions are named in honor of the Italian-American phys, 
icist Enrico Fermi, while bosons are named for Indian physicist Sat yen
dra Bose, 

• Page 271. Julius We" and Bruno Zumina, working in Europe, were 
the first to investigate supersymmetry systematically. Earlier discus
sions of supersymmetry appeared in the works of Soviet physicists 
Y. Golfand, E. Likhtman, D. Volkov, and V. Akulov. Indications of 
supersymmetry also appeared in the work of Andrei Neveu, 
John Schwarz, and Pierre Ramond, 

• Page 274. Einstein, "On the Method of Theoretical Physics," the Her
bert Spencer lecture delivered at Oxford, June 10, 1933, published in 
Mein Weltbild (Amsterdam: Querido Verlag. 1934). 

Chapter 16: The Mind of the Creator 

• Page 277. The CPl'theorem was discovered by G. Luders, B, Zumino, 
W. Pauli, J. Schwinger, and others. 

• POdge 277. A priori, it is logically possible that CPT iTIvariance, ratber 
than T invariance, is violated in K meson decay, but a careful analysis 
of the experimental evidence indicates that CPT invariance is re
spected. 

• Page 277. We arc all familiar with how spinning tops precess in gravi· 
tational fields. Search.ing for direct evidence of violation of tinle reve,·, 
sal invariance, experimenters are studying the precession of "ariolls 
particles, such as the electron and the neutron, in electric fields, The 
precession picks out a direction. 

• Page 278, It has also been suggested that the arrow of time in our 
consciousness is linked to the expansion of the universe, But, it is 
difficult to see how the movement of faraway galaxies could possibly 
affect the working of our consciollsncss. 

• Page 278. For a sampling of writings on the nature of time, see The 
Enigma afTime, compiled and introduced by P. T, Landsberg (Bristol, 
England: Adam Hilger, 1982). 

• Page 28(). I have barely tonched, of course. on the mystery of [he 
human consciousness. For an introduction to the literature, see C. 
Hampden-Turner, Maps of the Mind (New York: Macmillan. 1981). A 
clear and popular introduction to quantum measurement theory has 
been given by H. Pagels in The Cosmic Code (New York: Simon & 
Schuster, 1982). Writing in Ihe professional physics literature. H, D. 
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Zeh of the University of Heidelberg, and A. Leggett of the University 
of Illinois, are among those who in recent years have produced insight
ful analysis On the relation between the observer and the quantum. 

• Page 280. For a critique of Blake's poem, see Lionel Trilling, The Ex
perience of Literature (Garden City, N.Y.: Doubleday, 1967), p. 857. 
The reader may recall that the last stanza of Blake's poem on the 
Burning Tyger is the same as the first, except that the word "could" in 
the line "Could frame thy fearful symmetry?" is changed to "dare" in 

> 
the last stanza. Interestingly enough, in earlier drafts, Blake had the 
same first and last stanzas, using "dare" in both. We should of course 
refrain from reading too much of the poem into the search for symme
tries in contemporary physics. 

• Page 281. The quotation on whether or nol God had any choice was a 
remark made by Albert Einstein to Ernst Straus. and it can be found in 
Einstein: A Centenary Volume, edited by A. P. French (Cambridge. 
Mass.: Harvard University Press, 1979). The quotation by B. Hoffmann 
may be found in his Albert Einstein: Creator and Rebel (New York: 
Viking, 1972). 

• Page 283. The anthropic argument has been severely criticized over 
the years. For a reasoned critique of the anthropic arguments, see the 
article by H. Pagels in The Sciences, vol. 25, no. 2, 1985. 
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