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FOREWORD

one of the other worlds in our solar system look
like Earth.

When I was orbiting our planet in the Space
Shuttle, I would often float over to a window and gaze
down at the sparkling blue oceans, billowing white
clouds, and rugged mountaintops of the Earth below.
"The signs of life are everywhere. A patchwork of fertile
farmland lines the lazy Mississippi River, vast blooms
of phytoplankton color the coastal waters of Southern
Africa, and glittering coral reefs circle the islands of the
Caribbean. At night, Earth’s continents are outlined
by twinkling city lights. Our planet is truly an oasis
in space.

The view from space shows us how different Earth
is from the other planets, but it also shows that many
of the same processes that shape other worlds—wind
and weather, impacts and volcanism—shape our
planet, too. Through the Shuttle window, I watched
an enormous dust storm grow until it blotted out all
of Northern Africa. I saw the eroded remnants of an
ancient impact crater in Eastern Canada, looked along
a chain of volcanic islands in the Pacific Ocean, and
gazed into a gaping rift valley in East Africa.

Imagine what it would be like to orbit an alien
world: to watch a giant dust storm sweep across the
ancient highlands of Mars, or look down on the
slumping impact craters of Callisto, or see the gushing
ice geysers of Triton. What would it be like to
swing past Titan with Voyager 1, ride with Giotto
past the icy heart of Halley’s Comet, or wander

with Sojourner across an ancient Martian floodplain?
Though astronauts have never traveled beyond our
own moon, humankind can now see the magnificent
rings of Saturn, the tortured surface of Io, and the
stormy atmosphere of Neptune through the eyes of
robotic spacecraft.

Before the dawn of the Space Age, our instruments
were confined to Earth’s surface. Telescopes strained
to gather light from worlds that were hundreds of
millions of miles away. Even the most powerful pro-
duced fuzzy images of the planets, and only whetted
scientists’ appetites for more detailed observations.
Then, in 1957 the Soviet Union launched the world’s
first satellite into orbit around Earth. Sputnik rocketed
the world into the Space Age, and ignited a race be-
tween the United States and the Soviet Union for space
superiority, the most public aspect of which was the
race to the Moon. These new technical capabilities
also stimulated the robotic exploration of our solar
system, exploration that would continue long after Neil
Armstrong left his bootprints in the lunar soil.

Today, spacecraft have visited every planet except
Pluto. The Ulysses spacecraft circled above the poles
of the Sun; Venera plunged headlong into the crushing
carbon dioxide atmosphere of Venus; Vikings scooped
up soil from the dusty red surface of Mars; and Galileo
photographed barren, battered asteroids during its
long journey to Jupiter. As these robot explorers ra-
dioed images and data back to Earth, they changed
our view of the solar system forever.

xiii
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The Encyclopedia of the Solar System appears at a
propitious time. Not since 1609, when Galileo first
turned his telescope to the heavens, has there been
such a revolutionary change in our view of the solar
system. Its pages are bursting with the knowledge
gained as a result of data gathered by this fleet of
robotic spacecraft and by a new generation of space-
and ground-based telescopes. It takes us back 4.6 bil-
lion years to the origin of the solar system, then leads
us on a tour that extends from the fiery interior of the
Sun to the icy comets of the Kuiper Belt. It describes
forces ranging from the solar wind that streams
through all of interplanetary space, to the colossal im-
pacts that affect every world.

Closer to home, this Encyclopedia makes it clear
that our new perspective from space has revolutionized
our understanding of Earth. Importantly, it also de-
scribes our continuing search for the answer to one of
our most fundamental questions: Is life unique to our
planet, or will it develop wherever conditions are right?
Scientists are now asking whether primitive life might
have begun in the hydrothermal vents of ancient Mars,
or in the churning seas beneath the ice-covered surface
of Europa. Our exploration is teaching us about Earth’s
origins and evolution; it may also teach us something
about the origin of life itself.

FOREWORD

Carl Sagan often pointed out how lucky we are to
live at the very moment in human history when men
and women are taking their first steps off the Earth.
Every day for the last several years, astronauts have
been living in Earth orbit; every day, orbiting tele-
scopes have been sending us images unobscured by
Earth’s atmosphere; and every day, distant spacecraft
have been sending us information from faraway worlds.
In this remarkable era of exploration, we are literally
discovering new things about the universe every day.

The scientists whose work is described in this Ency-
clopedia have dedicated their careers to exploring the
unknown. Their curiosity has led them to pose ques-
tions, propose theories, and conduct observations to
help unravel mysteries that have intrigued scientists
for centuries. This volume collects the contributions
of the authors and, through them, hundreds of other
scientists around the world. It represents our current
state of knowledge on the origin, the evolution, and
the fascinating components of our solar system. I invite
you to join these scientists on their breathtaking jour-
ney. As you read their words, I encourage you to imag-
ine, wonder, and question, just as they have.

Reach for the stars!

Sally K. Ride



“This is what hydrogen atoms can accomplish
after four billion years of evolution.”
—Carl Sagan, Cosmos, 1981

he quote above comes from the final episode of

the public television series “Cosmos,” which was

created by Carl Sagan and several colleagues in
1981. Carl was describing the incredible accomplish-
ments of the scientists and engineers who made the
Voyager 1 and 2 missions to Jupiter and Saturn possi-
ble. But he just as easily could have been describing
the chapters in this book.

This Encyclopedia is the product of the many scien-
tists, engineers, technicians, and managers who pro-
duced the spacecraft missions which have explored our
solar system over the past four decades. It is our at-
tempt to provide to you, the reader, a comprehensive
view of all we have learned in that 40 years of explora-
tion and discovery. But we cannot take credit for this
work. It is the product of the efforts of thousands of
very talented and hard-working individuals in a score
of countries who have contributed to that exploration.
And itincludes not only those involved directly in space
missions, but also the many ground-based telescopic
observers (both professional and amateur), laboratory
scientists, theorists, and computer specialists who have
contributed to creating that body of knowledge called
solar system science. To all of these individuals, we
say thank you.

Our goal in creating this Encyclopedia is to provide
an integrated view of all we have learned about the
solar system, at a level that is useful to the advanced
amateur or student, to teachers, to non-solar system
astronomers, and to professionals in other scientific
and technical fields. What we present here is an intro-
duction to the many different specialties that constitute
solar system science, written by the world’s leading
experts in each field. A reader can start at the beginning
and follow the course we have laid out, or delve into
the volume at almost any point and pursue his or her
own personal interests. If the reader wishes to go fur-
ther, the lists of recommended reading at the end of
each article provide the next step in learning about
any of the subjects covered.

Our approach is to have the reader understand the
solar system not only as a collection of individual and
distinct bodies, but also as an integrated, interacting
system, shaped by its initial conditions and by a variety
of physical and chemical processes. The Encyclopedia
begins with an overview chapter which describes the
general features of the solar system and its relationship
to the Milky Way galaxy, followed by a chapter on the
origin of the system. Next we proceed from the Sun
outward. We present the terrestrial planets (Mercury,
Venus, Earth, Mars) individually with separate chap-
ters on their atmospheres and satellites (where they
exist). For the giant planets (Jupiter, Saturn, Uranus,
Neptune) our focus shifts to common areas of scientific
knowledge: atmospheres, interiors, satellites, rings,

XV
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and magnetospheres. In addition, we have singled out
three amazing satellites for individual chapters: Io, Ti-
tan, and Triton. Next is a chapter on the planetary
system’s most distant outpost, Pluto, and its icy satel-
lite, Charon. From there we move into discussing the
small bodies of the solar system: comets, asteroids,
meteorites, and dust. Having looked at the individual
members of the solar system, we next describe the
different view of those members at a variety of wave-
lengths outside the normal visual region. From there
we consider the important processes that have played
such an important role in the formation and evolution
of the system: celestial dynamics, chaos, impacts, and
volcanism. Last, we look at three topics which are as
much in our future as in our past: life on other planets,
space exploration missions, and the search for planets
around other stars.

A volume like this one does not come into being
without the efforts of a great number of very dedicated
people. We express our appreciation to the more than
50 colleagues who wrote chapters, sharing their exper-
tise with you, the reader. In addition to providing
chapters that captured the excitement of their individ-
ual fields, the authors have endured revisions, rewrites,
endless questions, and unforeseen delays. For all of
these we offer our humble apologies. To ensure the
quality and accuracy of each contribution, at least two
independent reviewers critiqued each chapter. The
peer review process maintains its integrity through
the anonymity of the reviewers. Although we cannot
acknowledge them by name, we thank all the reviewers
for their time and their conscientious efforts.

PREFACE

We are also deeply indebted to the team at Aca-
demic Press. Our executive editor, Frank Cynar,
worked tirelessly with us to conceptualize and execute
the encyclopedia, while allowing us to maintain the
highest intellectual and scientific standards. We thank
him for his patience and for his perseverance in seeing
this volume through to completion. Frank’s assistants,
Daniela Dell’Orco, Della Grayson, Linda McAleer,
Cathleen Ryan, and Suzanne Walters, kept the entire
process moving and attended to the myriad of details
and questions that arise with such a large and complex
volume. Advice and valuable guidance came from Aca-
demic Press’ director of major reference works, Chris
Morris. Lori Asbury masterfully oversaw the produc-
tion and copy editing. To all of the people at Academic
Press, we give our sincere thanks.

Knowledge is not static. Science is a process, not a
product. Some of what is presented in this volume will
inevitably be out of date by the time you read it. New
discoveries seem to come every day from our col-
leagues using Earth-based and orbiting telescopes, and
from the flotilla of new small spacecraft that are out
there adding to our store of knowledge about the solar
system. In this spirit we hope that you, the reader,
will benefit from the knowledge and understanding
compiled in the following pages. The new millennium
will surely add to the legacy presented herein, and we
will all be the better for it. Enjoy, wonder, and keep
watching the sky.

Paul R. Weissman
Lucy-Ann McFadden
Torrence V. Johnson



GUIDE TO THE ENCYCLOPEDIA

reference guide to this subject, including studies

of the Sun, the Earth and the eight other major
planets, the Moon and other natural satellites, plane-
tary rings, comets, asteroids, meteorites, and interplan-
etary dust. Other entries discuss topics such as the
dynamics of the solar system and planetary exploration
missions. Each chapter in the Encyclopedia provides
a scholarly overview of the selected topic to inform a
broad spectrum of readers, from researchers to the
interested general public.

In order that you, the reader, will derive the maxi-
mum benefit from the Encyclopedia of the Solar Sys-
tem, we have provided this Guide. It explains how the
book is organized and how information can be located.

-‘- he Encyclopedia of the Solar System is a complete

ORGANIZATION

The Encyclopedia of the Solar System is organized in
a highly functional manner. It consists of 40 individual
chapters that progress in sequence according to the
physical arrangement of the solar system itself. That
is, the encyclopedia begins with a summary chapter
on the entire solar system, then follows with an chapter
on the Sun, then the Solar Wind, then Mercury,
Venus, Earth, the Moon, Mars, and so on. Following
this are chapters on physical processes and on explora-
tion. The final chapter of the book is Extra-Solar Plan-
ets: Searching for Other Planetary Systems.

Each chapter is a full-length narrative treatment of
the subject at hand. Thus the Encyclopedias format
allows readers to choose their own method for refer-
ring to the work. Those who wish specific information
on limited topics can consult the A-Z Subject Index
and then proceed to the desired topic from there. On
the other hand, those who wish to obtain a full over-
view of a large subject can read the entire chapter on
this subject from beginning to end; e.g., The Sun. In
fact, one can even read the entire Encyclopedia in
sequence, in the manner of a textbook (or a novel), to
obtain the ideal view of the complete subject of the
solar system.

CHAPTER FORMAT

Each new chapter in the Encyclopedia of the Solar
System begins at the top of a right-hand page, so that
it may be quickly located. The authors name and affili-
ation are displayed at the beginning of the chapter. The
chapter is organized according to a standard format, as
follows:

* Title and Author

¢ Outline

¢ Glossary

* Defining Statement
* Body of the Chapter
* Cross-References

* Bibliography

XVii
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OUTLINE

Each chapter in the Encyclopedia begins with an Out-
line that indicates the general content of the chapter.
This outline serves two functions. First, it provides a
brief preview of the text, so that the reader can get a
sense of what is contained there without having to leaf
through all the pages. Second, it serves to highlight
important subtopics that will be discussed in the chap-
ter. For example, the chapter Mars:Surface and Inte-
rior begins with the subtopic Mars Explorations.

The Outline is intended as an overview and thus it
lists only the major headings of the chapter. In addi-
tion, extensive second-level and third-level headings
will be found within the chapter.

GLOSSARY

The Glossary contains terms that are important to an
understanding of the chapter and that may be unfamil-
iar to the reader. Each term is defined in the context
of the particular chapter in which it is used. Thus the
same term may appear as a Glossary entry in two or
more chapters, with the details of the definition varying
slightly from one chapter to another. The Encyclope-
dia includes approximately 500 glossary entries.

The following example is a glossary entry that ap-
pears with the chapter The Solar System and Its Place
in the Galaxy.

Roche limit The distance from a planet, within
which another body will be disrupted because tidal
forces from the planet exceed the self-gravity of the
smaller body. For non-rotating bodies of equal density
and zero strength, the Roche limit is about 2.2 plane-
tary radii.

DEFINING STATEMENT

The text of each chapter in the Encyclopedia begins
with a single introductory paragraph that defines the
topic under discussion and summarizes the content of
the chapter. For example, the chapter Planetary Radar
begins with the following statement:

lanetary radar astronomy is the study of solar system

entities (the moon, asteroids, and comets, as well
as the major planets and their ring systems) by trans-
mitting a radio signal toward the target and then re-
ceiving and analyzing the echo. This field of research
has primarily involved observations with Earth-based
radar telescopes, but also includes certain experiments
with the transmitter and/or the receiver on board a
spacecraft orbiting or passing near a planetary object.

GUIDE TO THE ENCYCLOPEDTA

CROSS-REFERENCES

Chapters in the Encyclopedia have cross-references to
other chapters. These cross-references appear within
the text of the chapter, at the end of a paragraph con-
taining material that is relevant to another chapter.
The cross-references indicate related chapters that can
be consulted for further information on the same topic,
or for information on a related topic. For example,
the chapter Titan has cross-references to Pluto and
Charon, Triton, Planetary Impacts, and The Solar Sys-
tem at Radio Wavelengths.

BIBLIOGRAPHY

The Bibliography section appears as the last element
in each chapter. This section lists recent secondary
sources that will aid the reader in locating more infor-
mation on the topic at hand. Review chapters and
research papers that are important to a more detailed
understanding of the topic are also listed here.

The Bibliography entries in this Encyclopedia are
for the benefit of the reader, to provide references for
further reading or research on the given topic. Thus
they typically consist of a limited number of entries.
They are not intended to represent a complete listing
of all the materials consulted by the author or authors
in preparing the chapter. The Bibliography is in effect
an extension of the chapter itself, and it represents
the authors choice as to the best sources available for
additional information.

INDEX

The Subject Index for the Encyclopedia of the Solar
System contains more than 4500 entries. Reference to
the general coverage of a topic appears as a marginal
entry, such as an entire section of an chapter devoted
to the topic. References to more specific aspects of the
topic then appear below this in an indented list.

ENCYCLOPEDIA WEBSITE

The Encyclopedia of the Solar System maintains its
own editorial Web Page on the Internet at:
http://www.academicpress.com/solar/

This site gives information about the Encyclopedia
project. It also features author-recommended links to
other sites that provide information about the chapter
topics of the Encyclopedia. The site will continue to
evolve as more information becomes available.
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GLOSSARY

Asteroid: Rocky, carbonaceous, or metallic
body, smaller than a planet and orbiting the Sun.
Most asteroids are in semistable orbits between
Mars and Jupiter, but others are thrown onto
orbits crossing those of the major planets.
Astronomical unit: The distance from the Sun
at which a massless particle in an unperturbed
orbit would have an orbital period of
365.2568983 days, equal to 1.4959787066 X 10"
m, or about 9.2953 X 107 miles. Abbreviated AU,
the astronomical unit is approximately the mean
distance between the Earth and the Sun.

Comet: Body containing a significant fraction
of ices, smaller than a planet and orbiting the
Sun, usually in a highly eccentric orbit. Most
comets are stored far from the planetary system
in two large reservoirs: the Kuiper belt beyond
the orbit of Neptune, and the Oort cloud at near-
interstellar distances.

Eccentricity: Measure of the departure of an or-
bit from a perfect circle. A circular orbit has an
eccentricity e = 0; an elliptical orbit has 0 <
e < 1;aparabolicorbithase = 1;and a hyperbolic
orbit has e > 1.

Ecliptic: Plane of the Earth’s orbit around the
Sun. The planets, most asteroids, and most of
the short-period comets are in orbits with small
or moderate inclinations relative to the ecliptic.

Heliocentric: Pertaining to a Sun-centered co-
ordinate system.

Heliosphere: Cavity in the interstellar medium
surrounding the solar system and dominated by
the solar wind.

Inclination: Angle between the plane of the or-
bit of a planet, comet, or asteroid and the ecliptic
plane, or between a satellite’s orbit plane and
the equatorial plane of its primary.

Jovian planet: Planet like Jupiter that is com-
posed mostly of hydrogen, with helium and other
gases, but possibly with a silicate/iron core; also
called a gaseous planet. The Jovian planets are
Jupiter, Saturn, Uranus, and Neptune.

Kuiper belt: Collection of some 10° to 10" or
more icy bodies in low-eccentricity, low-inclina-
tion orbits beyond Neptune, extending out possi-
bly to about 10° AU.

Magnetosphere: Region of space around a
planet or satellite thatis dominated by its intrinsic
magnetic field and associated charged particles.



Main sequence: When stars are plotted on a
graph of their luminosity versus their surface
temperature (or color), most stars fall along a
line extending from high-luminosity, high-sur-
face-temperature stars to low-luminosity, low-
surface-temperature stars. This plot is known as
the Hertzsprung—Russell diagram and the line is
known as the ““main sequence.” Stars spend the
majority of their lifetimes on the main sequence,
during which they produce energy by hydrogen
fusion occurring within their cores.

Meteoroid: Small fragment of an asteroid or
comet that is in interplanetary space. When a
meteoroid enters a planetary atmosphere and
begins to glow from friction with the atmo-
sphere, it is called a meteor. A fragment that
survives atmospheric entry and can be recovered
on the ground is called a meteorite.

Minor planet: Another term for an asteroid.

Oort cloud: Spherical cloud of some 10'?to 10"
comets surrounding the planetary system and
extending out ~10° AU (0.5 parsec) from the
Sun.

Orbit: Path of a planet, asteroid, or comet
around the Sun, or of a satellite around its pri-
mary. Most bodies are in closed elliptical orbits.
Some comets and asteroids are thrown into hy-
perbolic orbits, which are not closed, and so will
escape the solar system.

Parallax: Apparent change in the position of a
nearby star on the celestial sphere when mea-
sured from opposite sides of the Earth’s orbit,
usually given in seconds of arc.

Parsec: Distance at which a star would have a
parallax of 1 second of arc, equal to 206,264.8
AU, or 3.261631 light-years; abbreviated as pc.
One thousand parsecs are equal to a kiloparsec,
which is abbreviated as kpc.

Perihelion: Pointinthe orbit of a planet, comet,
or asteroid that is closest to the Sun.

Planet: Large body orbiting the Sun or another
star, but not large enough to generate energy
through nuclear fusion at its core. No formal
definition of a planet exists and classifying ex-
actly what is and is not a planet is often quite
difficult. Some definitions demand that a planet
should have an atmosphere, and/or a satellite,
and/or be large enough to form itself into a
sphere by self-gravity, and/or be able to gravita-
tionally dominate its region of heliocentric space,
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but there are counter examples to every one of
these requirements.

Planetesimal: Small body formed in the early
solar system by accretion of dust and ice (if pres-
ent) in the central plane of the solar nebula.

Protostar: Star in the process of formation,
which is luminous owing to the release of gravi-
tational potential energy from the infall of neb-
ula material.

Roche limit: Distance from a planet within
which another body will be disrupted because
tidal forces from the planet exceed the self-grav-
ity of the smaller body. For nonrotating bodies
of equal density and zero strength, the Roche
limit is about 2.2 planetary radii.

Satellite: Body in orbit around a planet. A satel-
lite was recently discovered orbiting an asteroid,
and several other asteroid satellites are sus-
pected to exist.

Secular perturbations: Long-term changes in
the orbit of a body caused by the distant gravita-
tional attraction of the planets and other bodies.

Semimajor axis: Half of the major axis of an
elliptical orbit. Commonly taken to be the mean
distance of the orbit of an object from its primary,
though not precisely correct.

Solar nebula: Cloud of dust and gas out of
which the Sun and planetary system formed.
Solar wind: Supersonic expansion of the Sun’s
outer atmosphere through interplanetary space.
Terrestrial planet: Planet like the Earth with an
iron core and a silicate mantle and crust. The
terrestrial planets are Mercury, Venus, Earth,
and Mars.

Zodiacal cloud: Cloud of interplanetary dust in
the solar system, lying close to the ecliptic plane.
The dust in the zodiacal cloud comes from both
comets and asteroids.

|. INTRODUCTION

The origins of modern astronomy lie with the study
of our solar system. When ancient humans first gazed
at the skies, they recognized the same patterns of fixed
stars rotating over their heads each night. They identi-
fied these fixed patterns, now called constellations, with
familiar objects or animals, or stories from their
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mythologies and their cultures. But along with the fixed
stars there were a few bright points of light that moved
each night, slowly following similar paths through a
belt of constellations around the sky. (The Sun and
Moon also appeared to move through the same belt
of constellations.) These wandering objects were the
planets of our solar system. Indeed, the name “planet”
derives from the Latin planeta, meaning “wanderer.”

The ancients recognized five planets that they could
see with their naked eyes. We now know that the solar
system consists of nine planets (including the Earth),
plus a myriad of smaller objects: satellites, rings, aster-
oids, comets, and dust. Discoveries of new objects, and
new classes of objects, are continuing even today. Thus,
our view of the solar system is constantly changing
and evolving as new data and new theories to explain
(or anticipate) the data become available.

The solar system we see today is the result of the
complex interaction of physical, chemical, and dynami-
cal processes that have shaped the planets and other
bodies. By studying each of the planets and other bod-
ies individually as well as collectively, we seek to gain
an understanding of those processes and the steps that
led to the current solar system. Many of those processes
operated most intensely early in the solar system’s his-
tory, as the Sun and planets formed from an interstellar
cloud of dust and gas, 4.6 billion years ago. The first
billion years of the solar system’s history was a violent
period as the planets cleared their orbital zones of
much of the leftover debris from the process of planet
formation, flinging small bodies into planet-crossing
(and often planet-impacting) orbits or out to interstel-
lar space. In comparison, the present-day solar system
is a much quieter place, though all or most of these
processes continue on a lesser scale today.

Our knowledge of the solar system has exploded
in the past four decades as interplanetary exploration
spacecraft have provided close-up views of all the
planets except Pluto, as well as of a diverse collection
of satellites, rings, asteroids, and comets. Earth-
orbiting telescopes have provided an unprecedented
view of the solar system, often at wavelengths not
accessible from the Earth’s surface. Ground-based
observations have also continued to produce exciting
new discoveries through the application of a variety
of new technologies such as CCD (charge-coupled
device) cameras, infrared detector arrays, adaptive
optics, and powerful planetary radars. Theoretical
studies have contributed significantly to our under-
standing of the solar system, largely through the
use of advanced computer codes and high-speed,
dedicated computers. Serendipity has also played an
important role in many new discoveries.

Along with this increased knowledge have come
numerous additional questions as we attempt to explain
the complexity and diversity that we observe on each
newly encountered world. The increased spatial and
spectral resolution of the observations, along with in
situ measurements of atmospheres, surface materials,
and magnetospheres, has revealed that each body is
unique, the result of the different combination of phys-
ical, chemical, and dynamical processes that formed
and shaped it, as well as its different initial composition.
Yet, even though each planet, satellite, and smaller
object is now recognized to be very different from its
neighbors, at the same time there are broad systematic
trends and similarities that are clues to the collective
history that the solar system has undergone.

We are also on the brink of an exciting new age of
discovery with the detection of the first planet-sized
bodies around nearby stars. Although the precise na-
ture and origin of these extrasolar planets are still
largely open questions, they are likely the prelude to
the discovery of other planetary systems that may re-
semble our own.

A second astounding new discovery is the detection
of possibly biogenic material in Martian meteorites
(pieces of Mars rocks that were blasted off that planet
by asteroid and/or comet impacts, and that have sur-
vived entry through the Earth’s atmosphere). Although
still very controversial, the detection of evidence of
life evolving on a planet other than the Earth would
suggest that life may also occur on other planets with
the right physio-chemical resources and environment.

The goal of this chapter is to provide the reader
with an introduction to the solar system. It seeks to
provide a broad overview of the solar system and its
constituent parts, to note the location of the solar
system in the galaxy, and to describe the local galactic
environment. Detailed discussion of each of the bodies
that make up the solar system, as well as the processes
that have shaped those bodies and the techniques for
observing the planetary system, are provided in the
following chapters of this Encyclopedia. The reader is
referred to those chapters for more detailed discussions
of each of the topics introduced here.

Some brief notes about planetary nomenclature will
likely be useful. The names of the planets are all taken
from Greek and Roman mythology (with the exception
of Earth), as are the names of their satellites, with the
exception of the Moon and the Uranian satellites, the
latter being named after Shakespearean characters.
The Earth is occasionally referred to as Terra, and the
Moon as Luna, each the Latin version of their names.
The naming system for planetary rings is different
at each planet and includes descriptive names of the
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structures (at Jupiter), letters of the Roman alphabet
(at Saturn), Greek letters and Arabic numerals (at Ura-
nus), and the names of scientists associated with the
discovery of Neptune (at Neptune).

Asteroids were initially named after Greek and Ro-
man goddesses. As their numbers have increased, aster-
oids have been named after the family members of
the discoverers, after observatories, universities, cities,
provinces, historical figures, scientists, writers, artists,
literary figures, and, in at least one case, the astrono-
mer’s cat. Initial discoveries of asteroids are designated
by the year of their discovery and a letter code. Once
the orbits of the asteroids are firmly established, they
are given official numbers in the asteroid catalog; reli-
able orbits have been determined for about 8000 aster-
oids. The discoverer(s) of an asteroid are given the
privilege of suggesting its name, if done so within 10
years from when it was officially numbered.

Comets are generally named for their discoverers,
though in a few well-known cases, such as comets
Halley and Encke, they are named for the individuals
who first computed their orbits and linked several ap-
paritions. Since some astronomers have discovered
more than one short-period comet, a number is added
at the end of the name to differentiate them, though
this system is not applied to long-period comets. Com-
ets are also designated by the year of their discovery
and a letter code (a recently abandoned system used
lowercase Roman letters and Roman numerals in place
of the letter codes). The naming of newly discovered
comets, asteroids, and satellites, as well as surface fea-
tures on solar system bodies, is overseen by several
commissions of the International Astronomical Union.

|| THE ARCHITECTURE
OF THE SOLAR SYSTEM

The solar system consists of the Sun at its center, nine
major planets, 63 known natural satellites (or moons),
four ring systems, millions of asteroids (greater than
1 km in diameter), trillions of comets (greater than 1
km in diameter), the solar wind, and a large cloud of
interplanetary dust. The arrangement and nature of all
of these bodies are the result of physical and dynamical
processes during their origin and subsequent evolu-
tion, and their complex interactions with one another.
In studying the solar system, one of our primary goals
is to understand those processes and to use that under-
standing to reconstruct the steps that led to the forma-
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tion of the planetary system and its numerous compo-
nents.

At the center of the solar system is the Sun, a rather
ordinary main sequence star. The Sun is classified spec-
trally as a G2 dwarf, which means that it emits the bulk
of its radiation in the visible region of the spectrum,
peaking at yellow-green wavelengths. The Sun con-
tains 99.85% of the mass in the solar system, but only
about 0.5% of the angular momentum. The low angu-
lar momentum of the Sun results from the transfer of
momentum to the accretion disk surrounding the Sun
during the formation of the planetary system, and to
a slow spin-down due to angular momentum being
carried away by the solar wind.

The Sun is composed of hydrogen (75%), helium
(23%), and heavier elements (2%). It produces energy
through nuclear fusion at its center, with hydrogen
atoms combining to form helium and releasing energy
that eventually makes its way to the surface as visible
sunlight. The central temperature of the Sun where
fusion takes place is 15 million kelvins, whereas the
temperature at the visible surface, the photosphere, is
~5800 K. The Sun has an outer atmosphere called
the corona, which is visible only during solar eclipses,
or through the use of specially designed telescopes
called coronagraphs.

A star like the Sun is believed to have a typical
lifetime of 9 to 10 billion years on the main sequence.
The presentage of the Sun (and the entire solar system)
is estimated to be 4.6 billion years, so itis about halfway
through its normal lifetime. The age estimate comes
from radioisotope dating of meteorites.

A. DYNAMICS

The planets all orbit the Sun in roughly the same
plane, known as the ecliptic (the plane of the Earth’s
orbit), and in the same direction, counterclockwise
as viewed from the north ecliptic pole. Because of
gravitational torques from the other planets, the eclip-
tic is not inertially fixed in space, and so dynamicists
often use the invariable plane, which is the plane de-
fined by the summed angular momentum vectors of
all the planets.

To first order, the motion of any body about the
Sun is governed by Kepler’s laws of planetary motion.
The laws of planetary motion are: (1) each planet
moves about the Sun in an orbit that is an ellipse, with
the Sun at one focus of the ellipse; (2) the straight line
joining a planet and the Sun sweeps out equal areas in
space in equal intervals of time; and (3) the squares of
the sidereal periods of the planets are in direct propor-
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TABLE |
Planetary Orbits?

Semimajor axis Inclination Period
Planet (AU) Eccentricity ©) (years)
Mercury 0.38710 0.205631 7.0048 0.2408
Venus 0.72333 0.006773 3.3947 0.6152
Earth 1.00000 0.016710 0.0000 1.0000
Mars 1.52366 0.093412 1.8506 1.8807
Jupiter 5.20336 0.048393 1.3053 11.856
Saturn 9.53707 0.054151 2.4845 29.424
Uranus 19.1913 0.047168 0.7699 83.747
Neptune 30.0690 0.008586 1.7692 163.723
Pluto 39.4817 0.248808 17.1417 248.02

]2000, Epoch: January 1, 2000

tion to the cubes of the semimajor axes of their orbits.
The laws of planetary motion, first set down by J.
Kepler in 1609 and 1619, are easily shown to be the
result of the inverse-square law of gravity with the Sun
as the central body, and the conservation of angular
momentum and energy. Parameters for the orbits of
the nine planets are listed in Table L.

Because the planets themselves have finite masses,
they exert small gravitational tugs on one another,
which cause their orbits to depart from perfect ellipses.
"The major effects of these long-term or “secular” per-
turbations are to cause the perihelion point of each
orbit to precess (rotate counterclockwise) in space, and
the line of nodes (the intersection between the planet’s
orbital plane and the ecliptic plane) of each orbit to
regress (rotate clockwise). Additional effects include
slow oscillations in the eccentricity and inclination of
each orbit, and the inclination of the planet’s rotation
pole to the planet’s orbit plane (called the obliquity).
For the Earth, these orbital oscillations have periods
of 19,000 to 100,000 years. They have been identified
with long-term variations in the Earth’s climate,
known as Milankovitch cycles, though the linking
physical mechanism is not well understood.

Relativistic effects also play a small but detectable
role. They are most evident in the precession of the
perihelion of the orbit of Mercury, the planet deepest
in the Sun’s gravitational potential well. General rela-
tivistic effects add 43 arc-seconds per century to the
precession rate of Mercury’s orbit, which is 574 arc-sec
per century. Prior to Einstein’s statement of general
relativity in 1916, it was thought that the excess in the
precession rate of Mercury was due to a planet orbiting
interior to it. This hypothetical planet was given the

name Vulcan and extensive searches were conducted
for it, primarily during solar eclipses. No planet was de-
tected.

A more successful search for a new planet occurred
in 1846. Two celestial mechanicians, J. C. Adams and
U. J. J. Leverrier, independently used the observed
deviations of Uranus from its predicted orbit to suc-
cessfully predict the existence and position of Neptune.
Neptune was found by J. G. Galle on September 23,
1846, using Leverrier’s prediction.

More complex dynamical interactions are also possi-
ble, in particular when the orbital period of one body
is a small-integer ratio of another’s orbital period. This
is known as a “mean motion resonance” and can have
dramatic effects. For example, Pluto is locked in a
2:3 mean motion resonance with Neptune, and al-
though the orbits of the two planets cross in space,
the resonance prevents them from ever coming within
14 AU of each other. Also, when two bodies have
identical perihelion precession rates or nodal regres-
sion rates, they are said to be in a “secular resonance,”
and similarly interesting dynamical effects can result.
In many cases, mean motion and secular resonances
can lead to chaotic motion, driving a body into a
planet-crossing orbit, which will then lead to it being
dynamically scattered among the planets, and eventu-
ally either ejected from the solar system or impacted
on the Sun or a planet.

Chaos has become a very exciting topic in solar
system dynamics in the past twenty years, and has been
able to explain many features of the planetary system
that were not previously understood. It should be noted
that the dynamical definition of chaos is not always the
same as the general dictionary definition. In celestial
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mechanics the term chaos is applied to describe systems
that are not perfectly predictable over time. That is,
small variations in the initial conditions, or the inability
to specify the initial conditions precisely, will lead to
a growing error in predictions of the long-term behav-
ior of the system. If the error grows exponentially,
then the system is said to be chaotic. However, the
chaotic zone, the allowed area in phase space over
which an orbit may vary, may still be quite constrained.
Thus, although studies have found that the orbits of
the planets are chaotic, this does not mean that Jupiter
may one day become Earth-crossing, or vice versa. It
means that the precise position of the Earth or Jupiter
in its orbit is not predictable over very long periods
of time. Since this happens for all the planets, then
the long-term secular perturbations of the planets on
one another are also not perfectly predictable, and
can vary.

On the other hand, chaos can result in some extreme
changes in orbits, with sudden increases in eccentricity
that can throw small bodies onto planet-crossing or-
bits. One well-recognized case of this occurs near mean
motion resonances in the asteroid belt, which causes
small asteroids to be thrown onto Earth-crossing or-
bits, allowing for the delivery of meteoroids to the
Earth.

The natural satellites of the planets and their ring
systems (where they exist) are governed by the same
dynamical laws of motion. Most satellites and all ring
systems are deep within their planets’ gravitational po-
tential wells and so they move, to first order, on Kepler-
ian ellipses. The Sun, planets, and other satellites all
act as perturbers on the satellite orbits. Additionally,
the equatorial bulge of the planet, caused by the plan-
et’s rotation, also acts as a perturber on the satellite
and ring particle orbits. Finally, the satellites raise tides
on the planets (and vice versa) and these result in yet
another dynamical evolution, causing the planets to
transfer rotational angular momentum to the satellite
orbits (in the case of direct, or prograde orbits; satellites
in retrograde orbits lose angular momentum). As a
result, satellites may slowly move away from their plan-
ets into larger orbits (or smaller ones in the case of
retrograde motion).

The mutual gravitational interactions can be quite
complex, particularly in multi-satellite systems. For
example, the three innermost Galilean satellites (so
named because they were discovered by Galileo in
1610)—Io, Europa, and Ganymede—are locked in a
4:2:1 mean motion resonance with one another. In
other words, Ganymede’s orbital period is twice that
of Europa and four times that of Io. At the same time,
the other Jovian satellites (primarily Callisto), the Sun,
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TABLE II

Bode's Law
[a, = 4/10, a, = (3 X 272 + 4)/10]

Semimajor axis

Planet (AU) n Bode’s law
Mercury 0.387 1 0.4
Venus 0.723 2 0.7
Earth 1.000 3 1.0
Mars 1.524 4 1.6
Ceres 2.767 5 2.8
Jupiter 5.203 6 5.2
Saturn 9.537 7 10.0
Uranus 19.19 8 19.6
Neptune 30.07 9 38.8
Pluto 39.48 10 77.2

and Jupiter’s oblateness perturb the orbits, forcing
them to be slightly eccentric and inclined to one an-
other, while the tidal interaction with Jupiter forces the
orbits to evolve outward. These competing dynamical
processes result in considerable energy deposition in
the satellites, which manifests itself as volcanic activity
on lo, as a possible subsurface ocean on Europa, and
as past tectonic activity on Ganymede.

"This last example illustrates a very important point
in understanding the solar system. The bodies in the
solar system do not exist as independent, isolated enti-
ties, with no physical interactions between them. Even
these “action at a distance” gravitational interactions
can lead to profound physical and chemical changes
in the bodies involved. To understand the solar system
as a whole, one must recognize and understand the
processes that were involved in its formation and its
subsequent evolution, and that continue to act even
today.

An interesting feature of the planetary orbits is their
regular spacing. This is described by Bode’s Law, first
discovered by J. B. Titius in 1766 and brought to
prominence by J. E. Bode in 1772. The law states
that the semimajor axes of the planets in astronomical
units can be roughly approximated by taking the se-
quence 0, 3, 6, 12, 24, ..., adding 4, and dividing by
10. The values for Bode’s Law and the actual semima-
jor axes of the planets are listed in Table II. It can be
seen that the law works very well for the planets as far
as Uranus, but then breaks down. It also predicts a
planet between Mars and Jupiter, the current location
of the asteroid belt. Yet Bode’s Law predates the dis-
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covery of the first asteroid by 35 years, as well as the
discovery of Uranus by 15 years.

The reason why Bode’s Law works so well is not
understood. It appears to reflect the increasing ranges
of gravitational dominance of successive planets at in-
creasing heliocentric distances. However, it has been
argued that Bode’s Law may just be a case of numerol-
ogy and not reflect any real physical principle at all.

Computer-based dynamical simulations have shown
that the spacing of the planets is such that a body
placed on a circular orbit between any pair of neigh-
boring planets will likely be dynamically unstable. It
will not survive over the history of the solar system
unless protected by some dynamical mechanism such
as a mean motion resonance with one of the planets.
Opver the history of the solar system, the planets have
generally cleared their zones of smaller bodies through
gravitational scattering. The larger planets, in particu-
lar Jupiter and Saturn, are capable of throwing small
bodies onto hyperbolic orbits, which are unbound,
allowing the objects to escape to interstellar space.

Thus, the comets and asteroids we now see in
planet-crossing orbits must have been introduced into
the planetary system relatively recently from storage
locations either outside the planetary system or from
protected, dynamically stable reservoirs. Because of its
position at one of the Bode’s law locations, the asteroid
belt is a relatively stable resevoir. However, the aster-
oid belt’s proximity to Jupiter’s substantial gravita-
tional influence results in some highly complex dynam-
ics. Mean motion and secular resonances, as well as
mutual collisions, act to remove objects from the aster-
oid belt and throw them into planet-crossing orbits.
The failure of a major planet to grow in the asteroid
belt is generally attributed to the gravitational effects
of Jupiter disrupting the slow growth by accretion of
a planetary-sized body in the neighboring asteroid
belt region.

It is generally believed that comets originated as icy
planetesimals in the outer regions of the solar nebula,
at the orbit of Jupiter and beyond. Those proto-comets
with orbits between the giant planets were gravitation-
ally ejected, mostly to interstellar space. However, a
fraction of the proto-comets were flung into distant
but still bound orbits—the Sun’s gravitational sphere
of influence extends about 2 X 10° AU, or about 1
parsec. These orbits were sufficiently distant from the
Sun that they were perturbed by random passing stars
and by the tidal perturbation from the galactic disk.
The stellar and galactic perturbations raised the peri-
helia of the comet orbits out of the planetary region.
Additionally, the stellar perturbations randomized the
inclinations of the comet orbits, forming a spherical

cloud of comets around the planetary system and ex-
tending halfway to the nearest stars. This region is
now called the Oort cloud, after J. H. Oort, who first
suggested its existence in 1950. The current population
of the Oort cloud is estimated at between 10" and 10"
comets, with a total mass of about 40 Earth masses of
material. About 80% of the Oort cloud population is
in a dense core within ~10* AU of the Sun. Long-
period comets (those with orbital periods greater than
200 years) observed passing through the planetary re-
gion come from the Oort cloud. Some of the short-
period comets (those with orbital periods less than 200
years), such as Comet Halley, are long-period comets
that have evolved to short-period orbits owing to re-
peated planetary perturbations.

A second reservoir of comets is the Kuiper belt
beyond the orbit of Neptune, named after G. P.
Kuiper, who in 1951 was one of the first to suggest
its existence. Because no large planet grew beyond
Neptune, there was no body to scatter away the icy
planetesimals formed in that region. (The failure of
a large planet to grow beyond Neptune is generally
attributed to the increasing timescale for planetary ac-
cretion with increasing heliocentric distance.) This belt
of remnant planetesimals may extend out several hun-
dred AU from the Sun, perhaps even 10° AU, analo-
gous to the disks of dust that have been discovered
around main sequence stars such as Vega and Beta
Pictoris (Fig. 1).

The Kuiper belt may contain many tens of Earth
masses of comets. A slow gravitational erosion of com-
ets from the Kuiper belt between 30 and 50 AU, due
to the perturbing effect of Neptune, causes these com-
ets to “leak” into the planetary region. Eventually
some fraction of the comets evolve because of gravita-
tional scattering by the Jovian planets into the inner
planets region, where they can be observed as short-
period comets. Short-period comets from the Kuiper
belt are often called “Jupiter-family” or “ecliptic”
comets, because most are in orbits that can have close
encounters with Jupiter, and also are in orbits with
inclinations close to the ecliptic plane. Based on the
observed number of ecliptic comets, the number of
comets in the Kuiper belt between 30 and 50 AU has
been estimated at about 7 X 10° objects, with a total
mass of about 0.1 Earth masses. Current studies sug-
gest that the Kuiper belt has been collisionally eroded
out to a distance of ~100 AU from the Sun, but that
considerably more mass may still exist in orbits beyond
that distance.

Although gravity is the dominant force in determin-
ing the motion of bodies in the solar system, other
forces do come into play in special cases. Dust grains
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FIGURE 1 Coronagraphic image of the dust disk around the star Beta Pictoris, discovered by the IRAS satellite in 1983. The disk is viewed
nearly edge on and extends ~900 AU on either side of the star. The occulting disk at the center blocks out the view of the central star and
of the disk within ~150 AU of the star. Infrared data show that the disk does not extend all the way in to the star, but has an inner edge at
about 30 AU from Beta Pictoris. The disk interior to that distance may have been swept up by the accretion of planets in the nebula around
the star. This disk is a likely analog for the Kuiper belt around our own solar system.

produced by asteroid collisions or liberated from the
sublimating icy surfaces of comets are small enough
to also be affected by radiation pressure forces. For
submicron grains, radiation pressure is sufficient to
blow the grains out of the solar system. For larger
grains, radiation pressure causes the grains to depart
from Keplerian orbits. Radiation pressure can also
cause larger grains to spiral slowly in toward the Sun
through two different mechanisms, known as the
Poynting—Robertson and Yarkovsky effects.
Electromagnetic forces play a role in planetary mag-
netospheres where ions are trapped and spiral back
and forth along magnetic field lines, and in cometary
Type I plasma tails where ions are accelerated away
from the cometary coma, achieving fairly high ener-
gies. Dust grains trapped in planetary magnetospheres
and in interplanetary space also respond to electromag-

netic forces, though to a lesser extent than ions because
of their much lower charge-to-mass ratios.

B. NATURE AND COMPOSITION

The solar nebula, the cloud of dust and gas out of
which the planetary system formed, almost certainly
exhibited a strong temperature gradient with heliocen-
tric distance, hottest near the forming proto-Sun at its
center and cooling as one moved outward through the
planetary region. This temperature gradient is re-
flected in the compositional arrangement of the planets
and their satellites versus heliocentric distance. Parts
of the gradient are also preserved in the asteroid belt
beween Mars and Jupiter and likely in the Kuiper belt
beyond Neptune.
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TABLE Il
Physical Parameters for the Sun and Planets

Mass Equatorial radius Density Obliquity Escape velocity

Name (kg) (km) (g em™) Rotation period ©) (km sec™)
Sun 1.989 x 10% 696,000 1.41 24.65-34 days 7.25° 617.7
Mercury 3.302 x 103 2,439 543 58.646 days 0 443
Venus 4.868 X 10* 6,051 5.20 243.018 days 177.33 10.36
Earth 5.974 x 10* 6,378 5.52 23.934 hr 23.45 11.19
Mars 6.418 X 10% 3,396 3.93 24.623 hr 25.19 5.03
Jupiter 1.899 x 107 71,492 1.33 9.925 hr 3.08 59.54
Saturn 5.685 X 10% 60,268 0.69 10.656 hr 26.73 35.49
Uranus 8.683 x 10 25,559 1.32 17.24 hr 97.92 21.33
Neptune 1.024 x 10% 24,764 1.64 16.11 hr 28.80 23.61
Pluto 1.32 X 10% 1,170 2.1 6.387 days 119.6 1.25

“ Solar obliquity relative to the ecliptic.

The planets fall into two major compositional groups
(Table III). The “terrestrial” or Earth-like planets are
Mercury, Venus, Earth, and Mars, and are shown in Fig.
2. The terrestrial planets are characterized by predomi-
nantly silicate compositions with iron cores. This ap-
pears to result from the fact that they all formed close
to the Sun, where it was too warm for ices to condense.
Also, the modest masses of the terrestrial planets and
their closeness to the Sun did not allow them to capture
and retain hydrogen and helium directly from the solar
nebula. The terrestrial planets all have solid surfaces
that are modified to varying degrees by both cratering
and internal processes (tectonics, weather, etc.). Mer-
curyisthe mostheavily cratered because ithasno appre-
ciable atmosphere to protectit from impacts or weather
to erode the cratered terrain, and also because encoun-
ter velocities with Mercury are very high that close to
the Sun. Additionally, tectonic processes on Mercury
appear to have been modest at best. Mars is next in de-
gree of cratering, in large part because of its proximity to
the asteroid belt. Also, Mars’s thin atmosphere affords
little protection against impactors. However, Mars also
displays substantial volcanic and tectonic features, and
evidence of erosion by wind and flowing water, the latter
presumably having occurred early in the planet’s
history.

The surface of Venus is dominated by a wide variety
of volcanic terrains. The degree of cratering on Venus
is less than that on Mercury or Mars for two reasons:
(1) Venus’s thick atmosphere (surface pressure = 94
bars) breaks up smaller asteroids and comets before
they can reach the surface and (2) vulcanism on the

planet has covered over the older craters on the planet.
The surface of Venus is estimated to be 600—800 mil-
lion years in age. The Earth’s surface is dominated by
plate tectonics, in which large plates of the crust can
move about the planet, and whose motions are re-
flected in features such as mountain ranges (where
plates collide) and volcanic zones (where one plate
dives under another). The Earth is the only planet with
the right combination of atmospheric surface pressure
and temperature to permit liquid water on its surface,
and some 70% of the planet is covered by oceans.
Craters on the Earth are rapidly erased by its active
geology and weather, though the atmosphere provides
protection only against very modest size impactors, on
the order of 100 m diameter or less. Still, some 140
impact craters or their remnants have been found on
the Earth’s surface or under its oceans.

The terrestrial planets each have substantially dif-
ferent atmospheres. Mercury has a tenuous atmo-
sphere arising from its interaction with the solar wind.
Hydrogen and helium ions are captured directly from
the solar wind, whereas oxygen, sodium, and potassium
are likely the product of sputtering. In contrast, Venus
has a dense CO, atmosphere with a surface pressure
94 times the pressure at the Earth’s surface. Nitrogen
is also presentin the Venus atmosphere ata few percent
relative to CO,. The dense atmosphere results in a
massive greenhouse on the planet, heating the surface
to a mean temperature of 735 K. The middle and
upper atmosphere contain thick clouds composed of
H,SO, and H,O, which shroud the surface from view.
However, it was recently discovered that thermal radia-
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FIGURE 2 The terrestrial planets: the heavily cratered surface of Mercury as photographed by the Mariner 10 spacecraft in 1974 (top
left); clouds on the nightside of Venus, backlit by the intense infrared radiation from the planet’s hot surface, as imaged by the Galileo NIMS
instrument in 1990 (top right); South America and Antarctica as imaged by the Galileo spacecraft during a gravity assist flyby of the Earth
in 1990 (bottom left); cratered and volcanic terrains on Mars, as photographed by the Viking I spacecraft during its approach to the planet
in 1976 (bottom right).
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tion from the surface does penetrate the clouds, making
it possible to view surface features through these infra-
red “windows.”

The Earth’s atmosphere is unique because of its
large abundance of free oxygen, which is normally tied
up in oxidized surface materials on other planets. The
reason for this unusual state is the presence of life on
the planet, which traps and buries CO, as carbonates
and also converts the CO, to free oxygen. Still, the
bulk of the Earth’s atmosphere is nitrogen, 78%, with
oxygen making up 21% and argon and water each
about 1%. Various lines of evidence suggest that the
composition of the Earth’s atmosphere has evolved
considerably over the history of the solar system, and
that the original atmosphere was denser and had a
much higher CO, content than the present-day atmo-
sphere. Mars has a relatively modest CO, atmosphere
with a mean surface pressure of only 6 millibars. The
atmosphere also contains a few percent of N, and
argon. Isotopic evidence and geologic features suggest
that the past atmosphere of Mars may have been much
denser and warmer, allowing liquid water to flow across
the surface in massive floods.

The volatiles in the terrestrial planets’ atmospheres
(and the Earth’s oceans) may have been contained in
hydrated minerals in the planetesimals that originally
formed the planets, and/or may have been added later
from asteroid and comet bombardment as the planets
dynamically cleared their individual zones of leftover
planetesimals. It appears most likely that all of these
reservoirs contributed some fraction of the volatiles
on the planets.

The “Jovian” or Jupiter-like planets are Jupiter,
Saturn, Uranus, and Neptune, and are shown in Fig.
3. The Jovian planets are also occasionally referred to
as the “gas giants.” They are characterized by low
mean densities and thick hydrogen-helium atmo-
spheres, presumably captured directly from the solar
nebula during the formation of these planets. The
composition of the Jovian planets is similar to that of
the Sun, though more enriched in heavier elements.
Because of this primarily gaseous composition and
their high internal temperatures and pressures, the
Jovian planets do not have solid surfaces. However,
they may each have silicate—iron cores of several to
tens of Earth masses of material at their centers.

The satellites of the Jovian planets are mostly icy
bodies, predominantly water ice, with a few exceptions.
One notable exception is Jupiter’s innermost Galilean
satellite, Io. However, Io has been heated tremen-
dously over the history of the solar system by the tidal
interaction noted in the previous section, and this can
likely account for the loss of its volatile ices.
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Because they formed at heliocentric distances where
ices could condense, the giant planets may have initially
had a much greater local density of solid material to
grow from. This may, in fact, have allowed them to
form ahead of the terrestrial planets interior to them.
Studies of the dissipation of nebula dust disks around
nearby solar-type protostars suggest that the timescale
for the formation of giant planets is on the order of
10 million years or less. This is very rapid as compared
with the ~100 million-year timescale currently esti-
mated for the formation of the terrestrial planets
(though questions have now been raised as to the cor-
rectness of that accretionary timescale). Additionally,
the higher uncompressed densities of Uranus and Nep-
tune (0.5 g cm™®) versus Jupiter and Saturn (0.3 g
cm™’) suggest that the outer two giant planets contain
a significantly lower fraction of gas captured from the
nebula. This may mean that the outer pair formed
later than the inner two giant planets, consistent with
the increasing timescale for planetary accretion at
larger heliocentric distances.

Because of their heliocentric arrangement, the ter-
restrial and Jovian planets are occasionally called the
inner and outer planets, respectively, though some-
times the term inner planets is used to denote only
Mercury and Venus, the planets interior to the
Earth’s orbit.

Pluto is an outlier to the system and is not easily
classifiable as either a terrestrial or a Jovian planet.
Rather, it bears the greatest resemblance to Triton,
Neptune’s large icy satellite that is slightly larger than
Pluto, and to the icy planetesimals remaining in the
Kuiper belt beyond the orbit of Neptune. (The retro-
grade orbit of Triton, the only one for a major satellite
in the solar system, suggests that it may be an icy
planetesimal that was captured from heliocentric space,
and not formed coevally with Neptune in orbit around
that planet.) Note also that Pluto does not readily fit
into Bode’s Law (see Table II). For these and other
reasons, the designation of Pluto as a planet is often
debated, and there are strong arguments both for and
against the issue. As noted in the Glossary, the defini-
tion of a planet is an empirical one and often depends
on the viewpoint of the observer. Because Pluto resides
in the Kuiper belt, it is probably best thought of as
the largest icy planetesimal to grow in that region of
heliocentric space, rather than as a true planet. Pluto
and its satellite Charon are shown in Fig. 4.

Pluto has a thin, extended atmosphere, probably
methane and nitrogen, which is slowly escaping be-
cause of the low gravity of the planet. This puts it in
a somewhat intermediate state between a freely out-
flowing cometary coma and a bound planetary atmo-
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FIGURE 3 The Jovian planets: the complex, belted atmosphere of Jupiter with the Giant Red Spot at the lower center, as photographed
by Voyager 1 during its approach in 1979 (top left); Saturn, its beautiful ring system, and three of its satellites, as photographed by Voyager
I in 1980 (top right); the featureless atmosphere of Uranus, obscured by a high-altitude methane haze, as imaged by Voyager 2 in 1986
(bottom left); Neptune’s atmosphere displays several large storm systems and a banded structure, similar to Jupiter, as photographed by

Voyager 2 in 1989 (bottom right).

sphere. Spectroscopic evidence suggests that methane
frost covers much of the surface of Pluto, whereas its
satellite Charon appears to be covered with water frost.
Nitrogen frost has also been detected on Pluto. The
density of Pluto is ~2 g cm™, suggesting that the rocky
component of the planet accounts for about 60-70%
of its total mass.

There has been considerable speculation on the pos-
sibility of a major planet beyond Pluto, often dubbed
“Planet X.” The search program that discovered Pluto
in 1930 was continued for many years afterward but
failed to detect any other distant planet, even though

the limiting magnitude was several times fainter than
Pluto’s visual magnitude of ~13.5. Other searches have
been carried out, most notably by the Infrared Astro-
nomical Satellite in 1983-1984. An automated algo-
rithm was used to search for a distant planet in the
IRAS data; it successfully “discovered” Neptune, but
nothing else. Analyses of the orbits of Uranus and
Neptune show no evidence of an additional perturber
at greater heliocentric distances. Studies of the trajec-
tories of the Pioneer 10 and 11 and Voyager I and 2
spacecraft have also yielded negative results. Analyses
of the spacecraft trajectories allow one to set an upper
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FIGURE 4 Pluto and its satellite Charon, as photographed by the
Hubble Space Telescope. Pluto is the only planet that has not been
imaged by a close spacecraft encounter.

limit on the unaccounted for mass within the orbit of
Neptune of less than 3 X 107¢ solar masses (M), equal
to about one Earth mass.

The compositional gradient in the solar system is
perhaps best visible in the asteroid belt, whose mem-
bers range from nickel-iron bodies in the inner belt,
presumably the differentiated cores of larger asteroids
that were subsequently disrupted by collisions, to vola-
tile-rich carbonaceous bodies in the outer belt, which
have never been melted or differentiated (Fig. 5).
Thermally processed asteroids, including bodies like
Vesta whose surface material resembles a basaltic lava
flow, dominate the inner portion of the asteroid belt,
at distances less than about 2.6 AU. At larger distances,
out to the outer boundary of the main belt at about 3.3
AU, volatile-rich carbonaceous asteroids are dominant.
The thermal gradient that processed the asteroids ap-
pears to be very steep and likely cannot be explained
simply by the individual distances of these bodies from
the forming proto-Sun. Rather, various special mecha-
nisms such as magnetic induction, short-lived radioiso-
topes, or extreme solar flares have been invoked to try
to explain the heating event that so strongly processed
the inner half of the asteroid belt.

The largest asteroid is Ceres, at a mean distance of
2.77 AU from the Sun. (Note that Bode’s law predicts
a planet at 2.8 AU.) Ceres was the first asteroid discov-
ered, by G. Piazzi on January 1, 1801. Ceres is 913
km in diameter, rotates in 9.08 hours, and appears to
have a surface composition similar to that of carbona-
ceous chondrite meteorites. The second largest aster-
oid is Pallas, also a carbonaceous type with a diameter
of 523 km. Pallas is also at 2.77 AU but its orbit has
an unusually large inclination of 34.8°. Over 8000 as-
teroids have had their orbits accurately determined
and have been given official numbers in the asteroid
catalog; on the order of another 10* asteroids have been
observed and have had preliminary orbits determined.

As a result of the large number of objects in the
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asteroid belt, impacts and collisions are frequent.
Several “families” of asteroids have been identified
by their closely grouped orbital elements and are
likely fragments of larger asteroids that collided.
Spectroscopic studies have shown that the members
of these families often have very similar surface
compositions, further evidence that they are related.
The largest asteroids, such as Ceres and Pallas, are
likely too large to be disrupted by impacts, but
most of the smaller asteroids have probably been
collisionally processed. Increasing evidence suggests
that many asteroids may be “rubble piles,” that is,
asteroids that have been broken up but not dispersed
by previous collisions, and that now form a single
but poorly consolidated body.

Beyond the main asteroid belt there exist small
groups of asteroids locked in dynamical resonances
with Jupiter. These include the Hildas at the 3 : 2 mean
motion resonance, the Thule group at the 4:3 reso-
nance, and the Trojans, which are in a 1:1 mean mo-
tion resonance with Jupiter. The effect of the reso-
nances is to prevent these asteroids from making close
approaches to Jupiter, even though many of the aster-
oids are in Jupiter-crossing orbits.

The Trojans are particularly interesting. They are
essentially in the same orbit as Jupiter but they librate
about points 60° ahead and 60° behind the planet in
its orbit, known as the Lagrange L, and L; points.
These are pseudostable points in the three-body prob-
lem (Sun—Jupiter—asteroid) where bodies can remain
dynamically stable for extended periods of time. Some
estimates have placed the total number of objects in
the Jupiter Ly and Ls Trojan swarms as equivalent to
the population of the main asteroid belt. Trojan-type
1:1 librators have also been found for Mars and the
Earth (one each) and have been searched for at the L,
and Ls points of the other giant planets, though none
has been detected. It is interesting that the Saturnian
satellite Tethys has two smaller satellites locked in
Trojan-type librations in its orbit.

Much of what we know about the asteroid belt and
the early history of the solar system comes from mete-
orites recovered on the Earth. It appears that the aster-
oid beltis the source of almost all recovered meteorites.
A modest number of meteorites have been found that
are from the Moon and from Mars, presumably blasted
off of those bodies by asteroid and/or comet impacts.
Cometary meteoroids are thought to be too fragile
to survive atmospheric entry. In addition, cometary
meteoroids typically encounter the Earth at higher
velocities than asteroidal debris and thus are more
likely to be fragmented and burned up during atmo-
spheric entry. However, we may have cometary mete-
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FIGURE 5 Three main belt asteroids: 951 Gaspra (top) and 243 Ida along with its small satellite Dactyl (bottom). All three asteroids are
stony types and all exhibit heavily cratered surfaces. Gaspra is about 18 X 10 X 9 km in diameter, Ida is 54 X 24 X 15 km, and Dactyl is
about 1.5 km in diameter. The asteroids were photographed by the Galileo spacecraft while it was en route to Jupiter, in 1991 and 1993,
respectively. Ida’s tiny satellite, Dactyl, was an unexpected discovery of two of Galileo’s remote-sensing instruments, the Near Infrared
Mapping Spectrometer and the Solid State Imaging system, during the flyby.

orites in our sample collections and simply not yet be
knowledgeable enough to recognize them.
Recovered meteorites are roughly equally split be-
tween silicate and carbonaceous types, with a few per-
cent being iron—nickel meteorites. The most primitive
meteorites, that is, those that appear to show the least
processing in the solar nebula, are the volatile-rich
carbonaceous chondrites. However, even these mete-

orites show evidence of some thermal processing and
of aqueous alteration, that is, processing in the pres-
ence of liquid water. Study of carbonaceous and ordi-
nary (silicate) chondrites provides significant informa-
tion on the composition of the original solar nebula,
on the physical and chemical processes operating in
the solar nebula, and on the chronology of the early
solar system.
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The other major group of primitive bodies in the
solar system is the comets. Because comets formed
farther from the Sun than the asteroids, in colder envi-
ronments, they contain a significant fraction of volatile
ices. Water ice is the dominant and most stable volatile.
Typical comets also contain modest amounts of CO,
CO,, CH,, NH;, H,CO, and CH;0H, most likely in
the form of ices, but possibly also contained within
complex organic molecules. Organics make up a sig-
nificant fraction of the cometary nucleus, as well as
silicate grains. The American astronomer Fred Whip-
ple described this icy-conglomerate mix as “dirty
snowballs” (though the term “frozen mudball” may
be more appropriate since the comets are more than
60% organics and silicates). It appears that the compo-
sition of comets is very similar to the condensed (solid)
grains observed in dense interstellar cloud cores, with
little or no evidence of processing in the solar nebula.
Thus comets appear to be the most primitive bodies
in the solar system. As a result, the study of comets is
extremely valuable for those interested in learning
about the origin of the planetary system and the condi-
tions in the solar nebula 4.6 billion years ago.

Only one cometary nucleus, that of comet Halley,
has been encountered by interplanetary spacecraft and
imaged (Fig. 6). The nucleus was seen to be a highly
irregular body, with dimensions of about 15 X 8 X 7
km. It has been suggested that cometary nuclei are
weakly bound conglomerations of smaller dirty snow-
balls, assembled at low velocity and low temperature
in the outer regions of the solar nebula. Thus, comets

FIGURE 6 The nucleus of Halley’s comet, as photographed by
the Giotto spacecraft in 1986. The nucleus is irregularly shaped
with dimensions of 15 X 8 X 7 km. Jets of dust and gas are being
emitted from active areas on the sunlit surface of the nucleus at left.
(Copyright 1986 H. U. Keller, Max-Planck Institute for Aeronomie.)
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may be “primordial rubble piles,” in some ways similar
to the asteroids, but with the difference that the “rub-
ble” is primordially accreted macroscopic bodies in
the solar nebula, rather than collisionally produced
debris. A typical cometary nucleus is a few to ten kilo-
meters in diameter.

Subtle and not-so-subtle differences in cometary
compositions have been observed. However, it is not
entirely clear if many of these differences are intrinsic
or due to the physical evolution of cometary surfaces
over many close approaches to the Sun. Because the
comets that originated among the giant planets have
all been ejected to the Oort cloud or to interstellar
space, the compositional spectrum resulting from the
heliocentric thermal profile is not spatially preserved
as it has been in the asteroid belt. Although comets in
the Kuiper belt are likely located close to their forma-
tion distances, physical studies of these distant objects
are only just beginning. The data are not sufficient to
reveal any compositional trends at the present time.

C. SATELLITES, RINGS, AND THINGS

The natural satellites of the planets, listed in Table
IV, show as much diversity as the planets they orbit
around. Among the terrestrial planets, the only known
satellites are the Earth’s Moon and the two small
moons of Mars, Phobos and Deimos. The Earth’s
Moon is unusual in that it is so large relative to its
primary (only Pluto’s moon Charon is larger relative
to its planet). The Moon has a silicate composition
similar to the Earth’s mantle and a very small iron
core (Fig. 7).

It is now widely believed that the Moon formed as
a result of a collision between the proto-Earth and
another protoplanet about the size of Mars, late in
the accretion of the terrestrial planets. Such “giant
impacts” are now recognized as being capable of ex-
plaining many of the features of the solar system, such
as the unusually high density of Mercury and the large
obliquities of several of the planetary rotation axes.
In the case of the Earth, the collision with another
protoplanet resulted in the cores of the two planets
merging, while a substantial fraction of the mantles of
both bodies was thrown into orbit around the Earth
where some of the material reaccreted to form the
Moon. The tidal interaction between the Earth and
Moon then slowly evolved the orbit of the Moon out-
ward to its present position, at the same time slowing
the rotation of both the Earth and the Moon. The
giant impacts hypothesis is capable of explaining many
of the features of the Earth—-Moon system, including
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TABLE IV
Orbital and Physical Parameters of Planetary Satellites
Semimajor Orbital Orbital Mean
axis Orbital inclination period radius

Name (10° km) eccentricity @) (days) (km)
Moon 384.40 0.0549 18-29 27.3216 1,737.4
Phobos 9.38 0.0151 1.08 0.319 13 X 11 X 9.2
Deimos 23.46 0.0003 1.79 1.262 7.5 X 6.1 X5.2
J16 Metis 128.0 0.0 0.0 0.295 20
J15 Adrastea 129.0 0.0 0.0 0.298 10
J5 Amalthea 181.3 0.003 0.45 0.498 131 X 73 X 67
J14 Thebe 2219 0.015 0.8 0.674 50
J1 To 421.6 0.004 0.04 1.769 1,818
J2  Europa 670.9 0.010 0.47 3.552 1,560
J3 Ganymede 1,070 0.002 0.21 7.154 2,634
J4 Callisto 1,883 0.007 0.51 16.69 2,409
J13 Leda 11,094 0.148 26.70 238.7 5
J6 Himalia 11,480 0.163 27.63 250.6 85
J10 Lysithea 11,720 0.107 29.02 259.2 12
J7 Elara 11,737 0.207 24.77 259.6 40
J12 Ananke 21,200 0.169 147 631 10
J11 Carme 22,600 0.207 163 692 15
J8 Pasiphae 23,500 0.378 145 735 18
J9 Sinope 23,700 0.275 153 758 14
S18 Pan 133.6 0.0 0.0 0.575 10
S15 Atlas 137.6 0.0 0.0 0.602 19 X 17 X 14
S16 Prometheus 139.3 0.002 0.0 0.613 74 X 50 X 34
S17 Pandora 141.7 0.004 0.05 0.629 55 X 44 X 31
S11 Epimetheus 151.4 0.009 0.14 0.695 69 X 55 X 55
S10 Janus 151.5 0.007 0.34 0.695 97 X 95 X 77
S1 Mimas 185.5 0.020 1.53 0.942 199
S2  Enceladus 238.0 0.004 0.0 1.370 249
S3  Tethys 294.7 0.000 1.0 1.888 530
S14 Calypso 294.7 0.0 1.10 1.888 IS X8 X8
S13 Telesto 294.7 0.0 1.0 1.888 15 X 12 X 8
S4 Dione 377.4 0.002 0.02 2.737 560
S12 Helene 3774 0.005 0.15 2.737 16
S5 Rhea 527.0 0.001 0.35 4.518 764
S6  Titan 1,222 0.029 0.33 15.945 2,575
S7 Hyperion 1,481 0.104 0.4 21.277 180 X 140 X 112
S8 Iapetus 3,561 0.028 14.72 79.330 718
S9 Phoebe 12,952 0.163 150 550.48 110

the similarity in composition between the Moon and
the Earth’s mantle, the lack of a significant iron core
within the Moon, and the high angular momentum of
the Earth—-Moon system.

Like most natural satellites, the Moon has tidally
evolved to where its rotation period matches its revolu-
tion period in its orbit. This is known as “synchronous
rotation.” It results in the Moon showing the same
face to the Earth at all times, though there are small
departures from this because of the eccentricity of the
Moon’s orbit.

continues

The Moon’s surface displays a record of the intense
bombardment that all the planets have undergone over
the history of the solar system. Returned lunar samples
have been age-dated based on decay of long-lived ra-
dioisotopes. This has allowed the determination of a
chronology of lunar bombardment by comparing the
sample ages with the crater counts on the lunar plains
where the samples were collected. The lunar plains,
or “maria,” are the result of massive eruptions of lava
during the first billion years or so of the Moon’s his-
tory. The revealed chronology shows that the Moon
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continued
Semimajor Orbital Orbital Mean
axis Orbital inclination period radius
Name (10° km) eccentricity ©) (days) (km)
U6 Cordelia 49.75 0.000 0.14 0.335 13
U7 Ophelia 53.76 0.010 0.09 0.376 15
U8 Bianca 59.16 0.001 0.16 0.435 21
U9 Cressida 61.78 0.000 0.04 0.464 31
U10 Desdemona 62.66 0.000 0.16 0.474 27
Ul1 Juliet 64.36 0.001 0.06 0.493 42
U12 Portia 66.10 0.000 0.09 0.513 54
U13 Rosalind 69.93 0.000 0.28 0.558 27
U14 Belinda 75.26 0.000 0.03 0.624 33
U15 Puck 86.00 0.000 0.31 0.762 77
U5 Miranda 129.8 0.003 3.40 1.413 236
Ul Ariel 191.2 0.003 0.0 2.520 579
U2 Umbriel 266.0 0.005 0.0 4.144 585
U3 Titania 435.8 0.002 0.0 8.706 789
U4 Oberon 582.6 0.001 0.0 13.46 761
$/1997 U1 7,169 0.082 140 580 30?
$/1997 U2 12,214 0.509 153 1290 60?
N3 Naiad 48.23 0.000 0.0 0.294 29
N4 Thalassa 50.08 0.000 4.5 0.311 40
N5 Despina 52.53 0.000 0.0 0.335 74
N6 Galatea 61.95 0.000 0.0 0.429 79
N7 Larissa 73.55 0.000 0.0 0.555 104 X 89
N8 Proteus 117.6 0.000 0.0 1.122 208
N1 Triton 354.8 0.000 157 5.877 1,353
N2 Nereid 5,513 0.751 29 360.14 170
P1 Charon 19.40 0.0076 96.16 6.387 593

experienced a massive bombardment between 4.0 and
3.5 billion years ago, known as the Late Heavy Bom-
bardment. This time period is relatively late as com-
pared with the 100-200 million years required to form
the terrestrial planets and to clear their orbital zones
of most interplanetary debris. Similarities in crater size
distributions on the Moon, Mercury, and Mars suggest
that the Late Heavy Bombardment swept over all of
the terrestrial planets. Recent explanations for the Late
Heavy Bombardment have focused on the possibility
that it came from clearing of cometary debris from the
outer planets zones. However, the detailed dynamical
calculations of the timescales for that process are still
in process.

Like almost all other satellites in the solar system,
the Moon has no substantial atmosphere. There is a
transient atmosphere due to helium atoms in the solar
wind striking the lunar surface and being captured.
Argon has been detected escaping from the surface
rocks and being temporarily cold-trapped during the
lunar night. Also, sodium and potassium have been
detected, likely the result of sputtering of surface mate-
rials due to solar wind particles (as on Mercury).

Unlike the Earth’s Moon, the two natural satellites
of Mars are both small, irregular bodies and in orbits
relatively close to the planet. In fact, Phobos, the larger
and closer satellite, orbits Mars faster than the planet
rotates. Both of the Martian satellites have surface
compositions that appear to be similar to carbonaceous
chondrites in composition. This has resulted in specu-
lation that the satellites are captured asteroids. A prob-
lem with this hypothesis is that Mars is located close
to the inner edge of the asteroid belt, where silicate
asteroids dominate the population, and where carbona-
ceous asteroids are relatively rare. Also, both satellites
are located very close to the planet and in near-circular
orbits, which is unusual for captured objects.

In contrast to the satellites of the terrestrial planets,
the satellites of the giant planets are numerous and are
arranged in complex systems. Jupiter has four major
satellites, easily visible in small telescopes from Earth,
and 12 known, lesser satellites. The discovery of the
four major satellites by Galileo in 1610 (as a result of
which they are known as the Galilean satellites) was one
of the early confirmations of the Copernican theory of
a heliocentric solar system. The innermost Galilean
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FIGURE 7 A sampling of satellites in the solar system: the heavily cratered surface of the Earth’s Moon—at the center of the image is
Mare Orientale, a large impact basin located on the east limb of the Moon as viewed from Earth (first page, top row, left); the larger of
Mars’s two moons, Phobos, is irregularly shaped and highly cratered (top row, right); the innermost Galilean satellite, o, displays active
vulcanism on its surface (first page, second row, left; the bright background is because the satellite was photographed against the disk of
Jupiter); the outermost Galilean satellite, Callisto, displays a heavily cratered surface, likely dating back to the origin of the satellite system
(first page, second row, right); one of Saturn’s smaller satellites, Mimas, displays an immense impact crater on one hemisphere (first page,
third row, left); the heavily cratered surface of Rhea, one of Saturn’s intermediate-sized satellites, also showing some tectonic features (first
page, third row, right); another Saturn satellite, Hyperion, is irregularly shaped and in chaotic rotation (second page, top row, left); Saturn’s
satellite Iapetus is black on one hemisphere and white on the other (second page, top row, right); Uranus’s outermost major satellite, Miranda,
has a complex surface morphology suggesting that the satellite was disrupted and reaccreted (second page, bottom row, left); Neptune’s one
large satellite, Triton, displays a mix of icy terrains (second page, bottom, right).
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satellite, o, is about the same size as the Earth’s Moon
and has active vulcanism on its surface as a result of
Jupiter’s tidal perturbation and the gravitational inter-
action with Europa and Ganymede (see previous sec-
tion). The next satellite outward is Europa, a bit smaller
than o, which appears to have a thin ice crust overlying
a possible liquid water ocean, also the result of tidal
heating by Jupiter and the satellite—satellite interac-
tions. Estimates of the age of the surface of Europa,
based on counting impact craters, are very young, sug-
gesting that the thin ice crust may repeatedly break up
and re-form. The next satellite outward from Jupiter is
Ganymede, the largest satellite in the solar system,
even larger than the planet Mercury. Ganymede is
another icy satellite and shows evidence of having been
partially resurfaced at some time in its past. The final
Galilean satellite is Callisto, another icy satellite that
appears to preserve an impact record of comets and
asteroids dating back to the origin of the solar system.
As noted earlier, the orbits of the inner three Galilean
satellites are locked into a 4:2:1 mean motion reso-
nance.

The lesser satellites of Jupiter include several within
the orbit of Io and a number at very large distances
from the planet. The latter are likely captured comets
and asteroids. The orbits of the eight outer satellites
are divided into two closely spaced groups, and this
suggests that they may be fragments of larger objects
that were captured and then somehow disrupted. The
most likely disruption process is collision with another
object, and itis such a random collision itself, occurring
within the gravitational sphere of Jupiter, that could
have resulted in the dynamical capture.

All of the close-orbiting Jovian satellites (out to the
orbit of Callisto) appear to be in synchronous rotation
with Jupiter. However, rotation periods have been de-
termined for two of the outer satellites, Himalia and
Elara, and these appear to be around 10 to 12 hours,
much shorter than their ~250-day periods of revolu-
tion about the planet.

Saturn’s satellite system is very different from Jupi-
ter’s in that it contains only one large satellite, Titan,
comparable in size to the Galilean satellites, a number
of intermediate-sized satellites, and a host of smaller
satellites. Titan is the only satellite in the solar system
with a substantial atmosphere. Clouds of organic resi-
due in its atmosphere prevent easy viewing of the sur-
face of that moon. The atmosphere is primarily nitro-
gen and also contains methane and possibly argon.
The surface temperature on Titan has been measured
at 94 K and the surface pressure is 1.5 bar.

The intermediate and smaller satellites of Saturn all
appear to have icy compositions and have undergone
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substantial processing, possibly as a result of tidal heat-
ing. Again, orbital resonances exist between a number
of the satellites and most are in synchronous rotation
with Saturn. An interesting exception is Hyperion,
which is a highly nonspherical body and which appears
to be in chaotic rotation. Another moon, Enceladus, has
a ring of material in its orbit that likely has come from
the satellite, as a result of either a recent massive impact
oractive vulcanism on the icy satellite. Another satellite,
Tethys, has two companion satellites in the same orbit,
which oscillate about the Trojan libration point for the
Saturn-Tethys system ahead and behind Tethys, re-
spectively. Yet another particularly interesting satellite
of Saturn is lapetus, which is dark on one hemisphere
and bright on the other. The reason(s) for this unusual
dichotomy in surface albedos are not known.

Saturn has one very distant satellite, Phoebe, which
is in a retrograde orbit and which is suspected of being
a captured comet, albeit a very large one. Phoebe is
not in synchronous rotation, but rather has a period
of about 10 hours.

The Uranian system consists of five intermediate-
sized satellites and a number of smaller ones. Again,
these are all icy bodies. These satellites also exhibit
evidence of past heating and possible tectonic activity.
The satellite Miranda is particularly unusual in that it
exhibits a wide variety of complex terrains. It has been
suggested that Miranda and possibly many other icy
satellites were collisionally disrupted at some time in
their history, and the debris then reaccreted in orbit
to form the currently observed satellites. Such
disruption/reaccretion phases may have even reoc-
curred on several occasions for a particular satellite
over the history of the solar system.

Two small, distant satellites of Uranus, S/1997 Ul
and S/1997 U2, were discovered in late 1997 in retro-
grade, eccentric orbits around the planet. These are
likely captured objects.

Neptune’s satellite system consists of one large icy
satellite, Triton, and a number of smaller ones. Triton
is slightly larger than Pluto and is unusual in that it is
in a retrograde orbit. As a result, the tidal interaction
with Neptune is causing the satellite’s orbit to decay,
and eventually Triton will collide with the planet. The
retrograde orbit is often cited as evidence that Triton
must have been captured from interplanetary space
and did not actually form in orbit around the planet.
Despite its tremendous distance from the Sun, Triton’s
icy surface displays a number of unusual terrain types
that strongly suggest substantial thermal processing
and possibly even current activity. The Voyager 2
spacecraft photographed what appears to be plumes
from “ice volcanos” on Triton.
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The lesser satellites of Neptune are mostly in orbits
close to the planet. However, Nereid is in a very distant
orbit and is likely a captured object.

Pluto’s satellite Charon is the largest satellite rela-
tive to its primary in the solar system, being slightly
more than half the size of the planet. The Pluto-
Charon system is fully tidally evolved. This means that
the planet and the satellite both rotate with the same
period, 6.39 days, which is also the revolution period
of the satellite in its orbit. As a result, the planet and
the satellite always show the same faces to each other.
Although both Pluto and Charon are icy bodies, their
densities appear to be somewhat different: ~2 g cm™
for Pluto versus ~1.7 g em™ for Charon (though the
uncertainty on Charon’s density is rather high). This
suggests that the satellite may have a smaller rocky
component than the planet.

In addition to their satellite systems, all the Jovian
planets have ring systems. As with the satellite systems,
each ring system is distinctly different from that of
its neighbors (Fig. 8). Jupiter has a single ring at 1.8
planetary radii, discovered by the Voyager I spacecraft.
Saturn has an immense, broad ring system extending
between 1.0 and 2.3 planetary radii, easily seen in a
small telescope from Earth. The ring system consists
of three major rings, known as A, B, and C ordered
from the outside in toward the planet, a diffuse ring
labeled D inside the C ring and extending down to
the top of the Saturnian atmosphere, and several other
narrow, individual rings.

Closer examination by the Voyager spacecraft re-
vealed that the A, B, and C rings were each composed
of thousands of individual ringlets. This complex struc-
ture is the result of mean motion resonances with the
Saturnian satellites, as well as with small satellites em-
bedded within the rings themselves. Some of the small
satellites act as gravitational “shepherds,” focusing the
ring particles into narrow ringlets. Ground-based ob-
servers recently discovered nine small satellites, 10-20
km in radius, embedded in the F ring, a thin, single
ringlet outside the main ring system.

The Uranian ring system was discovered acciden-
tally in 1977 during observation of a stellar occultation
by Uranus. A symmetric pattern of five narrow dips
in the stellar signal was seen on either side of the
planet. Later observations of other stellar occultations
found an additional five narrow rings. Voyager 2 de-
tected several more fainter, diffuse rings and provided
detailed imaging of the entire ring system. The success
with finding Uranus’s rings led to similar searches for a
ring system around Neptune using stellar occultations.
Rings were detected but were not always symmetric
about the planet, suggesting gaps in the rings. Subse-

21

quent Voyager 2imaging revealed large azimuthal con-
centrations of material in one of the six detected rings.

All the ring systems are within the Roche limits of
their respective planets, at distances where tidal forces
from the planet would disrupt any solid body, unless
it was small enough and strong enough to be held
together by its own material strength. This has led to
the general belief that the rings are disrupted satellites,
or possibly material that could never successfully form
into satellites. Ring particles have typical sizes ranging
from micron-sized dust to centimeter- to meter-sized
objects, and appear to be made primarily of icy materi-
als, though in some cases contaminated with carbona-
ceous materials.

Another component of the solar system is the zodia-
cal dust cloud, a huge, continuous cloud of fine dust
extending throughout the planetary region and gener-
ally concentrated toward the ecliptic plane. The cloud
consists of dust grains liberated from comets as the
nucleus ices sublimate, and from collisions between
asteroids. Comets are estimated to account for about
two-thirds of the total material in the zodiacal cloud,
with asteroid collisions providing the rest. Dynamical
processes tend to spread the dust uniformly around
the Sun, though some structure is visible as a result of
the most recent asteroid collisions. These structures,
or “bands” as they are known, are each associated with
specific asteroid collisional families.

Dust particles will typically burn up due to friction
with the atmosphere when they encounter the Earth,
appearing as visible meteors. However, particles less
than about 50 wm in radius have sufficiently large area-
to-mass ratios that they can be decelerated high in the
atmosphere at an altitude of about 100 km, and can
radiate away the energy generated by friction without
vaporizing the particles. These particles then descend
slowly through the atmosphere and are eventually in-
corporated into terrestrial sediments. In the 1970s,
NASA began experimenting with collecting interplan-
etary dust particles (IDPs; also known as “Brownlee
particles” because of the pioneering work of D.
Brownlee) using high-altitude U2 reconnaissance air-
craft. Terrestrial sources of particulates in the strato-
sphere are rare and consist largely of volcanic aerosols
and aluminum oxide particles from solid rocket fuel
exhausts, each of which is readily distinguishable from
extraterrestrial materials.

The composition of the IDPs reflects the range of
source bodies that produce them, and include ordinary
and carbonaceous chondritic material and suspected
cometary particles. Since the degree of heating during
atmospheric deceleration is a function of the encounter
velocity, recovered IDPs are strongly biased toward
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FIGURE 8 The ring systems of the Jovian planets: Jupiter’s single ring photographed in forward-scattered light as the Voyager 2 spacecraft
passed behind the giant planet (top left); the multiple ringlets of Saturn’s A and B rings (bottom left); the narrow rings of Uranus along with two
“shepherd” satellites discovered by the Voyager 2 spacecraft (top right); two of Neptune’s rings showing the unusual azimuthal concentrations, as
photographed by Voyager 2 as it passed behind the planet; the greatly overexposed crescent of Neptune is visible at upper left in the image
(bottom right).
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FIGURE 8 (continued)
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FIGURE 9 A scanning electron microscope image of a suspected cometary interplanetary dust particle (IDP). The IDP is a highly porous,
apparently random collection of submicron silicate grains embedded in a carbonaceous matrix. The voids in the IDP may have once been

filled with cometary ices. (Courtesy of D. Brownlee.)

asteroidal particles from the main belt, which approach
the Earth in lower eccentricity orbits. Nevertheless,
suspected cometary particles are included in the IDPs
and represent our only laboratory samples of these icy
bodies. The cometary IDPs show a random, “botroi-
dal” (cluster-of-grapes) arrangement of submicron sili-
cate grains (similar in size to interstellar dust grains),
intimately mixed in a carbonaceous matrix. Voids in
IDP particles may have once been filled by cometary
ices. An example of a suspected cometary IDP is shown
in Fig. 9.

Extraterrestrial particulates are also collected on the
Earth in Antarctic ice cores, in meltponds in Green-
land, and as millimeter-sized silicate and nickel-iron
melt products in sediments. Recently, it has been
shown that the IDP componentin terrestrial sediments
can be determined by measuring the abundance of *He.
‘He has normal abundances in terrestrial materials of
107° or less. The *He is implanted in the grains during
their exposure to the solar wind. Using this technique,
one can look for variations in the infall rate of extrater-
restrial particulates over time, and such variations are
seen, sometimes correlated with impact events on
the Earth.

A largely unseen part of the solar system is the solar
wind, an ionized gas that streams continuously into
space from the Sun. The solar wind is composed pri-

marily of protons (hydrogen nuclei) and electrons with
some alpha particles (helium nuclei) and trace amounts
of heavier ions. It is accelerated to supersonic speed
in the solar corona and streams outward at a typical
velocity of 400 km sec™'. The solar wind is highly
variable, changing with both the solar rotation period
of 25 days and with the 22-year solar cycle, as well as
on much more rapid timescales. As the solar wind
expands outward, it carries the solar magnetic field
with it in a spiral pattern caused by the rotation of the
Sun. The solar wind was first inferred in the late 1940s
based on observations of cometary plasma tails. The
theory of the supersonic solar wind was first described
by E. N. Parker in 1958, and the solar wind itself was
detected in 1961 by the Explorer 10spacecraftin Earth
orbit and in 1962 by the Mariner 2 spacecraft while it
was en route to a flyby of Venus.

The solar wind interaction with the planets and the
other bodies in the solar system is also highly variable,
depending primarily on whether or not the body has
its own intrinsic magnetic field. For bodies without a
magnetic field, such as Venus and the Moon, the solar
wind impinges directly on the top of the atmosphere
or on the solid surface, respectively. For bodies like
the Earth or Jupiter, which do have magnetic fields,
the field acts as a barrier and deflects the solar wind
around it. Because the solar wind is expanding at super-
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FIGURE 10 The auroral ring over the north polar region of
Jupiter, as imaged by the Galileo spacecraft.

sonic speeds, a shock wave, or “bow shock,” develops
at the interface between the interplanetary solar wind
and the planetary magnetosphere or ionosphere. The
planetary magnetospheres can be quite large, ex-
tending out some 10 to 20 planetary radii upstream
(sunward) of the Earth, and over 100 radii from Jupiter.
Solar wind ions can leak into the planetary magneto-
spheres near the poles and these can result in visible
aurora, which have been observed on both the Earth
and Jupiter (Fig. 10). As it flows past the planet, the
interaction of the solar wind with the planetary magne-
tospheres results in huge magneto-tail structures that
often extend over interplanetary distances.

All the Jovian planets, as well as the Earth, have
substantial magnetic fields and thus planetary magne-
tospheres. Mercury has a weak magnetic field but
Venus has no detectable field. Mars has a patchy field,
indicative of a past magnetic field at some point in the
planet’s history, but no organized magnetic field at
this time. Nothing is known about Pluto’s magnetic
field. The Galileo spacecraft recently detected a mag-
netic field associated with Ganymede, the largest of
the Galilean satellites. However, no magnetic field was
detected for Europa or Callisto. The Earth’s Moon
has no magnetic field.

The most visible manifestation of the solar wind is
cometary plasma tails, which result when the evolving
gases in the cometary comae are ionized by sunlight
and by charge exchange with the solar wind and then
accelerated by the solar magnetic field. The ions stream
away from the cometary comae at high velocity in an
antisunward direction. Structures in the tail are visible
as a result of fluorescence by CO™' and other ions.
Before the solar wind was suggested by Parker, its
existence was inferred by L. Biermann based on his
analysis of observations of cometary plasma (ion) tails.

Atsome distance from the Sun, far beyond the orbits
of the planets, the solar wind reaches a point where
the ram pressure from the wind is equal to the external
pressure from the local interstellar medium flowing
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past the solar system. A shock will likely develop up-
stream (sunward) of that point and the solar wind will
be decelerated from supersonic to subsonic. This shock
is currently estimated to occur at about 90 = 20 AU.
Beyond this distance is a region still dominated by the
subsonic solar plasma, extending out another 30-50
AU or more. The outer boundary of this region is
known as the heliopause and defines the limit between
solar system-dominated plasma and the interstellar
medium. It is not currently known if the flow of inter-
stellar medium past the solar system is supersonic or
subsonic. If it is supersonic, then there must addition-
ally be a “bow shock” beyond the heliopause, where
the interstellar medium encounters the obstacle pre-
sented by the heliosphere. A diagram of the major
features of the heliosphere is shown in Fig. 11.

The Pioneer 10and 11 and Voyager 1 and 2 space-
craft, which are currently leaving the planetary region
on hyperbolic trajectories, have been searching for the
heliopause. These spacecraft are currently at distances
ranging between 50 and 70 AU. There have been some
indications from the Voyager plasma wave instruments
that the spacecraft are approaching the heliopause but
have not yet reached it. Based on the Voyager data,
the heliopause is estimated to be at 110 to 160 AU
from the Sun. The Voyager spacecraft are expected to
continue to send measurements of this region of space
until the year 2015, when they are each expected to
be at about 130 AU from the Sun.

"T'o many planetary scientists, the heliopause defines
the boundary of the solar system, since it marks the
changeover from a solar wind to an interstellar me-
dium-dominated space. However, as already noted, the
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FIGURE 11 The major boundaries predicted for the heliosphere.
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Sun’s gravitational sphere of influence extends out
much farther, to approximately 2 X 10° AU, and there
are bodies in orbit around the Sun at those distances.
These include the Kuiper belt, which may extend out
to ~10° AU, and the Oort cloud, which is populated
to the limits of the Sun’s gravitational field.

HE ORI O HE SO SITH

Our knowledge of the origin of the Sun and the plane-
tary system comes from two sources: study of the solar
system itself, and study of star formation in nearby
giant molecular clouds. The two sources are radically
different. In the case of the solar system, we have an
abundance of detailed information on the planets, their
satellites, and numerous small bodies. But the solar
system we see today is a highly evolved system that
has undergone massive changes since it first condensed
from the natal cloud, and we must learn to recognize
which qualities reflect that often violent evolution and
which truly record conditions at the time of solar sys-
tem formation.

In contrast, when studying even the closest star-
forming regions (which are about 140 pc from the
Sun), we are handicapped by a lack of adequate resolu-
tion and detail. In addition, we are forced to take a
“snapshot” view of many young stars at different stages
in their formation, and from that attempt to generate
a time-ordered sequence of the many different stages
and processes involved. When we observe the forma-
tion of other stars we need also to recognize that some
of the observed processes or events may not be applica-
ble to the formation of our own Sun and planetary
system.

Still, a coherent picture has emerged of the major
events and processes in the formation of the solar sys-
tem. That picture assumes that the Sun is a typical
star and that it formed in a similar way to many of the
low-mass protostars we see today.

The birthplace of stars is giant molecular clouds in
the galaxy. These huge clouds of molecular hydrogen
have masses of 10° to 10° solar masses, My. Within
these clouds are denser regions or “cores” where star
formation actually takes place. Some process, perhaps
the shock wave from a nearby supernova, triggers the
gravitational collapse of a cloud core. Material falls
toward the center of the core under its own self-gravity
and a massive object begins to grow at the center of
the cloud. Heated by the gravitational potential energy
of the infalling matter, the object becomes self-lumi-
nous, and is then described as a “protostar.” Although
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central pressures and temperatures are not yet high
enough to ignite nuclear fusion, the protostar begins
to heat the growing nebula around it. The timescale
of the infall of the cloud material for a solar-mass cloud
is about 10° years.

The infalling cloud material consists of both gas
and dust. The gas is mostly hydrogen (77 %) with he-
lium (21%) and other gases. The dust is a mix of
interstellar grains, including silicates, organics, and
condensed ices. A popular model suggests that the
silicate grains are coated with icy-organic mantles. As
the dust grains fall inward, they experience a pressure
from the increasing density of gas toward the center
of the nebula. This slows and even halts the inward
radial component of their motion. However, the dust
grains can still move vertically with respect to the cen-
tral plane of the nebula, as defined by the rotational
angular momentum vector of the orginal cloud core.
As a result, the grains settle toward the central plane.

As the grains settle, they begin to collide with one
another. The grains stick and quickly grow from mi-
croscopic to macroscopic objects, perhaps meters in
size (initial agglomerations of grains may look very
much like the suspected cometary IDP in Fig. 9). This
process continues and even increases as the grains
reach the denser environment at the central plane of
the nebula. The meter-sized bodies grow to kilometer-
sized bodies, and these bodies grow to 100 km-sized
bodies. These bodies are known as planetesimals. As
a planetesimal begins to acquire significant mass, its
cross section for accretion grows beyond its physical
cross section because it is now capable of gravitation-
ally deflecting smaller planetesimals toward it. These
larger planetesimals then “run away” from the others,
growing at an ever-increasing rate.

The actual process is far more complex than
described here, and many details of this scenario still
need to be worked out. For example, the role of
turbulence in the nebula is not well quantified. Tur-
bulence would tend to slow or even prevent the
accretion of grains into larger objects. Also, the role
of electrostatic and magnetic effects in the nebula
are not understood.

Nevertheless, it appears that accretion in the central
plane of the solar nebula can account for the growth
of planets from interstellar grains. An artist’s concept
of the accretion disk in the solar nebula is shown in
Fig. 12. In the inner region of the solar nebula, close
to the forming Sun, the higher temperatures would
vaporize icy and organic grains, leaving only silicate
grains to form the planetesimals, which eventually
merged to form the terrestrial planets. At larger dis-
tances where the nebula was cooler, organic and icy
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FIGURE 12  Artist’s concept of the accretion disk in the solar nebula, showing the orbiting planetesimals and the proto-Sun at the center.

(Painting by William Hartmann.)

grains would condense and these would combine with
the silicates to form the cores of the giant planets.
Because the total mass of ice and organics may have
been several times the mass of silicates, the cores of
the giant planets may actually have grown faster than
the terrestrial planets interior to them.

At some point, the growing cores of the giant
planets became sufficiently massive to begin capturing
hydrogen and helium directly from the nebula gas.
Because of the lower temperatures in the outer
planets zone, the giant planets were able to retain
the gas and continue to grow even larger. The
terrestrial planets close to the Sun may have acquired
some nebula gas, but likely could not hold on to it
at their higher temperatures.

Observations of protostars in nearby molecular
clouds have found substantial evidence for accretionary
disks and gas nebulae surrounding these stars. The
relative ages of these protostars can be estimated by
comparing their luminosity and color with theoretical
predictions of their location in the Hertzsprung—
Russell diagram. One of the more interesting observa-
tions is that the nebula dust and gas around solar-mass
protostars seem to dissipate after about 107 years. It
appears that the nebula and dust may be swept away by
mass outflows, essentially superpowerful solar winds,
from the protostars. If the Sun formed similarly to the

protostars we see today, then these observations set
strong limits on the likely formation times of Jupiter
and Saturn.

An interesting process that must have occurred
during the late stages of planetary accretion is “giant
impacts,” that is, collisions between very large pro-
toplanetary objects. As noted in Section II. C, a
giant impact between a Mars-sized protoplanet and
the proto-Earth is now the accepted explanation for
the origin of the Earth’s Moon. Giant impacts have
similarly been invoked to explain the high mean
density of Mercury, the retrograde rotation of Venus,
the high obliquity of Uranus, and possibly even the
formation of the Pluto—Charon binary. Although it
was previously thought that such giant impacts were
low-probability events, they are now recognized to
be a natural consequence of the final stages of
planetary accretion.

Another interesting process late in the accretion of
the planets is the clearing of debris from the planetary
zones. At some point in the growth of the planets,
their gravitational spheres of influence grew suffi-
ciently large that an encounter with a planetesimal
would more likely lead to the planetesimal being scat-
tered into a different orbit, rather than an actual colli-
sion. This would be particularly true for the massive
Jovian planets, both because of their stronger gravita-
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tional fields and because of their larger distances from
the Sun.

Since it is just as likely that a planet will scatter
objects inward as outward, the clearing of the planetary
zones resulted in planetesimals being flung throughout
the solar system, and in a massive bombardment of all
planets and satellites. Many planetesimals were also
flung out of the planetary system to interstellar space,
or to distant orbits in the Oort cloud. Although the
terrestrial planets are generally too small to eject ob-
jects out of the solar system, they can scatter objects to
Jupiter-encountering orbits where Jupiter will quickly
dispose of them.

The clearing of the planetary zones has several in-
teresting consequences. The dynamical interaction
between the planets and the remaining planetesimals
results in an exchange of angular momentum. Com-
puter-based dynamical simulations have shown that
this causes the semimajor axes of the planets to migrate
radially. In general, Saturn, Uranus, and Neptune are
expected to first move inward and then later outward
as the ejection of material progresses. Jupiter, which
ejects the most material because of its huge mass, mi-
grates inward, but only by a few tenths of an astronomi-
cal unit.

This migration of the giant planets has significant
consequences for the populations of small bodies in
the planetary region. As the planets move, the locations
of their mean motion and secular resonances will move
with them. This will result in some small bodies being
captured into resonances while others will be thrown
into chaotic orbits, leading to their eventual ejection
from the system or possibly to impacts on the planets
and the Sun. The radial migration of the giant planets
has been invoked in the clearing of both the outer
regions of the main asteroid belt and the inner regions
of the Kuiper belt.

Another consequence of the clearing of the plane-
tary zones is that rocky planetesimals formed in the
terrestrial planets zone will be scattered throughout
the Jovian planets region, and vice versa for icy plane-
tesimals formed in the outer planets zone. The bom-
bardment of the terrestrial planets by icy planetesimals
is of particular interest, both in explaining the Late
Heavy Bombardment and as a means of delivering the
volatile reservoirs of the terrestrial planets. Isotopic
studies suggest that some fraction of the water in the
Earth’s oceans may have come from comets, though
not all of it. Also, the recent discovery of an asteroidal-
appearing object, 1996 PW, on a long-period comet
orbit has provided evidence that asteroids may indeed
have been ejected to the Oort cloud, where they may
make up 1-3% of the population there.
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V. THE SOLAR
SYSTEM'S PLACE IN THE GALAXY

The Milky Way is a large, spiral galaxy, about 30 kpc
in diameter. Some parts of the galactic disk can be
traced out to 25 kpc from the galactic center, and the
halo can be traced to 50 kpc. The galaxy contains
approximately 100 billion stars and the total mass of
the galaxy is estimated to be about 4 X 10" solar masses
(Mo). Approximately 25% of the mass of the galaxy is
estimated to be in visible stars, about 15% in stellar
remnants (white dwarfs, neutron stars, and black
holes), 25% in interstellar clouds and interstellar mate-
rial, and 35% in “dark matter.” Dark matter is a gen-
eral term used to describe unseen mass in the galaxy,
which is needed to explain the observed dynamics of
the galaxy (i.e., stellar motions, galactic rotation) but
which has not been detected through any available
means. There is considerable speculation about the
nature of the dark matter, which includes everything
from exotic nuclear particles to brown dwarfs (substel-
lar objects, not capable of nuclear burning) and dark
stars (the burned-out remnants of old stars) to massive
black holes. The galaxy is estimated to have an age of
10 to 15 billion years, equal to the age of the universe.
The Milky Way galaxy consists of four major struc-
tures: the galactic disk, the central bulge, the halo, and
the corona (Fig. 13). As the name implies, the disk is
a highly flattened, rotating structure about 15 kpc in
radius and about 0.5-0.8 kpc thick, depending on
which population of stars is used to trace the disk.
The disk contains relatively young stars and interstellar
clouds, arranged in a multi-arm spiral structure (Fig.
14). At the center of the disk is the bulge, an oblate
spheroid about 3 kpc in radius in the plane of the disk,
and with a radius of about 1.5 kpc perpendicular to
the disk. The bulge rotates more slowly than the disk,
and consists largely of densely packed older stars and
interstellar clouds. It does not display spiral structure.
At the center of the bulge is the nucleus, a complex
region only 4-5 pc across, which appears to have a
massive black hole atits center. The mass of the central
black hole has been estimated at 2.6 million M.
The halo surrounds both of these structures and
extends ~20 kpc from the galactic center. The halo
has an oblate spheroid shape and contains older stars
and globular clusters of stars. The corona appears to
be a yet more distant halo at 60—100 kpc and consists
of dark matter, unobservable except for the effect it
has on the dynamics of observable bodies in the galaxy.
The corona may be several times more massive than
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FIGURE 13  An image of the sky at infrared wavelengths as constructed from IRAS satellite data. The Milky Way galaxy is visible as the
bright horizontal band through the image, with the galactic bulge at the center of the image. The fainter, S-shaped structure extending from
lower left to upper right is the zodiacal dust cloud in the ecliptic plane. The plane of the ecliptic is tilted 62° to the plane of the galaxy. Dark

gores are gaps in the data caused by incomplete scans by IRAS.

the other three galactic components combined. Many
descriptions of the galaxy include the halo and the
corona as a single component.

The galactic disk is visible in the night sky as the
Milky Way, a bright band of light extending around
the celestial sphere. When examined with a small tele-
scope, the Milky Way is resolved into thousands or
even millions of individual stars, and numerous nebulae

and star clusters. The direction to the center of the
galaxy is in the constellation Sagittarius (best seen from
the Southern Hemisphere in June) and the disk appears
visibly wider in that direction, which is the view of the
central bulge.

The disk is not perfectly flat; there is evidence for
warping in the outer reaches of the disk, between 15
and 25 kpc. The warp may be the result of gravitational

FIGURE 14  Messier 100, a large spiral galaxy in the constellation Coma Berenices, as photographed by the Hubble Space Telescope. The

Milky Way galaxy may appear similar to this.
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perturbations due to encounters with other galaxies,
and/or with the Magellanic clouds, two nearby, irregu-
lar dwarf galaxies that appear to be in orbit around the
Milky Way. Similarly, evidence has been building in
recent years that the bulge is not an oblate spheroid,
but rather appears to have a triaxial shape. This type
of structure is observed in external galaxies and is re-
ferred to as a “bar”; such galaxies are known as barred
spirals. In addition, the Milky Way’s central bar ap-
pears to be tilted relative to the plane of the galactic
disk. The nonspherical shape of the bulge and the tilt
have important implications for understanding stellar
dynamics and the long-term evolution of the galaxy.

Stars in the galactic disk have different characteristic
velocities as a function of their stellar classification,
and hence age. Low-mass, older stars, like the Sun,
have relatively high random velocities and as a result
can move farther out of the galactic plane. Younger,
more massive stars have lower mean velocities and thus
smaller scale heights above and below the plane. Giant
molecular clouds, the birthplace of stars, also have
low mean velocities and thus are confined to regions
relatively close to the galactic plane. The disk rotates
clockwise as viewed from “galactic north,” at a rela-
tively constant velocity of 160-220 km sec™!. This
motion is distinctly non-Keplerian, the result of the
very nonspherical mass distribution. The rotation ve-
locity for a circular galactic orbit in the galactic plane
defines the Local Standard of Rest (LSR). The LSR
is then used as the reference frame for describing local
stellar dynamics.

The Sun and the solar system are located approxi-
mately 8.5 kpc from the galactic center, and 10-20 pc
above the central plane of the galactic disk. The circu-
lar orbit velocity at the Sun’s distance from the galactic
center is 220 km sec™!, and the Sun and the solar system
are moving at approximately 17 to 22 km sec™' relative
to the LSR. The Sun’s velocity vector is currently
directed toward a point in the constellation of Her-
cules, approximately at right ascension 18" 0™ and dec-
lination +30°, known as the solar apex. Because of this
motion relative to the LSR, the solar system’s galactic
orbit is not circular. The Sun and planets move in a
quasi-elliptical orbit between about 8.4 and 9.7 kpc
from the galactic center, with a period of revolution
of about 240 million years. The solar system is cur-
rently close to and moving inward toward “perigalacti-
con,” the point in the orbit closest to the galactic
center. In addition, the solar system moves perpendicu-
lar to the galactic plane in a harmonic fashion, with a
period of 52 to 74 million years and an amplitude of
+49 to 93 pc out of the galactic plane. (The uncertain-
ties in the estimates of the period and amplitude of
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the motion are caused by the uncertainty in the amount
of dark matter in the galactic disk.) The Sun and plan-
ets passed through the galactic plane about 2-3 million
years ago, moving ‘“northward.”

The Sun and solar system are located at the inner
edge of one of the spiral arms of the galaxy, known as
the Orion or local arm. Nearby spiral structures can
be traced by constructing a three-dimensional map of
stars, star clusters, and interstellar clouds in the solar
neighborhood. Two well-defined neighboring struc-
tures are the Perseus arm, farther from the galactic
center than the local arm, and the Sagittarius arm,
toward the galactic center. The arms are about 0.5 kpc
wide and the spacing between the spiral arms is about
1.2-1.6 kpc. The local galactic spiral arm structure is
illustrated in Fig. 15.

The Sun’s velocity relative to the LSR is low as
compared with other G-type stars, which have typical
velocities of 40-45 km sec™ relative to the LSR. Stars
are accelerated by encounters with giant molecular
clouds in the galactic disk. Thus, older stars can be
accelerated to higher mean velocities, as noted earlier.
"The reason(s) for the Sun’s low velocity are not known.
Velocity-altering encounters with giant molecular
clouds occur with a typical frequency of once every
300-500 million years.

The local density of stars in the solar neighborhood
is about 0.11 pc~?, though many of the stars are in
binary or multiple star systems. The local density of
single, binary, and multiple star systems is 0.086 pc~*.
Most of these are low-mass stars, less massive and less
luminous than the Sun. The nearest star to the solar
system is Proxima Centauri, which is a low-mass
(M = 0.1My), distant companion to Alpha Centauri,
which itself is a double-star system of two close-
orbiting solar-type stars. Proxima Centauri is currently
about 1.3 pc from the Sun and about 0.06 pc (1.3 X
10* AU) from the Alpha Centauri pair it is orbiting.
The second nearest star is Barnard’s star, a fast-moving
red dwarf at a distance of 1.83 pc. The brightest star
within 5 pc of the Sun is Sirius, an Al star (M = 2Mo)
about 2.6 pc away. Sirius also is a double star, with a
faint, white dwarf companion. The stars in the solar
neighborhood are shown in Fig. 16.

The Sun’s motion relative to the LSR, as well as
the random velocities of the stars in the solar neighbor-
hood, will occasionally result in close encounters be-
tween the Sun and other stars. Using the foregoing
value for the density of stars in the solar neighborhood,
one can predict that about 12 star systems (single or
multiple stars) will pass within 1 pc of the Sun per
million years. The total number of stellar encounters
scales as the square of the encounter distance. This rate
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FIGURE 15 The spiral structure of the Milky Way galaxy as inferred from the positions of H II regions (clouds of ionized hydrogen) in
the galaxy. The Sun and solar system are located at the upper center, as indicated by the © symbol. (Reprinted with kind permission from
Kluwer Academic Publishers, Forbes and Shuter, in “Kinematics, Dynamics and Structure of the Milky Way,” p. 221, Fig. 3, copyright © 1983.)

has been confirmed in part by data from the Hipparcos
astrometry satellite, which measured the distances and
proper motions of ~118,000 stars and which was used
to reconstruct the trajectories of stars in the solar
neighborhood.

Based on this rate, the closest stellar approach over
the lifetime of the solar system would be expected to
be at ~900 AU. Such an encounter would result in a
major perturbation of the Oort cloud and would eject
many comets to interstellar space. It would also send
a shower of comets into the planetary region, raising
the impact rate on the planets for a period of about
2-3 million years, and having other effects that may
be detectable in the stratigraphic record on the Earth
or on other planets. A stellar encounter at 900 AU
could also have a substantial perturbative effect on the
orbits of comets in the Kuiper belt and would likely
disrupt the outer regions of that ecliptic comet disk.

Obviously, the effect that any such stellar passage will
have is a strong function of the mass and velocity of
the passing star.

The advent of space-based astronomy, primarily
through Earth-orbiting ultraviolet and X-ray tele-
scopes, has made it possible to study the local interstel-
lar medium surrounding the solar system. The struc-
ture of the local interstellar medium has turned out to
be quite complex. The solar system appears to be on
the edge of an expanding bubble of hot plasma about
120 pc in radius, which appears to have originated
from multiple supernovae explosions in the Scorpius—
Centaurus OB association. The Sco—Cen association
is a nearby star-forming region that contains many
young, high-mass O- and B-type stars. Such stars have
relatively short lifetimes and end their lives in massive
supernova explosions, before collapsing into black
holes. The expanding shells of hot gas blown off the
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FIGURE 16 A three-dimensional representation of the stars in the solar neighborhood. Horizontal lines indicate the relative distance of
the stars north (to the right) or south (to the left) of the celestial equator. The size of the dot representing each star denotes its relative
brightness. [From Gilmore, G.F., in “Astronomy and Astrophysics Encyclopedia,” S. P. Maran, Ed. Copyright © 1992 John Wiley & Sons,

New York. Reprinted by permission of John Wiley & Sons, Inc.]

stars in the supernova explosions are able to “sweep”
material before them, leaving a low-density “bubble”
of hot plasma.

Within this bubble, known as the Local Bubble, the
solar system is at this time within a small interstellar
cloud, perhaps 25 pcacross, known as the Local Inter-
stellar Cloud. That cloud is apparently a fragment of
the expanding shells of gas from the supernova explo-
sions, and there appear to be a number of such clouds
within the local solar neighborhood.

V. THE FATE OF THE SOLAR SYSTEM

Stars like the Sun are expected to have lifetimes on
the main sequence of about 10 billion years. The main
sequence lifetime refers to the time period during
which the star produces energy through hydrogen fu-
sion in its core. As the hydrogen fuel in the core is
slowly depleted over time, the core contracts to main-
tain the internal pressure. This raises the central tem-
perature and, as a result, the rate of nuclear fusion also
increases and the star slowly brightens. Thus, tempera-
tures throughout the solar system will slowly increase
over time. Presumably, this slow brightening has al-
ready been going on since the formation of the Sun
and solar system.

A 1M, star like the Sun is expected to run out of
hydrogen at its core in about 10 billion years. As the

production of energy declines, the core again contracts.
The rising internal temperature and pressure are then
able to ignite hydrogen burning in a shell surrounding
the depleted core. The hydrogen burning in the shell
heats the surrounding mass of the star and causes it
to expand. The radius of the star increases and the
surface temperature drops. The luminosity of the star
increases dramatically and it becomes a red giant.
Eventually the star reaches a brightness about 10° times
more luminous than the present-day Sun, a surface
temperature of 3000 K, and a radius of 100-200 solar
radii. A distance of one hundred solar radii is equal to
0.46 AU, larger than the orbit of Mercury. Two hun-
dred radii is just within the orbit of the Earth. Thus,
Mercury and likely Venus will be incorporated into the
outer shell of the red giant Sun and will be vaporized.

The increased solar luminosity during the red giant
phase will result in a fivefold rise in temperatures
throughout the solar system. At the Earth’s orbit, this
temperature increase will vaporize the oceans and roast
the planet at a temperature on the order of ~1400 K
or more. At Jupiter’s orbit it will melt the icy Galilean
satellites and cook them at a more modest temperature
of about 600 K, about the same as current noontime
temperatures on the surface of Mercury. Typical tem-
peratures at the orbit of Neptune will be about the
same as they are today at the orbit of the Earth. Comets
in the inner portion of the Kuiper belt will be warmed
sufficiently to produce visible comae.

The lowered gravity at the surface of the greatly
expanded Sun will result in a substantially increased
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solar wind, and the Sun will slowly lose mass from its
outer envelope. Meanwhile, the core of the Sun will
continue to contract until the central temperature and
pressure are great enough to ignite helium burning in
the core. During this time, hydrogen burning contin-
ues in a shell around the core. Helium burning contin-
ues during the red giant phase until the helium in the
core is also exhausted. The core again contracts and
this permits helium burning to ignite in a shell around
the core. This is an unstable situation and the star can
undergo successive contractions and reignition pulses,
during which it will blow off part or all of its outer
envelope into space. These huge mass ejections pro-
duce an expanding nebula around the star, known as
a planetary nebula (because it looks somewhat like the
disk of a Jovian planet through a telescope). For a star
with the mass of the Sun, the entire red giant phase
lasts about 700 million years.

As the Sun loses mass in this fashion, the orbits of
the surviving planets will slowly spiral outward. This
will also be true for comets in the Kuiper belt and
Oort cloud. Since the gravitational sphere of influence
of the Sun will shrink as a result of the Sun’s decreasing
mass, comets will be lost to interstellar space at a
greater rate from the outer edges of the Oort cloud.

As a red-giant star loses mass, its core continues to
contract. However, for an initially 1M, star like the
Sun, the central pressure and temperature cannot rise
sufficiently to ignite carbon burning in the core, the
next phase in nuclear fusion. With no way of producing
additional energy other than gravitational contraction,
the luminosity of the star plunges. The star continues
to contract and cool, until the contraction is halted by
degenerate electron pressure in the superdense core.
At this point, the mass of the star has been reduced to
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about 70% ofits original mass and the diameter is about
the same as that of the present-day Earth. Such a star is
known as a white dwarf. The remnants of the previously
roasted planets will be plunged into a deep freeze as the
luminosity of the white dwarf slowly declines.

The white dwarf star will continue to cool over a
period of about 1 billion years, to the point where its
luminosity drops below detectable levels. Such a star
is referred to as a black dwarf. A nonluminous star
is obviously very difficult to detect. There is some
suggestion that they may have been found through an
observing technique known as micro-lensing events.
Dark stars provide one of the possible explanations of
the dark matter in the galaxy.

.. CONCEODING REMARES

This chapter has introduced the solar system and
its varied members, viewing them as components of a
large and complex system. Each of them—the Sun,
the planets, their satellites, the comets and aster-
oids—is also a fascinating world in its own right. The
ensuing chapters provide more detailed descriptions
of each of these members of the solar system.
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GLOSSARY

Actinide: One of the group of elements of
atomic number 89-103.

CAl (calcium-aluminum-rich inclusion): Peb-
ble-sized particles in meteorites that are enriched
in calcium, aluminum, and other refractory ele-
ments.

Chalcophile: Chemical tendency to concentrate
in sulfide phases.

Chondrite: Meteorite that contains chondrules,
or is chemically similar to such meteorites.
Chondrule: Millimeter-sized, spheroidal parti-
cles in meteorites that were once molten or par-
tially molten droplets.

Corpuscular radiation: Atomic or subatomic
particles streaming at high velocity.
Gravitational instability: Condition in which
gravitational disturbances grow faster than they
can be balanced by restoring forces.
Gravitational scattering: Alteration of a body’s
motion due to a close encounter with a massive
body, such as a planet.
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Lithophile: Chemical tendency to concentrate
in silicate phases.

Obliquity: Angle between a planetary body’s
axis of rotation and the pole of its orbit.

Photospheric temperature: Temperature of the
layer within the atmosphere of a star (or other
astronomical object) at which it becomes opti-
cally thick; in effect, the observable temperature
of the object.

Planetesimal: Small rocky or icy body formed
in the solar nebula.

Pre-main sequence evolutionary tracks: Lumi-
nosity of a pre-main sequence star as a function
of its photospheric temperature.

Pre-main sequence: Stage of stellar evolution
prior to the onset of hydrogen fusion reactions.

Prograde: With rotational motion in the same
sense as orbital motion; the opposite of retro-
grade.

Protoplanet: Body in orbit about a star, in the
process of accumulating mass and destined to
become a planet.
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Protostar Cloud of gas undergoing gravita-
tional contraction, destined to become a star.

Protostellar cloud: Cloud of interstellar gas
from which a star is eventually formed.

Radio continuum: Radiation at radio frequen-
cies (below about 10° MHz), with power smoothly
distributed with frequency.

Radiochronometry: Method of determining an
object’s age using radioactive isotopes.
Refractories: Elements or phasesthat meltand/
or evaporate at relatively high temperatures, typ-
ically above 1500 K; in contrast to volatiles.
Runaway accretion: Rapid growth of a single
planetary object, relative to the growth of other
bodies in its vicinity.

Siderophile: Chemical tendency to concentrate
in metal phases.

Solar nebula: Disk of gas and dust around the
young Sun from which the planets formed.

Spallation: Nuclear reaction in which the en-
ergy of the incident particle is so high that more
than two or three particles are ejected from the
target nucleus, changing its mass number and
atomic number.

Spectral energy distribution: Power carried by
radiation per unit wavelength (or frequency) as
a function of wavelength (or frequency).

T Tauristar: Starwhose spectral characteristics
indicate it to be pre-main sequence, and of ap-
proximately solar mass.

Tidal evolution: Changes in the motions of an
astronomical body due to forces associated with
the changes in its shape, caused by the gravita-
tional force of another body.

ince at least the time of René Descartes in the

seventeenth century, the ordered arrangement of

the planets has been interpreted to be a conse-
quence of the formation of the solar system, that is,
the result of physical processes acting in a systematic
fashion to organize matter into a star and subordinate
bodies. This perception, along with a Copernican pre-
dilection that planetary systems more or less like the
solar system are not rare in our galaxy, impels the
search for a quantitative theory of formation. Among
the many hypotheses that have been proposed, the
most fruitful invokes the collapse of tenuous interstel-
lar matter to form a disk of gas and dust, from which
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the Sun and other components of the solar system
separated, under the action of dissipative forces. Thus
it is held that the planets and other minor bodies of
the solar system are contemporaneous by-products of
the formation of the Sun itself. This view is supported
by evidence from (1) astronomical observations of very
young stars, (2) the examination of extraterrestrial ma-
terial, (3) the developing theory of star formation, and
(4) the recent discoveries of planets around other stars.
However, a predictive model of the entire process is
far from accomplished, and it is likely that no compre-
hensive theory will be regarded as compelling until
the variety and properties of other planetary systems
have been ascertained, and until theoretical conjectures
are tested by application to circumstances other than
those of our own solar system. [See THE SOLAR Sys-
TEM AND ITS PLACE IN THE GALAXY.]

|. A THEORY OF THE
FORMATION  OF THE SOLAR SYSTEM

e © o o o o o o o o o o o o o o o o o o o o o o

A. OUTLINE

Most of the visible galaxy consists of stars. But it is
known that between the stars, space is permeated by
gas in a very rarefied state. Much of this gas occurs in
clouds that are readily discerned by virtue of the fact
that they contain very fine dust particles (interstellar
grains) and are sufficiently thick to block the transmis-
sion of starlight; thus they appear as dark regions
against the stellar background. Itis in these interstellar
clouds that new stars are born, and it is presumed that
the Sun was born in such a cloud (Fig. 1). Although
it is quite certain that stars form by the collapse of
cloud material under its own gravity, the sequence of
events that results in a star accompanied by a planetary
system (or, for that matter, a multiple star system) is
complicated and far from fully understood. Neverthe-
less, the essential features of such a sequence have been
postulated, quantitative models based on the laws of
physics are being developed, and their predictions are
being tested by comparison with observations of stars
that appear to be in their formative stages and the least
evolved products of our own solar system. The main
features of the theory adopted by most current re-
searchers are outlined as follows.

Interstellar clouds in which star formation is ob-
served to be occurring come in all shapes and sizes.
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FIGURE 1 Tmages of the Eagle Nebula star-forming region in (a) visible light and (b) infrared light. Many of the sources of radiation seen
in the infrared image are newly formed stars, still surrounded by the gas and dust from which they were (or are being) born. They can only
be seen as “hot spots” because their visible light, which cannot penetrate the surrounding cloud, is absorbed and reradiated at the longer,
infrared wavelengths that can escape the cloud. The stars that are seen in visible light are in front of the clouds. (Courtesy of Mark J.

McCaughrean/NASA.)
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They may contain as little as a few tens or as much as
a million solar masses; they may be roughly globular,
or they may be irregular or filamentary in appearance.
But the individual stars seem to be forming in special
regions where the density is anomalously high: perhaps
106 hydrogen (the dominant gas) molecules/cm® com-
pared to a typical cloud density of 10* molecules/cm’.
These regions, called cloud cores, may have become
denser than their surroundings by a gradual process,
such as the diffusional loss of support provided by the
magnetic field. Such diffusional loss might take 107
years. Or dense regions could be caused by a distur-
bance, such as a shock wave, created by a violent event
within or near the cloud. In either case, the loss of
support and increase in density are expected to lead
to a state of gravitational instability (called Jeans insta-
bility), in which the forces that support the gas (thermal
pressure, turbulent motions, and magnetic field) can
no longer resist the increase in gravitational force that
accompanies compression. The result is a dynamical
collapse, in which the gravitational energy released is
efficiently radiated away. If the core was not rotating,
it would collapse from a size of about 0.1 parsec (3 X
10" ¢cm) to stellar dimensions (10! cm), at which condi-
tion the density would have increased to the point
where radiation can no longer easily escape, and a
young star, supported by thermal pressure, is formed.
However, if the core has even a very small amount of
rotation (as will generally be the case), its angular mo-
mentum, which is nearly conserved during collapse,
cannotbe accommodated in an objectassmall asasingle
star. In the case of the solar system, most of the matter
is presumed to have been initially contained in a disk
surrounding a small stellar embryo (Fig. 2). The size of
the diskwas determined by the total angular momentum
of the collapsed material. The star then grows by the
inward migration of material within the disk, in re-
sponse to the outward transport of angular momentum
promoted by dissipative processes. In the solar system,
the disk is called the primitive solar nebula.

The theory presupposes the outcome of collapse to
be a single star and disk. This is by no means guaran-
teed; in fact, the contrary is to be expected because
most stars are members of multiple systems. In this
regard, the Sun is in the minority. To define the condi-
tions that determine whether a single star or multiple
system forms is a primary goal of current star formation
research. Results to date suggest that single stars with
disks form mainly from slowly rotating, centrally con-
densed, symmetrical progenitors. Rapidly rotating
cloud cores, and those with relatively extended or ir-
regular mass distributions, are thought to form multi-
ple-star systems when they collapse.
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The thermal state of the solar nebula was deter-
mined by a balance of the gravitational energy released
by the accretion of material from it onto the proto-
Sun, the illumination from the proto-Sun, and the rate
at which energy was transported to and radiated away
from its surfaces. Close to the forming Sun, the tem-
perature was high enough to vaporize everything; far
away it was cold enough so that even very volatile
substances, such as carbon monoxide, could condense.
The nebula gradually cooled as most of it was accreted
to become the Sun. Its evolution may have been epi-
sodic, with short periods of rapid accretion inter-
spersed with longer ones of relative quiescence. During
this time, condensed dust and ices tended to coagulate,
building from the submicron sizes characteristic of
condensates or interstellar grains, to rocky or rock/ice
objects centimeters or meters in size. As they did, they
settled and accumulated in the midplane of the nebula,
forming a thinner disk of particulates. Further growth
occurred from this disk, probably by a snowball-like
accumulation as solid objects bumped into each other,
or less likely by another gravitational instability that
had the effect of clumping material into planetesimal-
sized objects. This stage of accumulation might have
taken as little as 10* years, in the terrestrial planet
region.

Once objects had grown to be several kilometers in
size, their orbits around the Sun were disturbed mainly
by their mutual gravitational attractions as they passed
close to each other. This caused collisions among them,
some of which resulted in further growth, and some
in destruction by fragmentation. Eventually (within
perhaps 107 years), a substantial population of lunar-
sized objects grew, which coalesced through spectacu-
lar collisions to form the relatively few planets that
now comprise the solar system. The planets probably
attained almost all of their final masses within 10® years,
although the cleanup of debris persisted for half a
billion years. Since the rate of planetary growth de-
pends on the frequency of embryo—planet encounters,
it should have been faster close to the Sun, where the
orbital periods are shorter and one might expect the
density of material to be greater, than far from the
Sun. Nevertheless, the outer planets apparently grew
fast enough to gravitationally capture and retain large
amounts of hydrogen and helium from the nebula,
whereas this was apparently prevented from happening
for the terrestrial planets.

In this picture, the asteroid belt is the result of a
failed planet between Mars and Jupiter, its final stage
of accumulation frustrated by the gravitational influ-
ence of Jupiter. Comets are presumed to be planetesi-
mals produced by the first stage of accumulation be-
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FIGURE 2 Conservation of angular momentum caused most of the material that collapsed to form the solar system to first form a nebular
disk. The disk, known as the primitive solar nebula, was maintained by a near-balance of centrifugal force and gravity. Within the disk,
processes that transfer angular momentum, such as turbulent friction or wave propagation, allowed material in the inner parts of the disk to
transfer its angular momentum to material in the outer parts, so that the former moved inward to form the Sun, while the latter moved
outward, absorbing the angular momentum now carried in the planets. Energetic processes operating near the region in which material was
being accreted from the nebula onto the young Sun conspired to drive a flow of gas, called a stellar wind, to accelerate outward along the
rotation axis. [Adapted from F. A. Podosek and P. Cassen (1994). Theoretical, observational, and isotopic estimates of the lifetime of the

solar nebula. Meteoritics 29, 6-25.]

yond the orbit of Jupiter. The orbits of those produced
in the Uranus—Neptune region were made highly ec-
centric by encounters with the outer planets, and were
then gradually circularized by extrasolar forces to pro-
duce the Oort Cloud. Those that formed beyond Nep-
tune’s orbit remained largely unperturbed and now
constitute the Kuiper Belt. [See AsTEROIDS; KUIPER
BELT.]

The theory outlined here has ancient roots in ideas
expounded by Immanuel Kant and Pierre-Simon La-
place, dating back almost as far as Isaac Newton’s dis-
covery of the general law of gravitation. Both Kant
and Laplace proposed nebular models (in 1755 and
1796, respectively) in which a hot gaseous nebula was
centered on the Sun. In Kant’s theory, the Sun was
not part of the nebula; in Laplace’s it was. In both,
the nebula was rotationally flattened, and as it cooled
and contracted, secondary concentrations (Kant) and
rings (Laplace) ultimately resulted in the formation of
planets. In later times, nebula theories fell into disfavor
for a number of reasons. For example, the Laplace ring
formation mechanism could be shown quantitatively
to be unsound. But the primary reason for the aban-
donment of nebular theories was their failure, at the
time, to explain the distribution of angular momentum
in the solar system. With conservation of angular mo-
mentum during contraction, one expects the central
condensation to acquire a very high angular velocity,
a condition clearly not fulfilled by the Sun. The Jovian

planets account for the vast majority of the angular
momentum of the observed solar system. No early
nebular theory could quantitatively explain such an ar-
rangement.

"The majority of the other theories that were pro-
posed in the last two centuries can be dubbed cata-
strophic. They involved either tidal encounters with
other bodies (e.g., comets or another star) or direct
collisions with stars or nebulae, in which filaments are
formed around the proto-Sun from which the planets
and their satellites coalesced. The probability for such
occurrences in the lifetime of a normal star is very low,
but of course that does not mean that it is impossible.
If valid, such a theory would just imply that planetary
systems around stars would be expected to be very rare.
The key objections raised against such catastrophic
theories are that much of the matter would fall back
on the Sun and the rest of the hot filament would be
tidally disrupted and thermally dissipated before it had
a chance to condense and form planets. Associations
of the proto-Sun with other stellar companions were
also proposed to produce the circumsolar matter from
which the planets formed. However, in these models,
either gaseous filaments formed, in which case they
suffer from the same flaws as noted here, or the equiva-
lent of a solar nebula formed, in which case the model
intersects other nebular theories.

The direct imaging of circumstellar disks by the
Hubble Space Telescope (Fig. 3) culminates a phase
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FIGURE 3 Tmages obtained with the Hubble Space Telescope provide dramatic support for the nebular hypothesis for the formation of
the solar system. They reveal the presence of opaque disks of gas and dust, comparable in size to the solar system, surrounding young stars
in the Orion star-forming region. These disks are seen in silhouette against a background of radiation from ionized gas; some are contained
within envelopes of gas being ionized by nearby, bright O stars. (Courtesy of Mark J. McCaughrean and C. R. O’Dell/NASA.)

of solar system cosmogony in which competing
hypotheses could differ in their fundamental premises.
Even before the Hubble images were obtained, astro-
nomical observations indicated that nebularlike disks
around young stars are common (see Section II). Now,
although many details remain poorly defined, virtually
all modern theories of solar system origin embrace
the nebular model, for it accounts for a number of
prominent characteristics. The nearly circular, copla-

nar orbits of the planets, with angular momentum in
the same direction as the Sun’s, is a consequence of a
common antecedent, the solar nebula. The dispropor-
tionate amount of angular momentum possessed by
the planets in comparison with that of the Sun, once
a major difficulty for nebular theories, is a natural
result of dissipation in the nebula, as discussed in
the following.

But some characteristics of the solar system have
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FIGURE 3

yet to be explained by the theory. It has not been
determined whether the regular spacing of the plane-
tary orbits was established at the time of formation,
or if it resulted from the gradual removal of objects
in unstable orbits over the lifetime of the system. Nor
is the generally prograde rotation of the planets an
obvious consequence of the model; in fact, the explana-
tion of this feature played a prominent role in debates
about the origin of the solar system in the twentieth
century. Current research indicates that prograde rota-
tion is the expected outcome of the accumulation of
solid material from neighboring orbits, but that the
rates of planetary spin are not easily explained by the
same process. The formation of two classes of planets,
the rocky inner planets and the gas giants, once
thought likely to be characteristic of planetary systems,
may not be inevitable. A list of other important un-
resolved issues is contained in the final section. [See
EXTRA-SOLAR PLANETS.]

The regular satellite systems of the outer planets,
each similar in many respects to the solar system as a
whole, are often considered to provide tests of origin
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(continued)

theories. The satellites comprise approximately the
same fraction of the mass of their primaries as the
planets do of the Sun, their orbital motions are in the
same direction as their primary’s spin, and they tend
to be regularly spaced. It is certainly expected that
gaseous disks and accumulation processes of the type
invoked for planet formation were also involved in
satellite system formation. But an important difference
is that the satellite systems are sufficiently compact that
the mutual gravitational forces among the components
are much stronger than in the planetary system. There-
fore they are subject to much greater tidal evolution
than the planets. In fact, the spin of most satellites is
tidally coupled to that of their primaries, and the spac-
ing of at least the major Jovian satellites has certainly
been determined by tidal coupling. Neither condition
holds for the planetary system in general.

B. PROTOSTELLAR COLLAPSE

A classic result of gravitational mechanics, derived by
Sir James Jeans early in this century, is that a gas may
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become unstable and collapse under the force of its
own gravitational field. It is this process that converts
the tenuous gas of the galaxy into stars. The Jeans
criterion for instability states that compressive pertur-
bations of a gas (with uniform density p and speed of
sound ¢,) over distances greater than a critical length
A are unstable, and induce collapse. The length A is
given by

A = (mwci/ Gp)'”?

In this formula, G is the gravitational constant. Thus
thermal energy, which is proportional to ¢, helps to
resist collapse, wherease high densities promote col-
lapse. Of course real interstellar clouds do not have
uniform density. The cloud cores from which stars
form may be near a state of mechanical equilibrium,
in which pressure gradients just balance gravity. The
size R of such a self-gravitating structure can be esti-
mated by setting the gravitational potential energy
GM?*/R equal to the thermal energy Mc?, to obtain
R~ GM/c;. Combining this expression with the rela-
tion M =~ pR® yields R = (c}/Gp)"?, so R is always
close to A, and the stability really depends on the
particular distribution of matter within the core. For
simple structures, like spheres, the precise stability cri-
terion can be determined exactly. In some circum-
stances, instability may be induced by an external event,
such as the passage of a shock wave or a disturbance
of the local gravitational field.

Once a cloud core becomes unstable, its collapse is
assured, because the infrared radiation produced by
compression easily escapes, thereby preventing the
buildup of thermal pressure. Theoretical analyses show
that the collapse probably begins in the densest regions
and propagates outward at the speed of sound. Material
is accelerated inward toward a common center, slowly
at first, but it eventually attains supersonic velocities.
The collapse timescale is set by R/¢, = GM/c!. For
a one solar mass cloud core at a typical temperature
of about 10 K, R = 0.1 parsec (3 X 10" c¢m) and the
timescale is about 10° years. If the cloud is supported
by turbulent motions, in addition to thermal pressure,
a greater mass will be supported within R, and the mass
accumulation time will be correspondingly shorter. It
is known that magnetic fields provide important forces
in the support of molecular clouds, but their role in
gravitational collapse has not been completely estab-
lished. Theoretical models predict that they affect
when instability occurs and how much material is in-
volved, but suggest that they are of secondary impor-
tance once the collapse-inducing instability has begun
to grow.
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If the collapsing gas had no angular momentum, its
inward supersonic motion would be arrested only at
some point where its density was so great that radiation
could no longer freely escape. The point at which this
condition is fulfilled depends on both the density of
the gas and the dominant wavelength of the radiation.
Detailed calculations show that an object with a radius
of about 2 X 10" c¢m, or a few times the present solar
radius, would be formed. But interstellar clouds do
possess angular momentum; a typical angular velocity
), determined by the Doppler shifts of molecular emis-
sion lines at radio wavelengths, is about 107"* sec™!,
which corresponds to a period of 2 X 107 years. Because
this time is substantially longer than the collapse time,
the angular momentum (per unit mass) j of the gas
is retained during collapse. Centrifugal force opposes
gravity in directions perpendicular to the rotation axis,
but does not affect motion parallel to the rotation axis;
therefore the gas tends to collapse to a disk rather than
a spherical star. The centrifugal force on a unit mass
of gas is j2/r*, where r is the distance from the rota-
tional axis; it increases more rapidly with decreasing r
than does the gravitational force =~ Gm/r? (where m
is the total mass within the element’s radius, which
remains constant as the collapse proceeds). The forces
balance where r =~ j2/ Gm. The gas at the edge of the
collapsing region has j =~ R*Q) = 10*' cm’/sec, which
yields, for m = 1 solar mass (and typical values of R
and ), r = 50 AU. This radius is much greater than
that to which the gas would fall in the absence of
rotation, which means that most of the material will
be supported in a disk by centrifugal force before it
has had a chance to collapse all the way to stellar
dimensions. It may not be a coincidence that 50 AU
is about the size of our planetary system.

Because stars are observed to form typically in re-
gions where there is a substantial oversupply of gas
(the efficiency of star formation is low), the end of
collapse is not believed to be caused simply by the
depletion of the available reservoir. In fact, the theory
of collapse says nothing about when the process ends,
except to impose the implicit condition that material
with sufficiently high angular momentum cannot col-
lapse in the first place. This factor may indeed play a
role in limiting the amount of material accumulated,
if the angular momentum of the protostellar cloud
increases outward to the point where such a condition
prevails. On the other hand, it is known that stars
young enough to be still embedded in the material
from which they are forming have already produced a
strong wind: an outward flow of material that, although
apparently narrowly collimated about the axis of rota-
tion, has sufficient momentum to react against the
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collapse. Although understanding of the origin and
physics of these winds is very incomplete, it is likely
that they play a role in preventing all the otherwise
available material from being accreted.

C. EVOLUTION OF THE SOLAR NEBULA

Considerations of the kind described suggest that most
of the material that formed the Sun first resided in a
centrifugally supported disk, the primitive solar neb-
ula. Yet we know that only a very small fraction of the
mass was required to form the planets. This fraction
can be estimated from the total mass of the planets,
plus the mass of hydrogen and helium, the main light
elements in which they are deficient, under the as-
sumption that those gases must have been present in
solar abundances even though they were not retained
by the planets. The amount of material so determined
is about 0.02 M, the mass of the so-called “minimum
mass nebula.” (The Sun currently possesses more than
99% of the mass of the solar system, but less than
0.5% ofits angular momentum.) Thus there must have
been a profound redistribution of matter in order to
form the Sun from the nebula, while at the same time
leaving behind a small amount of material to form the
planets, which retain most of the angular momentum.
It is now known that such a redistribution of mass
occurs whenever dissipative forces transfer angular
momentum in the disk, as shown in the following.

Gas moves in nearly circular orbits in the disk. An
exact description of its motion would involve a balance
between the gravitational, centrifugal, pressure, vis-
cous, and magnetic forces. But, to a good approxima-
tion, the first two of these dominate. The gravitational
force depends on the distribution of matter throughout
the disk, but can be specified in the usual way by a
potential @, such that the radial force is —9®/dr. The
condition of centrifugal balance is then

Jrt = o®/or
and the energy of an element of gas (per unit mass) is
E=j/2r" + ®

Now consider two elements of gas (with the same mass,
for simplicity) that interact with each other in some
way that does not greatly disturb their circular motions,
but transfers angular momentum between them. Allow
energy to be dissipated, but require that the total angu-
lar momentum be conserved. The interaction may be
due to viscous friction between adjacent elements, or
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small, asymmetrical gravitational or magnetic forces
that act over larger distances. In any case, the change
in the total energy due to the interaction between
element 1 and element 2 will be

dE:hd]]/I‘% _j%drl/f% + dq)l
+jzdj2/r% _j%dl‘z/fé + dq)z

But d® = j’dr/r’ from the centrifugal balance rela-
tion, and conservation of angular momentum requires

dj, = —dj. Therefore
dE = dj, (j,/r} — p/r}) = dj)(Q; — Q)

The quantity () is the angular velocity. Now dE must
be negative if energy is dissipated, so dj; and (Q; —
),) must be of opposite signs. Hence the element with
the lower angular velocity gains angular momentum,
and must thus move outward, at the expense of that
with the higher angular velocity, which must move
inward. In the usual case, ) decreases outward, so
dissipation causes the outermost parts of a disk to ex-
pand and the innermost parts to move inward. It is
presumed that this is how the Sun attained most of its
mass from the primitive solar nebula.

The argument given here is independent of the
details of the dissipative process that was responsible
for the transport of angular momentum. Several mech-
anisms have been proposed, but their relative impor-
tances are unknown. They can be divided into two
types: short-range processes, in which the interactions
that transfer angular momentum occur between adja-
cent gas parcels, and long-range processes that can
couple the nebula over large radius intervals. The for-
mer include turbulent friction, induced by hydrody-
namic or hydromagnetic instabilities, and the propaga-
tion of rapidly dissipated waves. Recent work suggests
that rotational effects in the nebula would have pre-
vented purely hydrodynamic (nonmagnetic) turbu-
lence from achieving the necessary angular momentum
transport. Long-range processes include long-wave-
length spiral structure induced by gravitational insta-
bilities (analogous to the Jeans instability), which can
occur if the disk is sufficiently cold and dense, and
forces produced by a global magnetic field or coupling
with the solar magnetic field. It is quite possible that
more than one mechanism operated in the nebula at
a time, or that different mechanisms prevailed at differ-
ent stages of the nebula’s evolution.

Whatever the mechanism, it probably caused an
initially rapid influx of gas to the center of the disk,
even while the interstellar cloud was still collapsing,
to produce the proto-Sun. Then, over a much longer



44

period, the rest of the nebula evolved, becoming cooler
and less massive. This stage is estimated to last for
perhaps a few to ten million years, based on the inferred
range ages of young stars that exhibit evidence for
circumstellar disks. Some material continued to accrete
onto the Sun; a small fraction of it was retained in the
form of planets and other orbiting bodies; and some
(unknown fraction) was dispersed in the form of a
stellar wind.

Something of the structure of the nebula during its
evolutionary stages can be learned by including the
pressure in the force balance. In the vertical direction,
the gas must be supported by pressure against the
vertical component of the Sun’s gravity, which ex-
ceeded the nebula’s self-gravity by the time the nebula
mass was much less than that of the Sun’s. This balance
is expressed by the equation

] GM

52 PG 1y POk

where pand p are the gas pressure and density, Mis the
mass of the Sun, Oy is the Keplerian angular velocity, z
is the distance above the midplane, and ris the radial
distance to the Sun’s center. From this equation, one
can estimate that the thickness of the disk h will be

h=Vp/pOk =~ c,/Qx

where ¢, is now the sound speed in the nebula. Thus
the nebula will be thin (i.e., h/r < 1) whenever ¢, <
Vi = rQx. This condition is easily maintained because
the large surface-to-volume ratio of a thin disk pro-
motes efficient cooling.

The net radial force is the sum of the gravitational
force and the pressure gradient:

GM | ap
0 = +-=£
pPriip p 1'2 or

where (), is the angular velocity of gas in the disk. If
the disk is thin, it is readily shown that the ratio of
the radial pressure gradient to the gravitational force
is of the order (h/r) < 1, so the gravity is indeed
balanced primarily by centrifugal force (Qp =~ () as
assumed earlier. Thus the statements that the disk
(1) is nearly in centrifugal balance, (2) has supersonic
azimuthal velocity, and (3) is thin are all equivalent.
Nevertheless, the relatively small radial pressure gradi-
ent is important when considering the relative motions
of gas and solid bodies in the nebula; solid bodies do
not feel the pressure gradient, and therefore have a
tendency to move at slightly greater azimuthal veloci-
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ties than the gas. This velocity differential results in a
frictional force between the gas and solids that causes
the solids to lose angular momentum and drift inward,
a potentially important effect in the evolution of pro-
toplanetary material.

D. FORMATION OF PLANETESIMALS

It might be supposed that planets are formed in an
analogous manner as stars, that is, by gravitational
collapse due to a Jeans-type instability. However, the
distinctly nonsolar composition of the planets argues
that gravitational collapse of undifferentiated nebular
material cannot be the whole story. In fact, current
theory favors the idea that the planets of the solar
system were built mainly by the gradual accumulation
of solid material by collisions and, in the case of the
gas giants, the subsequent attraction of hydrogen and
helium from the nebula only after the solid constituent
became sufficiently massive. It has been argued that the
term “planet” should be reserved for objects formed in
this manner, and that objects formed purely by gravita-
tional collapse, regardless of their masses, should be
distinguished from planets. The issue arises when con-
sidering the substellar mass companions of other stars,
whose compositions and mode(s) of formation are un-
known.

For planet building by gradual accumulation, the
starting material must have been interstellar grains,
and the fine dust and ice particles that condensed in
the cooling nebula. These particles were mostly in the
size range of 0.01 to 10 wm, small enough to be
strongly (but not perfectly) coupled to the nebular gas
through collisions with the gas molecules. They grew
at a rate determined by how frequently they collided
with each other and the efficiency with which colliding
particles stuck together. Consider the vertical motion
of a growing particle in the nebula. It is drawn down-
ward by the vertical component of the star’s gravity
(again, assumed to be more important than the gravity
of the nebula for most of the planet-building period),
so this component of gravitational force is, for z < r,

GM z
— o= mm iz
r r

m, g, =~ —m,
where m, is the mass of the particle. This force is
balanced by the gas drag, which, for spherical particles
smaller than the mean free path of the gas molecules, is

_4m

F
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a’pV,c,
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Here a is the particle radius and V, = dz/dt is the
vertical velocity (negative for falling particles), assumed
to be much less than ¢,. Thus the vertical velocity is

_pp aQiz
PG

V,=

where p, is the density of the particle itself. If every
grain encountered sticks to the growing particle, its
rate of growth is given by

dm
P __ 2
= =72V, Paus

dt

where py. is the spatial mass density of fine dust en-
countered as the particle settles. If py, is approximately
constant, this equation can be integrated to yield the
radius of the particle as a function of altitude z:

a=ay+ Cu/8py) - (1 — 2/ z)
where

2dust = Zzﬂpdust

and the subscript 0 refers to the initial conditions.

What do these equations tell us about the earliest
stages of the accumulation of solid material? First, it is
necessary to estimate values for some of the parameters
that appear in them. The earliest accumulates were
probably poorly compacted, so p, was plausibly less
than that of rock, perhaps 1 g/cm’. If one assumes that
Earth is composed of all of the available solid material
between it and its neighbor planets, 24, would be
about 10 g/cm’ in Earth’s zone of the nebula. Under
these conditions, the equation for a indicates that a
very small dust grain would grow to a size of about 1
cm by the time it settled from high in the nebula to
the midplane. A very rough estimate of the time 7
required to do this can be obtained by approximating
the equation for V, with the relationship

dzf de~ hyr~ P20 L PR

or

h P . 2dust
ppals  2mpally

=~

where 7 is the mass ratio of solids to gas, about 1072
for solar abundances. This formula yields a minimum

45

settling time of about 10* years for the particle to
reach the midplane. Accurate integration of the vertical
motion equation gives times about an order of magni-
tude longer than this estimate, because the particle
spends a considerable fraction of the time at a size
smaller than its final radius of about 1 cm.

"The picture that emerges is one in which the small
grains that were originally dispersed throughout the
nebula gradually accumulate to pebble-sized objects
that become concentrated in a layer at the midplane
after some 10° orbital periods. Of course this picture
is complicated by several factors not included in the
simple analysis presented here. First, micron-sized par-
ticles that collide do not always stick; they can bounce
off or destroy (i.e., fragment) each other. For relative
velocities above about 1 km/sec, the precise value de-
pending on the nature of the particles, fragmentation
occurs rather than coalescence. For velocities less than
about 10 m/sec, the particles stick. In between these
two velocities, the particles will merely bounce, but
not enough energy is dissipated in the collision to stick.
The general consequence of imperfect sticking is to
lengthen the time to accumulate to a given size by
a factor proportional to the inverse of the sticking
probability. Second, this analysis considers only a sin-
gle growing particle in the presence of a background
field of fine dust. Calculations that follow the coagula-
tion of an ensemble of particles undergoing simulta-
neous evolution indicate that there is considerable dis-
persion in the size distribution at the midplane, as
might be expected, but that most of the solid material
is incorporated in a dust layer in about 10°~10* orbital
periods. Further, imperfect coupling to the gas causes
particles to drift in the radial direction, as well as verti-
cally, at rates that depend on their sizes. Indeed, these
radial velocities can be 10°~10° cm/sec, which, if sus-
tained over the 10° years or longer taken to reach the
midplane, would result in radial excursions of more
than 1 AU.

Turbulence in the nebula can also have a profound
effect on particle accumulation. It has been shown that
even a small amount of turbulence is very effective in
preventing very small particles from settling to the
nebular midplane. On the other hand, it is now known
that turbulence also produces strong concentrations of
particles in certain size ranges (on the order of 0.1-1
cm, for plausible nebula parameters), which might
greatly enhance their accumulation rates. The clusters
so formed might then be the first objects to collect at
the midplane.

Note that foregoing discussion presumes that all
processes relevant to particle accumulation occur in
the nebula. But it has also been suggested that particles
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might grow during the collapse phase, prior to their
incorporation in the nebula, or that they could have
been entrained in an energetic wind that originated
close to the Sun and been transported great radial
distances to the locations where they reentered the
nebula and were finally incorporated into planetary
bodies. In any case, the entire accumulation process
should realistically be viewed in the context of an evolv-
ing system, in which the gas densities and motions,
temperatures, and stability characteristics are them-
selves functions of time and position.

All of these complications severely limit our com-
prehension of the earliest phases of planet building.
One of the most important challenges is to develop
an understanding of the processes that prevail in the
dense dust layer that is presumed to eventually collect
at the midplane. The conditions in this region are
expected to be quite different than in the rest of the
nebula, and need to be understood in order to interpret
evidence retained in the primitive meteorites. In this
layer, the mass density of solids might have become
as great as that of the gas. If the velocity dispersion o
of the particles remains low, so that o Qg/m G2y < 1,
gravitational instabilities are predicted to rapidly (in a
few years) produce clumping and further growth to
greater than kilometer-sized bodies. For the parameter
values considered earlier, o must drop below about 10
cm/sec for this to occur. But the particles in such a
dense dust layer can no longer be treated as isolated
objects that interact only through binary collisions;
they act collectively to modify the gas motions, as well
as their own dynamical behavior. In particular, because
they tend to have a greater orbital velocity than that
of the gas (as mentioned before), their collective drag
on the gas produces a turbulent boundary layer in
which the velocity dispersion is maintained above the
value that would permit gravitational instability.
Therefore, further growth must proceed by collisions
and cohesion. Once bodies have grown to a kilometer
in size or greater, their motions are only slightly af-
fected by gas drag, and gravitational interactions domi-
nate their development.

E. FORMATION OF PLANETS

Although significant gaps remain in our understanding
of the accumulation of solids to form 1- to 10-km-
sized planetesimals, the key factors in the accretion of
these planetesimals to form planets are more confi-
dently delineated once gravitational interactions domi-
nate. The processes are dynamical and the physics is
well understood, in principle. Further, the problem is
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amenable to treatment by well-developed statistical
methods.

The problem involves the consideration of a very
large number of planetesimals. For example, even with
perfect efficiency, building a planet out of 10-km-sized
rocky bodies requires three hundred million such bod-
ies to construct Earth and somewhere on the order of 4
billion to produce the inferred rock/ice core of Jupiter.
The swarm of planetesimals that ultimately compose
a planet start out in heliocentric Keplerian orbits of
relatively low inclination and eccentricity, spread out
over some radial distance in the protoplanetary disk.
Somehow, they accrete to form the final planetary
body.

By far the dominant force is the Sun’s gravitational
force. The Keplerian rotation results in orbital speeds
that decrease monotonically with radial distance from
the Sun, which produces a shearing motion in the
planetesimal swarm. The largest perturbation to this
organized heliocentric rotation is the mutual gravita-
tional interactions among the planetesimals. Gravita-
tional scattering tends to stir the swarm, increasing
the inclinations and eccentricities of the orbits. In addi-
tion to randomizing the motion, it also results in a
tendency toward equipartition of the kinetic energy
associated with the random motion of the planetesi-
mals; this means that all planetesimals tend to achieve
the same kinetic energy associated with their random
motion, regardless of the size (mass) of the body. Non-
gravitational perturbations also occur, the primary
ones being inelastic collisions, which can result in ac-
cretion and/or fragmentation of the bodies, and gas
drag. Both tend to damp the inclinations and eccentric-
ities of the bodies.

The collision cross section of the planetesimals is
enhanced over its geometrical (cross-sectional area)
value as a result of gravitational attractions. The so-
called gravitational focusing factor F, is the ratio of the
capture cross section to the geometrical cross section of
the body and is

Rél"ﬂ\"/RéC()l‘ﬂ = P‘g = 1 + [‘/CGC/VFCI]Z

Rieom 1s simply the radius of the planetesimal and the

escape velocity V,, is defined by

GM,
R geom

‘fesc =

where M, is the mass of the planetesimal. Thus, accre-
tion is facilitated if V./V,y is large. Furthermore, if
the largest bodies (which have the largest V) also
have the smallest V4, they can grow much more rap-
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idly than their smaller neighbors. Equipartition of en-
ergy promotes such a condition, since massive bodies
have lower velocities than less massive bodies with the
same kinetic energy.

The evolution of the velocity distribution of the
swarm is determined by the size distribution of the
swarm. But the time evolution of the size distribution
is determined by growth rates, which are themselves
dependent on the collision rates and the velocity distri-
bution. Thatis, size and velocity distributions are com-
plex nonlinear functions of each other. If, for instance,
the swarm evolves so as to achieve a small V ./ V,
ratio, F, would be approximately equal to one. Then,
if p, is the mass density of the swarm and p, is the
planetesimal mass density,

dM)/ dt = ﬂRéeomF;;ps ‘/rel = 4 7TRéeompp ngeom/dt

and dRy../dt is the same for all sized bodies, which
means that smaller bodies would grow proportionally
bigger in the same amount of time.

Numerical simulations, starting from plausible ini-
tial conditions, are necessary to follow the time evolu-
tion of the size and velocity distributions of the swarm.
The results of the computer simulations yield two
classes of outcomes. Under some circumstances, or-
derly growth occurs. In this case, V,, becomes approxi-
mately equal to V. of the largest bodies, so F, is of
order unity for all bodies, which is like the situation
referred to in the previous paragraph. The mass distri-
bution falls steeply and smoothly at the high-mass end,
and the maximum mass increases in time. Most of the
mass resides in the most massive bodies (Fig. 4b). The
second class of outcomes is considered to be more
realistic. They exhibit runaway accretion, in which a
few bodies grow much more rapidly than all the others
(see Figs. 4c and 4d). This result can be achieved even
with an initially uniform mass distribution, if the total
mass is initially contained in a large number of small
bodies, and if the collective effects of many gravita-
tional perturbations (dynamical friction), which pro-
mote equipartition of energy, are included. Then Pois-
son statistics ensures that a few bodies experience many
more collisions than the average, and therefore begin
to grow faster than the rest; equipartition of energy
keeps the V., of the largest bodies low, thereby
allowing their growth to “run away.” From a wide
variety of simulations, it appears that once runaway
accretion has started, no other effects considered to
date (e.g., orbital resonances, three-body interactions)
can prevent it and allow the small bodies to catch up
with the runaway, at least in the terrestrial planet re-
gion of the protoplanetary disk.
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Runaway accretion is terminated once the runaway
has depopulated its accretionary zone of planetesimals.
Further growth of the massive runaway, what might
now be termed protoplanet-sized, is possible if it drifts
radially to an undepleted zone owing to its interaction
with the nebular gas, or if its accretionary zone is
replenished with planetesimals by mutual gravitational
scattering, by orbital evolution due to gas drag, or by
gravitational perturbation of planetesimals by other
protoplanets in neighboring accretion zones.

The width of the accretion zone for a planetesimal
of mass M is proportional to its Hill sphere radius,
which is a measure of the distance over which its gravi-
tational influence dominates the solar influence. The
Hill sphere radius is given by

RH = 3{]‘4;,/3]\4'@}1/3

where a is the semimajor axis of the orbit. Note that,
as the planetesimal grows, the width of the accretion
zone feeding it increases in proportion to dRyem,
whereas the planetesimal mass increases proportional
t0 RieomdRyeom. After a certain period, the runaway
runs out of planetesimals available for accretion and
achieves a final mass that is proportional to

2ma [RH] maxzp

the mass of the protoplanetary disk annulus of width
[Ri]mix- (Here, %, is the surface mass density of the
planetesimal disk.) There is some uncertainty in the
proportionality constant, but most estimates vary be-
tween 3 and 4. If it is taken to be 2\/§,

Mmax ~ 8 . 3]/4773/221)3/233/M®]/2

The surface density of planetesimals might be esti-
mated by assuming that the solid components (rock,
metal, and ice) of the planets were originally contained
in small bodies distributed smoothly between the pres-
ent planetary orbits. One would find that at 1 AU, 3,
had to be about 10 g/cm’ in order to provide the mass
of Earth (5.98 X 10" g), which is almost all rock and
metal. According to this formula, the runaway mass
would then be only about 0.02 Earth masses, so many
runaway products (protoplanets) would have been re-
quired to merge to form the Earth subsequent to the
termination of runaway accretion. If %, were large
enough to make M,,,, = 1 Earth mass, there would be a
large excess of material in the terrestrial planet region.

After the termination of runaway accretion in the
terrestrial planet region, one expects relatively close
spacing of the protoplanets (e.g., Ry for Earth is 0.01
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tic collisions. Simulations using widely varying initial

conditions for the protoplanets all seem to result in

2-5 terrestrial planets within a total accretion time of

about 100 million years (Myr), with or without consid-

eration of gas drag and regardless of whether or not
runaway accretion was obtained in the earliest accre-

tionary stages (Fig. 5).

because the

)

Further, nothing more than the minimum mass
nebula is required to build the terrestrial planets in

these accretionary timescales. That is, few planetesi-
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(4.8 X 10" g) and the total mass within the 0.3-AU zone is 1.2 Earth

masses. (b) The evolution in time,

masses for the case with no dynamical friction. Growth is “orderly”
(see text) and only 10%-g bodies grow in a million years. (c) The
evolution in time of the distribution of masses for the case with
dynamical friction. Runaway growth occurs and planet-sized bodies
(107 g) grow in a million years. (d) The evolution in time of the
distribution of masses for the case with dynamical friction and gas
drag, as would occur for accretion before the solar nebula was cleared.
Runaway growth occurs. [From S. Weidenschilling et al. (1997).
Accretional evolution of a planetesimal swarm. 2. The terrestrial

(a) Initial conditions. At ¢t = 0 the planetesimals have equal mass
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for long; mutual gravitational perturbations would lead
to crossing orbits and the gravitational scattering
caused by close encounters would increase the relative
original large numbers of small bodies needed to estab-

lish equipartition of energy no longer exist. Significant
tially to 0.1-0.2 in the final stages), which would result

AU). Such a system would not be dynamically stable
eccentricities would develop (growing from 0.01 ini-
in radial migration, crossing orbits, and violent inelas-

velocities. They would not be damped
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FIGURE 5 Planetary configurations (a, b, ¢) produced by calcula-
tions of planet formation in the terrestrial planet region. The calcula-
tions follow the mutual gravitational interactions and collisions of
some 500 planetesimals whose collective mass and angular momen-
tum are those of the terrestrial planets, but that are initially distrib-
uted throughout the region between Mercury and Mars. Shown are
examples of the orbits (labeled with planetary masses in units of
Earth mass) of the few planets that result after a few hundred million
years of evolution. Many cases are similar to the present terrestrial
planet configuration, shown for comparison in (d). The calculations
differ only in details of the initial distributions of planetesimal orbital
parameters. [From data given in G. W. Wetherill (1986). Accumula-
tion of the terrestrial planets and implications concerning lunar
origin in “Origin of the Moon” (W. K. Hartmann, R. J. Phillips,
and G. J. Taylor, eds.). Lunar and Planetary Institute, Houston.]

the conclusion that orbital parameters of the growing
protoplanets execute a random walk in the final stages
of accretion has cosmochemical consequences. It im-
plies a widespread mixing of planetesimals in the inner
solar system, and this would tend to promote a chemi-
cal homogenization of the resulting planets. This is
roughly consistent with observations, but complete
homogenization does not appear to be the case, espe-
cially with regard to volatile elements. Other processes
were also at work.

Our understanding of the formation of the giant
gaseous planets is less settled. In spite of the fact that
the giant planets have retained large amounts of hydro-
gen and helium, the abundances of these gases are still
far less, relative to the heavier elements, than those of
the Sun and presumably the nebula. Therefore it is
believed that the light gases were acquired by incom-
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plete accretion from the nebula onto a rock and ice
core, rather than by the gravitational collapse of part
of the nebula. Studies of this process show that a gravi-
tationally bound, light gas atmosphere is gradually col-
lected as core growth proceeds by planetesimal accu-
mulation. The rate of gas accretion is negligibly small
at first, but increases as the core builds. Eventually, a
critical core mass is reached, at which point the rate
of gas accretion overtakes and eventually greatly ex-
ceeds the rate of solid planetesimal accumulation. The
predicted critical core mass depends primarily on fac-
tors that govern the energy balance of the atmosphere,
such as its opacity and the rate at which energy is
released by core formation, with values in the range
of 10-20 Earth masses.

At the location of Jupiter, 5.2 AU from the Sun,
it might have been cold enough for planetesimals to
include a substantial fraction of ice, in addition to rocky
material. If one assumes that the surface density, 3,
of rock and metal did not diminish substantially be-
tween 1 and 5.2 AU, but that distant planetesimals
contained all of the water ice that was available, 3, at
5.2 AU could then have been as high as 30 g/cm’.
Then bodies of about 17 Earth masses, on the order
of the masses inferred for the rock/ice component
of the giant planets, could grow directly by runaway
accretion. However, if the overall surface density of
the solar nebula did diminish with distance, so that
the surface density of solids, even with the added ice,
was no greater at 5.2 AU than at 1 AU, then the largest
bodies produced by runaway accretion are predicted
to be only a few Earth masses. Although this result
is not incompatible with estimates for, say, Jupiter’s
present core, it is not clear how such small bodies were
able to merge and accrete gas to form the present giant
gas planets.

Without runaway accretion, timescales for the accu-
mulation of these planetary cores appear to be unac-
ceptably long (several tens of Myr for Jupiter, a few
hundred Myr for Saturn, and longer for Uranus and
Neptune). Astronomical observations of young stars
indicate that dustis substantially cleared for those older
than 10 Myr. If this timescale is applicable for the
gaseous component of the nebula, it implies an upper
limit on accretion times for Jupiter and Saturn that
are one to two orders of magnitude shorter than those
estimated dynamically without runaway accretion.
Timescales for Uranus and Neptune could have been
longer than those for Jupiter and Saturn, with some
accretion of planetesimals extending past the dispersal
of the gaseous component of the protoplanetary disk.
Surface densities derived from the assumption of a
minimum mass nebula appear to be too low to make
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runaway accretion effective in the outer planet zone;
enhancements by factors of 5 or 10 are required. It
has been estimated that Jupiter’s core could then form
on a timescale of 1 Myr, but there remain unresolved
issues concerning the replenishment of the feeding
zone, planetesimal migration, the effects of orbital res-
onances, and other dynamical factors.

It must also be recognized that the outer planets
were probably not formed at precisely their present
orbital radii. If the angular momentum of the Oort
Cloud comets was gained at the expense of Jupiter’s
angular momentum, as is commonly held, Jupiter must
have migrated inward, the amount depending on the
mass of comets ejected. It has also been suggested that
orbital migration of Jovian-class planets resulted from
angular momentum exchange with the solar nebula
due to resonant gravitational interactions, an idea sup-
ported by the theory of companion-driven density
waves in circumstellar disks. A radical extension of this
notion is the proposal that other Jovian planets were
formed, but migrated into the Sun during the nebular
phase, Jupiter escaping this fate because it formed
when the nebula had largely dissipated. Such orbital
migration has been invoked to explain the orbital char-
acteristics of some of the newly discovered low-mass
companions to other stars.

What stops gas accretion once the critical core mass
has been attained is also quite uncertain, but clearly
the full solar complement of hydrogen and helium
was not collected. It may be that nebula dispersal had
already begun by the time that the critical core mass
was reached, so that there simply was not enough gas
left. It has also been suggested that the growth of the
gas-giant planets might have been self-limited by their
gravitational interactions with the rotating gas of the
nebula. It should be noted that calculations of gas
accretion have not yet taken rotation into account.
Although gravity is universally an attractive force, its
manifestation in rotating systems can be complex and
counterintuitive. Thus it has been discovered that a
body such as a planet, when embedded in a rotating
disk of gas, can produce perturbations in the density
structure of the gas that take the form of spiral waves
or “wakes,” which are stationary with respect to the
planet. The gravitational forces between these non-
axisymmetric disturbances and the planet produce in-
teractions such as those described earlier for two ele-
ments of gas in the disk, with the result that the gas
rotating outside of the planet’s orbit gains angular mo-
mentum from the planet, and therefore has a tendency
to orbit at even greater distances. Similarly, the gas
inside the planet’s orbit loses angular momentum to
the planet. The effect, which increases with planetary
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mass, is a tendency to isolate the planet from the nebu-
lar gas, and therefore limit accretion. It is not yet
known what role this phenomenon played in determin-
ing the final masses of the giant planets. [See PLANE-
TARY RINGS; SOLAR SYSTEM DyNAMICS.]

If the surface density of material was originally
smooth from the terrestrial planet region to the giant
gaseous planets, the predicted runaways in the asteroid
belt would be much larger than the present asteroidal
bodies. Since fragmentation of such bodies is unlikely,
either runaway accretion never occurred there, or the
asteroid belt has been subsequently cleared by gravita-
tional interactions. Numerical integration studies indi-
cate that Jupiter and Saturn alone can effectively clear
the asteroid belt, although it is not known whether
the evolved remnants would physically resemble the
present asteroids or not.

F. FORMATION OF COMETS

It is likely that the accumulation of planetesimals in
the outer solar nebula was an inefficient process. Many
of them were scattered into highly eccentric orbits as
the dominant protoplanets grew; some attained suffi-
cient kinetic energy to escape the solar system alto-
gether, while others were placed in bound orbits with
aphelia up to, and even greater than, 10* AU. At these
great distances, extra-solar system gravitational forces,
such as those due to the overall distribution of galactic
material, passing stars, and molecular clouds, perturb
the orbits during the long periods that the bodies reside
there. The effect of such perturbations was to gradually
increase the total angular momentum of the weakly
bound planetesimals, so they no longer encountered
the protoplanetary bodies that scattered them in the
first place. The cloud of small objects so produced is
known as the Oort Cloud, named after the astronomer
who postulated its existence and first deduced its prop-
erties. It is the reservoir of “long-period” comets,
which are thus believed to be primordial objects, origi-
nally scattered to great distances. Subsequent perturba-
tions occasionally cause some to return to the inner
solar system, where they become visible from Earth
as they are heated during their approach to the Sun,
thereby releasing gases and loosely bound dust parti-
cles. [See COMETARY DyNaMICS.]

It has now been established that there is a reservoir
of cometary bodies beyond the orbit of Neptune that
probably formed there and has remained relatively un-
disturbed. This is the Kuiper Belt, believed to be the
source of “short-period” comets. Whether this popu-
lation of bodies is abundant enough to constitute a
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smooth extension of the solar system mass distribution
or not remains to be discovered.

1. EVIDENCE
FROM ASTRONOMICAL
BSERATONS OF T TR SIS

T Tauri stars are now known to be very young (ages
between 10° and 107 years) stars of roughly solar mass.
They were originally classified on the basis of observa-
tional characteristics such as emission lines, nonblack-
body ultraviolet and infrared continuum radiation,
variability, and association with dark clouds. These
properties are now interpreted in terms of the theory
of the formation of low-mass (up to about 2 Mo) stars.
In particular, the infrared radiation (as well as that at
longer wavelengths) can be accounted for by radiation
from the surface of a circumstellar disk and the ultravi-
olet radiation is believed to be associated with the
accretion of material from the disk to the star. Thus,
although even the nearest of these stars are too distant
to spatially resolve characteristics that are unequivo-
cally indicative of planet formation, evidence of their
environments is contained in the spectral energy distri-
butions of their radiation. It is therefore expected that
observations of I Tauri stars at different stages of
evolution provide information on the processes that
occurred in the solar system during its early history.
Although not all T Tauri stars show evidence of
disks around them, several different kinds of observa-
tions indicate that many do have disks. First, disks
around stars in the Orion Nebula have been imaged
directly by the Hubble Space Telescope (see Fig. 3).
These disks are seen as dark silhouettes against the
background field of bright emission from the hot gas
of the nebula; some of them are roughly the size of
the solar system. Other circumstellar disks have also
been imaged by Hubble in scattered light. Second, for
many T Tauri stars, radiation attributable to optically
thin thermal emission from fine dust is seen at submilli-
meter and millimeter wavelengths. The total amount
of dust can be determined from the intensity of the
detected radiation. In a typical case, the amount of
dust so inferred would be sufficient to substantially
obscure the star at optical wavelengths, if the dust were
distributed more or less uniformly around the star.
But such obscuration is not usually observed, and it is
therefore deduced that the dust is spatially confined.
Because this result applies to many T Tauri stars, it is

o o e o
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concluded that the spatial distribution of dust is flat,
that is, it forms a disk. Third, emission lines that
are believed to be produced in a wind emanating
from the star are inevitably Doppler-shifted to the
blue, indicating that the gas producing them is com-
ing toward the observer; red-shifted lines of this
type are not observed. This observation is explained
if the red-shifted lines that would be associated with
gas flowing away from the observer were obscured
by a circumstellar disk. Fourth, in some cases, line
radiation from carbon monoxide, a standard tracer
of interstellar gas, has been detected and mapped
near T Tauri stars. The gas appears to be in a
flattened configuration, and the spatial pattern of
the magnitude of Doppler shift is consistent with
Keplerian rotation about the star.

The detailed modeling of the spectral energy distri-
butions of T Tauri stars constrains some of their prop-
erties (Fig. 6). If it is assumed that most of the mass
of the disk resides at large distances, where the radio
continuum radiation is optically thin, the total masses
of the disks can be estimated. A necessary assumption
is the fraction of material in fine, unaccumulated dust,
since this is the only material directly detected. If this
fraction is given by the solar abundance of condensable
elements, the inferred total (mostly gas) masses of disks
around T Tauri stars with detectable emission at radio
wavelengths appear to lie in the range 107°~1 M5, with
many near 1072Ms. Hence it seems that disks similar
in mass to the minimum-mass solar nebula are not
uncommon around young stars. Furthermore, the in-
tensity of infrared radiation, which comes mostly from
parts of the disk that are optically thick, places a strong
constraint on the photospheric (effective) tempera-
tures. In many cases, the disk temperature is well de-
scribed by T' = Tir 9, where 3 < ¢ < and 50K <
T, < 400 K, if r is measured in AU. However, it is
difficult to establish for any specific star whether the
disk infrared radiation is dominated by stellar radiation
that is absorbed and reemitted by disk material or
represents an intrinsic disk energy source, such as
that provided by accretion. Modeling the source of
the ultraviolet radiation can be used to estimate the
accretion rate. Derived values lie in the range
1077-10"*Mo/year.

A difficulty in interpreting the characteristics of T
Tauri stars and their disks in terms of a common evolu-
tionary sequence, in which disks form early and slowly
dissipate, is that correlations of disk properties with
estimated age are frequently not compelling. For in-
stance, there appear to be very young stars that show
no evidence of possessing disks, while much older ones
do; the masses derived from radio observations show
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FIGURE 6 A schematic diagram of the energy radiated by a T Tauri star as a function of wavelength (the spectral energy distribution).
The radiation comes from three components, each providing the dominant energy in a different wavelength region: the star itself (lower
central curve), which radiates like a blackbody at a temperature of about 4500 K and provides the visible light; the disk (lower right curve),
which radiates as the sum of a continuous distribution of cooler blackbodies, and dominates at infrared wavelengths; and the interaction
region between the disk and the star (lower left curve), which radiates like a blackbody at about 10,000 K. The sum of these components is
shown by the top curve. [Adapted from F. A. Podosek and P. Cassen (1994). Theoretical, observational, and isotopic estimates of the lifetime

of the solar nebula. Meteoritics 29, 6-25.]

no trend with age; and disk luminosity is not obviously
correlated with age. The problem may be with the
estimates of the ages themselves, which require a well-
determined stellar luminosity and accurate theoretical
pre-main-sequence evolutionary tracks. The latter may
be substantially affected by disk accretion, which has
not been taken into account until very recently. Other
sources of error are variability, uncertainties about how
far away the stars are, and unresolved stellar compan-
ions. The current best estimate for the maximum ages
of stars with detectable, nebulalike disks is about 10
Myr.

Several other aspects of T Tauri stars may be impor-
tant for understanding the early history of the solar
system. The first is that many T Tauri stars are formed
in dense clusters, in close proximity to other young,
active stars. The effects of such dense stellar environ-
ments on nebular evolution and planet formation have
not yet been systematically addressed. Second is the
fact that these stars undergo episodes of intense bright-
enings, during which the luminosity of the system in-
creases by as much as two orders of magnitude. There
is evidence that such episodes are due to violent disk
accretion events in which the temperature within the
disk rises dramatically, so as to vaporize solid material
to a much greater distance than would otherwise ob-

tain. It is reasonable to presume that the Sun and solar
nebula went through such episodes, but attempts to
examine the consequences for planet formation have
only just begun. Another observation that might bear
directly on the issue of planet formation is that some
T Tauri disks appear to have gaps in them. This con-
clusion is drawn from spectral energy distributions
in which there is a deficiency of near or midinfrared
radiation (compared to a monotonic distribution). Al-
though other interpretations are possible, such a defi-
ciency would occur if material was “missing” from
the disk at a particular radius (temperature). Theory
predicts that the influence of a sufficiently massive
companion (such as a Jupiter-sized planet) could pro-
duce such a gap. Thus it may be possible to indirectly
detect the presence of planets if they coexist with disks.
Finally, it is well established that T Tauri stars have
extremely active chromospheres compared to the pres-
ent-day Sun, and therefore are expected to be prodi-
gious sources of nonthermal and corpuscular radiation.
Though astrophysicists are confident that the Sun ex-
perienced a T Tauri phase, conclusive evidence from
studies of planetary materials is missing. Excess spall-
ation products and rare, highly radiation-damaged
crystals found in one class of meteorites have been
interpreted in terms of an exposure during this phase,
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FIGURE 7 Elemental abundances in the solar photosphere are shown on a log—log plot versus those abundances measured in the CI
carbonaceous chondrites. The abundances are normalized to 10" hydrogen atoms: log Ny = 12.00. The remarkable 1:1 correspondence
displayed for all but the most volatile elements is strong evidence for the creation of the CI meteorites out of unfractionated solar material,
as well as for the essential homogeneity of the solar nebula. (Even some of the deviations are well understood. For instance, lithium in the
Sun is low relative to CI abundances because lithium has been destroyed by nuclear reactions in the Sun.)

although it is presently not possible to dismiss more
conventional exposures to cosmic rays in the regolith
of the parent body for, albeit, unusually long periods
of time.

[II. EVIDENCE FROM THE
WIS O SO SISTH MATERNS

Most of the solid material of the solar system has
been thoroughly altered by the physical and chemical
processes that are ongoing in and on planet-sized bod-
ies. But a vast amount of information about the earliest
history of the solar system is still contained in those
bodies small enough to have escaped such complete
transformation: the meteorites, asteroids, and comets.
Furthermore, even planetary bodies have not totally
erased all record of their origins: clues can be found,

for example, in their compositions, the ages of certain
constituents, and dynamical states. [ See METEORITES. ]

A. AGE AND
COMPOSITION OF THE SOLAR SYSTEM

The key data regarding the age of the solar system
and its overall composition come from the meteorites.
Chondritic meteorites, in general, and the least altered
carbonaceous chondrites in particular, are believed to
be the most primitive objects to have been examined
so far. This conclusion is based on the similarity of
their composition to that of the Sun, their smooth
heavy-nuclide abundance pattern, their ancient radio-
metric ages, and the evidence for their incorporation
of both very short-lived extinct radionuclides and pre-
solar material.

The chemical composition of certain carbonaceous
chondrites (specifically those classified as CI) is largely
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FIGURE 8 The log of the abundances, in CI carbonaceous chon-
drites, of the odd-atomic mass nuclides is plotted versus atomic mass
(A) for A > 70. The abundances are normalized to 10¢ silicon atoms:
log Ng; = 6.00. The abundance pattern is smooth, and its structure
is understood in terms of the nucleosynthetic processes by which
the elements heavier than iron were created primarily by the capture
of neutrons. The fact that this pattern has been preserved in the CI
meteorites indicates that little fractionation of the elements occurred
between the creation of the elements and the formation of these
meteorites, and that the abundances therefore represent the average
cosmic abundances.

indistinguishable from that determined for the solar
photosphere (Fig. 7), except for the very most volatile
elements (and for light elements like lithium, which
are depleted in the Sun by thermonuclear reactions).
Thus they are believed to represent an accumulation
of the essentially unaltered, primary mix of the solid
material of the solar nebula and, for most elements,
faithfully represent the average solar system abun-
dances. Furthermore, their elemental compositions are
generally similar to those determined in stars and the
interstellar medium, in supernova ejecta and remnants,
and in the galactic cosmic rays, so that one may even
speak of “cosmic abundances.” (Many astronomical
exceptions exist, but they are usually understandable
in terms of differences in stages of stellar evolution,
the peculiarities of a particular astrophysical site, or,
for cosmic rays, the effects of propagation.)

Another indication that CI carbonaceous chondrites
are composed of primordial, unprocessed material is
demonstrated by the fact that the odd atomic mass
isotope abundances vary smoothly as a function of
atomic mass, for those elements heavier than iron
(Fig. 8). The smoothness of this distribution played
an important part in the development of theories of
nucleosynthesis. Indeed, the pattern is best explained
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as the result of nucleosynthesis by neutron capture
within stars and in explosive stellar environments. Sub-
sequent chemical processing would have destroyed the
smoothness of such a pattern, since itincludes elements
of widely disparate cosmochemical affinities (refracto-
ries, volatiles, siderophiles, chalcophiles, and litho-
philes). Thus, a smooth abundance pattern suggests
a lack of such processing since these elements were
produced, mixed into the interstellar medium, and in-
corporated in carbonaceous chondrites.

The preservation of such a complete and ordered set
of abundances in some meteorites has been extremely
important for studies of the early history of the solar
system. Its existence indicates that, despite evidence
for a host of complexities, large regions of the solar
nebula were basically elementally and isotopically ho-
mogeneous, and the accumulation of at least some
solids was a rather gentle, chemically undiscriminating
process. This idea is further supported by the unequiv-
ocal identification of rare chondritic materials with
unique isotopic signatures, which demonstrate that
they survived the formation of the solar system and all
that that entails. The existence of this nearly homoge-
neous, primordial template can be exploited by exam-
ining deviations, which provide objective measures of
the effects of, and clues to the nature of, more violent
planet-building processes.

Although much of the material within carbonaceous
chondrites has escaped severe chemical transforma-
tion, they do contain igneous inclusions that can be
dated by radiometric means. In fact, measurement of
the products of the decay of uranium isotopes (*°U
and #*U into *’Pb and **Pb, respectively) yields an
average crystallization age for the calcium-aluminum-
rich inclusions (CAls) in the Allende carbonaceous
chondrite of 4.566 = 0.002 billion years (Gyr), the
oldest of any solar system material. The CAIs (Fig. 9)
are chemically and mineralogically similar to predic-
tions for objects in equilibrium with a high-tempera-
ture gas of solar composition, which suggests that they
formed, or at least existed, in a hot phase of the nebula.
Thus their age is plausibly associated with that of the
earliest episode of solidification, taken to be the age
of the solar system itself, as there does not appear to
be a way to precisely date the time since the isolation
of the protosolar cloud.

It is true that the oldest solids need not necessarily
date back to the initial formation of the solar system.
However, in addition to having the oldest ages, the
chondrites also contain the products of short-lived ra-
dionuclides that are long since extinct. This suggests
that these oldest solids may have formed close to the
time of nucleosynthesis, which presumably occurred
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FIGURE 9 (a) A reflected light photograph of a piece of the Allende meteorite, cut to expose its interior structure. The meteorite has
retained a high abundance of volatile elements, and yet also contains many light, irregular-shaped “pebbles” made of refractory material, the
calcium- and aluminum-rich inclusions, referred to by the abbreviation CAls. These inclusions are igneous (melted and recrystallized) stones,
apparently made in the solar nebula and are the oldest objects to have had their formation ages accurately determined. The field of view
is approximately 2 cm square. (Courtesy of Robert Gibb, California State University, Fullerton student.) (b) A fragment of an unusually
large and rounded CAI in Allende. The original inclusion was about 1.6 cm in diameter. (Courtesy of Glenn J. MacPherson, Smithsonian Insti-

tution.)

in some stellar environment prior to the formation of
the solar nebula. In particular, the identified products
of extinct radionuclides include Mg derived from *¢Al.
The latter has a mean life of only 1.07 Myr, which is
not much longer than the time estimated to form the
solar system from the collapse of an interstellar cloud.
It has been suggested, in fact, that the nucleosynthetic
event that produced the *°Al and the initiation of the
collapse of the protosolar cloud were not unrelated
events: perhaps the outflow from an evolved star or
supernova, in which new elements were recently
formed, compressed and destabilized a neighboring
cloud, which became the Sun and its nebula.

It is significant that the ages of other bodies of the
solar system are close to that of the oldest meteorites.
The oldest rocks from the Moon that have been dated
have ages (determined by Rb-Sr radiochronometry)
of 4.45 and 4.48 Gyr, which indicates an interval of
only some 100 Myr between the formation of the solar
nebula and the crystallization of lunar crustal rocks, a
time span within which the Moon must have formed.
On the other hand, the best estimate for the ages
of ordinary chondrites obtained from the *"Pb—*"Pb
chronometer, is 4.552 Gyr, or only several million
years younger than the oldest CAls. The age of Mars
is inferred to be at least 4.5 Gyr, based on the crystalli-
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FIGURE 9

zation age of a meteorite believed to come from that
planet. The age of Earth has not been independently
determined in such a manner (the oldest known miner-
als have an age of about 4.2 Gyr), but it can be shown
to be very close to that of the meteorites if it is assumed
that Earth shared the same reservoir of initial Pb iso-
topes, a likely circumstance. Thus there is compelling
physical evidence that the solid bodies of at least the
inner solar system formed within an interval that is
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(continued)

only a tiny fraction of their ages, that is, they formed
nearly contemporaneously.

B. OTHER TIMESCALES

Evidence regarding the duration of the nebular phase
is derived from a number of isotopic measurements.
Perhaps the most significant are those that indicate
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that a few CAls were essentially free of Al at the time
they last solidified, despite the fact that they contain
abundant aluminum. This result, taken together with
the almost unvarying abundance level found in other
CAls and the inference that CAls formed in the nebula,
suggests that the nebula was present for at least a few
million years, enough time for the Al to decay to
inconsequential levels. Another line of evidence that
indicates that the nebula lasted for at least a few million
years comes from Rb-Sr systematics. ¥Rb decays to
¥Sr; therefore, the initial ¥Sr/*Sr ratio is higher in a
sample obtained from a reservoir isolated later than in
asample from the same reservoir isolated earlier. Initial
$7Sr/%Sr ratios found for some differentiated meteor-
ites imply several million-year intervals of evolution
in an environment with solar Rb/Sr, presumably the
solar nebula, consistent with the available data for the
absolute ages of these meteorites.

The igneous differentiation that produced the ba-
saltic achondrites undoubtedly occurred on a parent
body, thatis, on a body much larger than the meteorite.
Their Pb-Pb ages, referred to in the foregoing, thus
indicate that igneous parent-body activity occurred
within 20 Myr (perhaps even sooner) of the time of
formation of the earliest solids detected, the Allende
CAlIs. Other indicators give similar results for other
differentiated meteorites: enstatite chondrites show '*I
ages about 7 Myr younger than the Vigarano carbona-
ceous chondrite; pallasites (a type of stony-iron mete-
orite) give apparent **Mn ages of about 6 Myr younger
than Allende; estimates for the differentiation time-
scales of iron meteorites (using '’Pd) are typically less
than a few tens of Myr; absolute Pb—Pb ages for zircons
from a mesosiderite (another type of stony-iron) are
within 15 Myr of the oldest CAls. The discovery of
evidence for the short-lived radionuclide “Fe in igne-
ous meteorites suggests even shorter intervals between
the formation of the earliest planetary products. Thus,
the time required to build bodies large enough to pro-
duce planetary-type (igneous) differentiation was ap-
parently less than 10 Myr. Precise Pb—Pb chronometry
of ordinary (undifferentiated) chondrites yields compa-
rable timescales for parent-body building.

Although there is an overall internal consistency
among the timescales derived from the various radio-
chronometers, the measurements are difficult to make
and their interpretations are not without controversy.
Two factors can (and often do) render the derived
results ambiguous: (1) the chronometer measures the
time since isotopic closure, but the relation of this
event to formation or other identifiable processes is
often unclear; and (2) the distributions of some nu-
clides may have deviated from the uniform abundances
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that are thought to have generally characterized the
nebula.

Evidence for isotopic heterogeneity of the nebula
comes from a comparison of the abundances of the
three stable isotopes of oxygen (atomic masses 16, 17,
and 18) in meteorites with those in Earth and the
Moon. Physical and chemical processing (e.g., evapo-
ration or oxidation) can produce fractionation of iso-
topes that is mass-dependent, and terrestrial, lunar,
and some meteoritic data are consistent with mass-
dependent fractionation from a common reservoir
such as the solar nebula. But some meteoritic data do
not follow such a fractionation trend. Certain mineral
assemblages, such as the CAls in carbonaceous chon-
drites, contain oxygen isotope abundance ratios that
can be explained as resulting from a mixture of an
extremely '“O-rich (perhaps pure) reservoir with an-
other reservoir, such as one containing the average
isotopic composition of the solar nebula. Furthermore,
the oxygen isotope trends of the ordinary chondrites
cannot be explained by simple mass-dependent frac-
tionation either and appear to require a mixing with
yet another isotopically distinct reservoir. Both of the
anomalous reservoirs are presumed to be composed of
solid material, since it is difficult to imagine how gas-
eous reservoirs could have avoided mixing with the
(“normal”) solar nebula. It should be emphasized,
however, that even though the oxygen anomalies are
of far greater magnitude than other isotopic anomalies,
they are not obviously correlated with other anomalies,
nor have their carrier phases even been identified.
Therefore attempts have been made to find ways to
selectively fractionate oxygen in a nebularlike envir-
onment. In fact, it is now known that such non-
mass-dependent fractionations do occur in Earth’s
atmosphere and have been produced in laboratory
experiments. It remains to relate these results to the
meteoritic patterns.

Finally, it has been noticed that the inferred radioac-
tive fractions *°Al/Al, *Mn/Mn, '"Pd/Pd, and '*1/1
are all roughly 107, despite the fact that their mean
lives vary by more than a factor of 20 (Table I). This
had led to the suggestion that local (nebular or solar,
not presolar) production of 107* (mass fraction) of the
nebula may have been responsible for these extinct
radionuclides. However, based on considerations of
nucleosynthetic processes, it is deemed unlikely that
all of these radionuclides could be produced in the
nebula. Local production of *Al and ¥Mn by spallation
reactions induced by solar energetic particles has been
suggested, and would produce correlated effects; thus
such hypotheses are testable, in principle. In a similar
vein, a goal of studies of nucleosynthesis in stars is to
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TABLE |
Extinct Radionuclides”
Mean life
Nuclide (million years) ~ Reference nuclide Observed ratio
AL 1.07 YAl 5.0 X 107
“Fe 22 Fe 1.6 X 1076
55Cs 3.3 B3Cs 3
»Mn 5.3 "Mn 44 x 107
107pd 9.4 105pd 2.0 X 107°
IS2Hf 5.3 IS0 £ 8-80 X 107°
21 23.1 27T 1.0 x 107*
“Nb 50 %“Nb 2.0 X 107°
#Pu 118 38U 7 X 1073
14Sm 149 Sm 7 X 1073
1Ca 1 NCa 1.5 x 10°¢

* From data summarized by A. G. W. Cameron (1993). Nucleo-
synthesis and star formation. In “Protostars and Planets III” (E. H.
Levyand]. I. Lunine, eds.), pp. 47-73. Univ. Arizona Press, Tucson.

determine whether or not the measured and inferred
abundances of all of the relevant radionuclides can be
satisfactorily explained by remote production.

C. PHYSICAL CONDITIONS
IN THE EARLY SOLAR SYSTEM

It may be that the type CI carbonaceous chondrites
represent the pristine material of which the solid bodies
of the solar system were formed. The fact that such
unequilibrated material exists indicates that some frac-
tion of the nebular solids was never substantially heated
or otherwise radically processed. Data on the composi-
tion of the dust in the coma of Halley’s comet, obtained
from instruments on European and Russian spacecraft,
indicate that virtually all major rock-forming elements
in that comet occur at levels within a factor of two
of solar/CI abundances. Although not all comets are
necessarily the same, the measurement does reinforce
the possibility that the vast majority of planet-forming
material (now contained in the outer planets and com-
ets) was never chemically or otherwise fractionated by
nebular processes.

But the ordinary chondrites reveal another aspect
of the nebular environment. These common meteor-
ites are composed of spherical pebbles about 0.01-1
cm in size, their fragments, dust, and various other
inclusions. The pebbles are the chondrules that lend
their name to these important meteorite classes. They
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are found in all chondritic meteorites (except the Cls!),
and, in some, constitute the bulk of the material. Labo-
ratory analysis and experiments have proven that they
were made by the heating of material (of chondritic
composition, naturally) to the melting point or above
(1800-2000 K), and then cooled at rates of 100-1000
K/hr; that is, they were liquid drops that cooled rela-
tively rapidly, but were not quenched instantaneously.
Their chemical fractionation patterns and mineralogy
indicate that they are not the products of ordinary
(planetary) igneous processes, but were made in a gas-
eous environment (e.g., the nebula). The short time-
scales that seem to be required (both heating and cool-
ing) imply that their production was a local process;
the times for overall nebula changes, or even transport
times across nebula-scale gradients, would greatly ex-
ceed those inferred for chondrule production. Yet the
prevalence of chondritic meteorites argues for a perva-
sive process. Thus, the chondrule-forming region was
subject to energetic events that produced temperature
excursions of at least several hundred degrees. The
nature of these events is unknown and constitutes one
of the primary unanswered questions regarding the
origin of the solar system. Many possibilities have been
proposed: lightning, flares caused by magnetic recon-
nection, gasdynamic shocks, collisions between solid
bodies, high-velocity entry of dust balls into the neb-
ula, ablation of drops from larger bodies, and exposure
to intense solar radiation, among others. No explana-
tion has gained favored status, either because of failings
to account for chondrule properties or for the lack of
testable predictions.

Estimates of the pressure in the chondrite-forming
region of the nebula can be obtained from considera-
tions of equilibrium chemistry and the contents of
the most volatile elements in the meteorites. These
estimates span a broad range, 107-107* atm, but are
all sufficiently low to imply direct gas-to-solid conden-
sation in places where the nebula was hot enough to
vaporize the common rock-forming elements. In fact,
many aspects of chondritic chemistry and mineralogy
appear to make sense in the context of fractionation
during condensation as the nebula cooled through a
series of equilibrium states, diminishing in temperature
from one in which all material was vaporized to one
of only a few hundred kelvins. But the picture is com-
plicated by the coexistence, in the same meteorites, of
distinctly low-temperature phases, apparently unal-
tered interstellar material (identified by its radical iso-
topic anomalies carried at the individual grain level),
and refractories of igneous origin such as the CAls.
Clearly, these meteorites represent a mixture of nebu-
lar material that experienced a range of physical condi-
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tions that varied in both space and time. The histories
of these objects have yet to be unraveled.

Meteorites are known to be magnetized, but the
implications of this fact for the magnetic properties
of the solar nebula are obscured by several factors:
the possibility of contamination by terrestrial magne-
tization; disturbance of the natural remanance by
chemical, mechanical, and thermal effects; ambigu-
ities in the identification of the mineral carriers of
the natural remanance; and uncertainties in how
the natural remanance was acquired. Carbonaceous
chondrites may give the most reliable estimates of
primordial field strengths, 0.1-1 G, although even
in this case the carrier phases have not been identified.
Analyses of individual chondrules reveals that the
magnetization is random in direction, which is inter-
preted to mean that it was acquired prior to accretion
of the meteorite.

Energetic particle fluxes can affect meteoritic mate-
rial in a number of ways: solar wind ions are implanted
in exposed surfaces and can produce amorphous, radia-
tion-damaged rinds on grains with prolonged expo-
sure; solar flare Fe-group cosmic rays produce dam-
aged crystal structure near the surfaces of mineral
grains, which can be etched to reveal their tracks; galac-
tic Fe-group cosmic rays produce tracks to greater
depths; and both solar energetic and galactic cosmic
ray protons can produce anomalous isotopic abun-
dances by spallation. Tracks can also be produced in-
ternally by the energetic particles emitted by fissioning
radionuclides (such as #%U and ***Pu). The effects of
some of these processes can be used to diagnose condi-
tions in the early solar system and other aspects perti-
nent to the accumulation of solid bodies. For instance,
the time at which two meteoritic components came
together can be deduced, in principle, if one of them
possessed sufficient plutonium to produce measurable
tracks in an adjacent, actinide-free, grain. Application
of this technique is fraught with difficulties, but the
resulting “compaction ages” (or, more appropriately,
contactages) are critically important for understanding
primitive body chronology.

Furthermore, there are individual grains from some
carbonaceous chondrites that contain spallation-pro-
duced *'Ne at levels that seem to require precompac-
tion exposure to especially high doses of energetic
particles. Such an exposure might be acquired by pro-
longed residence in a parent-body regolith irradiated
by current galactic cosmic ray (GCR) fluxes, or expo-
sure for shorter times to a more intense flux, most
plausibly from an active, T Tauri-like Sun. The issue
is unresolved at present, but the latter appears more
likely, since the equivalent regolith exposure time un-
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der the present GCR flux would greatly exceed both
regolith model ages for asteroidal-sized bodies and
the best estimates of relevant precompaction times.
Therefore these grains (and others yet to be detected)
may have recorded the only direct evidence that the
Sun passed through an active T Tauri phase, as is
presumed to have occurred.

D. PLANET-BUILDING PROCESSES

Meteorites display varying degrees of chemical and
physical alteration, thereby providing clues to the
stages by which planets were made. Metamorphism
due to increasing pressure and temperature attests
to the fact that bodies that never attained planetary
size were nevertheless heated extensively, some to
the point of igneous differentiation. Several sources
of this energy have been suggested, among them
collisional energy deposition, extinct radionuclides,
and electromagnetic induction. The degree to which
each contributed is debated. That hypervelocity colli-
sions were pervasive throughout the planet-building
stage is undisputed: all classes of meteorites show
their effects (brecciation; deformation; mineralogical,
chemical, thermal, and even isotopic alteration). If
universally present in the relative abundances inferred
for the aluminum-rich sites in which excess **Mg
has been detected, the decay of Al would provide
enough energy to melt asteroid-sized bodies. The
efficacy of electromagnetic induction heating depends
on the strength of the magnetic field carried by the
early solar wind, the absence of the solar nebula,
and the physical characteristics (size and electrical
conductivity) of the body; it remains a well-developed
but untested hypothesis.

That the latest stages of planet building were per-
vaded by major collisions is attested to by the impact-
scarred surfaces of planets and satellites (especially the
atmosphereless, inactive objects like the Moon), and
even the obliquities of the planets, which are best ex-
plained by collisions among the last planetary-sized
bodies to be incorporated. Such an encounter is cur-
rently favored for the origin of the Moon. It has also
been suggested that a major collision was responsible
for stripping a differentiated Mercury of part of its
silicate mantle, leaving an iron-rich planet, as is implied
by its mean density. Finally, it is difficult to explain
the elemental and isotopic compositions of the atmo-
spheres of the terrestrial planets without invoking the
influence of large-scale collisions, both those that re-
sulted in a net gain of volatiles (e.g., comets bearing
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water) and those that would cause significant deple-
tions. [See MERCURY.]

The compositions of the planets have frequently
been interpreted in terms of the physical conditions
of their origin. A useful concept was the idea that bulk
composition, and therefore bulk density, was deter-
mined by the temperature distribution in the nebula,
both being a reflection of the chemical equilibrium
that was attained at the various planetary distances.
The force of this argument has diminished with an
increasing appreciation of the complexity of nebular
evolution, accretionary processes, and planetary com-
positions. Certainly the incorporation of water as a
major constituent of the outer planets, and its relative
paucity on the terrestrial planets, is expected on the
basis of nebular conditions that permit the condensa-
tion of ice only beyond the asteroid belt. But many
compositional trends apparently require subtler inter-
pretations.

For example, it is known that the gas-giant planets
exhibit the following compositional features: (1) they
contain greater-than-solar abundances, relative to hy-
drogen, of the major elements heavier than helium;
(2) in particular, the major element carbon is enhanced
over its solar abundance in their atmospheres; and (3)
the enhancement of carbon increases systematically
with distance from Jupiter to Nepture. From these
facts, a model of the formation of the gas giants has
emerged that begins with the collisional accretion of
rock/ice bodies to form a core, accompanied by the
gradual accretion of an atmosphere of nebular gas. As
the mass of the atmosphere increases, it becomes dense
enough to disrupt and dissolve accreting planetesimals;
the constituents of the latter become part of the atmo-
sphere, rather than the core. Accretion is finally termi-
nated before the full complement of nebular gas has
been accreted, because the planet has in some way
become isolated from the nebula, or the nebula has
been dissipated. The result is a planet with a rock/
ice core and an atmosphere mostly of hydrogen and
helium, but enhanced to some degree in heavy ele-
ments. Knowledge of the carbon abundance could be
used to quantify this model, but to do so one must
consider the following factors: (1) the total comple-
ment of heavy elements in the planet; (2) the ratio of
condensed material to gas in the solar nebula; (3) the
fraction of nebular carbon in gas (such as CO) and the
fraction in condensable compounds (such as hydrocar-
bons); and (4) the fraction of planetesimal mass dis-
solved in the atmosphere. The first of these factors is
constrained by the density of the planet and its gravita-
tional moments (measured by accurately tracking the
motions of passing spacecraft). The second is deter-
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mined by the physical conditions in the nebula and
constrained by cosmic abundances. Evaluations of the
third factor rely on cosmochemical calculations and
inferences about the compositions of outer solar sys-
tem objects such as Pluto and the comets, as well as
the meteorites. The fourth factor must be determined
from models of the growth of the atmosphere and
its physical interaction with accreting planetesimals.
Thus, the compositions of the outer planets do not
seem to be explained in terms of a simple, overriding
principle; a broad range of complex nebular and plane-
tary processes must be invoked.

The terrestrial planets offer similar challenges. The
volatile element abundances in them are depleted rela-
tive to solar, and vary widely; but even potassium, only
moderately volatile, is anomalous. It is not fractionated
with respect to uranium by igneous processes, as dem-
onstrated by similar K/U values from terrestrial sam-
ples of widely varying potassium concentrations, nor
is K/U expected to be sensitive to atmospheric history,
which has clearly varied from planet to planet. Yet K/U
for Venus, Earth, and Mars (the latter inferred from
meteorites believed to come from Mars) is substantially
lower than that of CI meteorites (taken to be solar).
There is no clear dependence on planetary mass.
Moreover, K/U in eucrites, a kind of differentiated
meteorite, is even lower than that of the planets, as is
the lunar value. The fact that K is depleted relative to
Siin primitive chondrites, again relative to CI, suggests
the possibility that nebular fractionation processes
played a role, although there is no clear dependence
on heliocentric distance. Perhaps impacts, such as the
one believed to be responsible for the origin of the
Moon, affect K/U. [See PLANETARY IMPACTS.]

V.

ORI UIRSOLID SIS

It is clear that a thorough understanding of the forma-
tion of the solar system has not yet been attained. In
spite of its current popularity, it is doubtful that the
theory described herein is correct in all respects. Some
aspects are well established by observations and quanti-
tative models, but others are very poorly understood.
Butit s difficult, or at least a highly subjective exercise,
to identify those questions whose answers would be
considered to complete our understanding. Neverthe-
less, the venerability of certain issues qualifies them
immediately. The basic nature of chondrules, the ma-
jor constituent of some of the most ancient material
known, was recognized more than a hundred years ago;
thousands have been analyzed down to the submicron
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level by hundreds of researchers in dozens of labora-
tories, yet the circumstances of their origin are un-
known. On a grander scale, the conditions of star for-
mation that lead to the birth of a single star surrounded
by a protoplanetary disk have not yet been quantita-
tively and unequivocally distinguished from those that
produce multiple stars, although considerable progress
has been made in this area. These two problems
bracket, in scale and discipline, a host of others whose
resolutions would inarguably be considered major ad-
vances. Some of them are listed here.

1. Whatdetermined the mass of the Sun? Although
it is widely believed that the onset of intense outflows
disrupted the protostellar clouds from which stars are
born, thereby halting accretion of interstellar gas, the
mechanisms by which these outflows are generated, a
quantitative theory of their behavior, their interactions
with the protostellar environment, and the effects of
other factors, such as rotation, are all incompletely
understood at best.

2. What were the specific mechanisms responsible
for the transport of angular momentum in the nebula
and how efficiently did they act? Answers to these
questions would determine or severely constrain the
global nebula properties: the total mass available for
making the planets and other bodies, the surface den-
sity as a function of time, the thermal structure of the
nebula (which is related to the mass accretion rate from
the nebula to the Sun), the duration of the nebula, and
its stability with regard to its episodic behavior.

3. What is the true population of the Oort Cloud
and Kuiper Belts? The bodies of these regions, long
considered to be minor components of the solar sys-
tem, are now recognized to be, potentially, a repository
of a major fraction of angular momentum. Knowledge
of their original numbers would provide a critical
boundary condition on the solar system, namely, its
primordial angular momentum.

4. What determined the masses of the giant plan-
ets? The fact that bodies exist thatare squarely between
rocks and stars is in some ways remarkable. Jupiter has
perhaps six to ten times more mass of hydrogen and
helium than rock and ice, but this is about five to
ten times less than in a solar mixture. The idea of
postformation loss of large amounts of hydrogen and
helium is currently out of favor, but theories involving
self-limiting mechanisms by tidal truncation (in which
a planet exerts a gravitational torque on the sur-
rounding nebula, thereby opening a gap in its feeding
zone) or timely dispersal of the nebula are incomplete
and difficult to test.

5. What happened to the nebular gas? This ques-
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tion, perhaps related to the preceding one, has at-
tracted new attention because a venerable hypothesis,
removal by a T Tauri wind, has been discredited, owing
to recent observations of T Tauri stars suggesting that
nebular accretion is necessary for a strong wind.

6. Can the nebular hypothesis satisfactorily explain
the characteristics of planetary systems quite unlike
those of the solar system? Recently discovered plane-
tary-mass companions orbiting other stars have, in
some cases, very small orbital radii or large eccentricit-
ies, in contrast to the well-spaced, orderly orbits of the
solar system. These new discoveries hint at a previously
unsuspected variety of planetary configurations, which
will undoubtedly challenge aspects of formation theo-
ries based primarily on our local example.

7. What are the causes of the mass-independent
isotopic heterogeneity observed in meteorites? This
question is fundamental to understanding cosmochem-
ical processes, the meaning of apparent radiometric
ages, the nucleosynthetic prehistory of the solar sys-
tem, and subsequent mixing processes in the nebula.

8. How were the oldest meteoritic inclusions (the
calcium—-aluminum-rich inclusions found mainly in
carbonaceous meteorites) preserved to become mixed
with components that were formed, or at least modi-
fied, independently, millions of years later? Theory
predicts that such isolated nebular objects would drift
into the Sun by orbital decay on timescales of a million
years or less. Were they incorporated into larger ob-
jects that would resist orbital drift, to be broken out
later and taken up in different bodies, or was there
an outward flux or diffusion of nebular material that
overcame inward orbital drift?

9. Whatprocesses were responsible for the patterns
of chemical fractionation observed in the primitive
meteorites, and the volatile abundances in the planets?
The systematic depletion of siderophiles, the patterns
of noble gas abundances, and other elemental and
chemical variations imply the existence of fractionation
processes, some systematic and some apparently cha-
otic, operating very early in the history of the solar
system, in environments quite unlike well-studied ter-
restrial ones.

Most of the specific questions listed here bear
heavily on those overriding ones that all studies of
the solar system are related to, and that can only
be properly answered by exploration. How common
are planetary systems? To what degree are other
planetary systems like ours? Do they contain Earth-
like planets? Does life exist beyond our solar system?
After centuries of thought, we are still left with more
challenging questions than definitive answers. There
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appears little danger that we will soon eliminate the
need for serious assaults on important solar system
problems. [See EXTRA-SOLAR PLANETS: SEARCHING
FOR OTHER PLANETARY SYSTEMS.]

BIBLIOGRAPHY

Black, D. C., and Matthews, M. S. (eds.) (1985). “Protostars and
Planets II.” Univ. Arizona Press, Tucson.

63

Kerridge, J. F., and Matthews, M. S. (eds.) (1988). “Meteorites
and the FEarly Solar System.” Univ. Arizona Press,
Tucson.

Levy, E. H., and Lunine, J. L. (eds.) (1993). “Protostars and Planets
III.” Univ. Arizona Press, Tucson.

Lewis, J. (1995). “Physics and Chemistry of the Solar System.”
Academic Press, San Diego.

Taylor, S. R. (1992). “Solar System Evolution: A New Perspective.”
Cambridge Univ. Press, Cambridge, England.

Weaver, H. A., and Danly, L. (eds.) (1989). “The Formation and
Evolution of Planetary Systems.” Cambridge Univ. Press, Cam-
bridge, England.



"This Page Intentionally Left Blank



Overview

. The Solar Interior
. The Solar Atmosphere
. Solar Activity

GLOSSARY

Alfvén wave: Waveinamagneticfield, in which
the field magnitude oscillates transversely to the
direction of propagation.

C IV: lon of carbon that has lost three of its
initial six electrons.

Chromosphere: Region of the Sun character-
ized by temperatures between 6000 K and
20,000 K.

Continuum: That part of a spectrum that has
neither absorption nor emission lines, but only
a smooth wavelength distribution of radiant in-
tensity.
Corona: Hot, tenuous outer atmosphere of
the Sun.

Gaussian distribution: ‘“‘Bell-shaped”
that arises in statistical analysis.

curve

Granule: Convection cell that surfaces in the
photosphere.

Helioseismology: Study of the global oscilla-
tions of the Sun.

Heliosphere: Solar environment; the space fill-
ing the solar system.

Hydrostatic equilibrium: State of a gaseous or
liguid medium in which the pressure at each level
supports the weight of all the overlying material.

Kepler’s laws: (a) The orbits of the planets are
ellipses with the Sun at one focus; (b) the area
swept out by the radius to a planet in equal time
intervals is constant; (c) the square of a planet’s
period of revolution is proportional to the cube
of its ellipse’s major axis.
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Kirchoff's law: The ratio of the radiant emissiv-
ity and absorptivity of a blackbody is equal to
Planck’s function.

Luminosity: Total radiative power emitted by
a star.

Neutral line: Boundary between two regions of
opposite magnetic polarity.

Neutrino: One of a family of three elementary
particles, having neither mass nor charge.
Ohmic dissipation: Conversion of an electrical
current to heat because of the resistance of the
medium in which it travels.

Optical spectrum: Spectrum of a source that
spans the visible wavelength range, approxi-
mately 380 to 850 nm.

Parsec: Astronomical unit of distance, equal to
3.26 light-years.
Photosphere: Radiant “‘surface” of the Sun,

from which visible light escapes.

Power law: Mathematical relationship be-
tween two quantities in which one increases as
a power (e.g., square or cube) of the other.

Spherical harmonics: Set of mathematical
functions that comprise an orthogonal set, suit-
able for describing the distribution of any quan-
tity over a sphere.

Spicule: Columnar dynamic structure of the so-
lar chromosphere.

Supergranule: Convection cell, most easily de-
tectable in the chromosphere, that is approxi-
mately 30 times as large as a granule.
Tokamak: Toroidal device used to investigate
thermonuclear fusion in the laboratory.
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Transition zone: Thin layer in the atmosphere
that lies between the chromosphere and the
corona.

. OVERVIEW

The Sun is the central body of the solar system, a
common main sequence star that is approximately 4.7
billion years old and that lies in a spiral arm of our
galaxy, the Milky Way, at a distance of 8.5 kiloparsecs
from the galactic center. To humankind, the Sun is
literally the source of all life. To the astronomer, the
Sun is an invaluable guide to the physics of other stars
and a testing ground for astrophysical theories. Practi-
cally everything we know concerning the generation
of stellar energy, the nucleosynthesis of the elements,
the structure, dynamics, and evolution of stars, and
stellar winds originated in studies of our nearest star.
Spectroscopy, atomic theory, plasma physics, and cli-
matology have all benefited from studies of the Sun.

The Sun and its planets were formed, astronomers
think, about 5 billion years ago from an interstellar
cloud of molecular hydrogen. After a few million years
of gravitational contraction, the center of the Sun be-
came hot enough to ignite the thermonuclear reactions
that generate sunlight. List 1 summarizes some of the
physical properties of the present Sun. [See THE ORI-
GIN OF THE SOLAR SYSTEM.]

The Sun is composed principally of hydrogen, with
about 10% by number of helium and a few percent of
all the other chemical elements (see List 2). The atoms
are partially or fully ionized everywhere except in the
cool surface layer known as the photosphere.

Solar energy is produced by the conversion of hy-
drogen to helium, at a central temperature of about

LIST 1
Sun’s Properties

Radius 695,970 km
Mass 1.989 X 10" kg
Luminosity 3.85 X 10% kW
Age 4.7 X 10° years
Temperature

center 15.6 X 10° K

surface 6400 K

Rotation period 25 days (equator)

35 days (latitude = 70°)

THE SUN

LIST 2

Chemical Composition of the Sun
(by number, relative to hydrogen)

log N
Hydrogen 11.9
Helium 10.9
Carbon 8.2
Nitrogen 8.4
Oxygen 8.7
Neon 8.0
Magnesium 7.5
Silicon 7.4
Sulfur 7.0
Iron 7.7

15 million kelvin (see List 3 for the reactions, which
will be discussed in the next section). The radiant en-
ergy in the deep interior is in the form of gamma rays
and X rays. This radiation flows toward the photo-
sphere by a transport process thatis similar to diffusion.
As the energy flows outward, the gas temperature de-
clines and the average energy of the photons also de-
clines. At a distance of one quarter of the solar radius
below the surface, the mode of energy transport
changes from radiative diffusion to convection. In the
convection zone (Fig. 1), energy is carried outward
by the circulation of convection cells. Hot cells rise
buoyantly until they reach the surface (the photo-
sphere) where they radiate a portion of their heat to
space. Then they cool and sink, only to repeat the
process indefinitely. Since the convective motions are

LIST 3
Nuclear Reaction Chains

Proton—Proton Chain
ptp—>"H+e +

L e & 12.86 MeV
‘He + *He — ‘He + p + p
or
‘He + *He — 'Be + vy
Be + e — "Li + v, 17.35 MeV

Li + p— ®Be + vy — "He + *He
Carbon-Nitrogen Chain

C+p—>"N+y

BN - BC + e + 7,

BC+p—->"N+vy

U+ p—->50+vy

5O - PN + e + »,

BN + p— "C + *He
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FIGURE 1 A diagram of the various parts of the Sun: (1) core,
(2) radiative zone, (3) convection zone, (4) photosphere, (5) coronal
streamer, (6) coronal hole. On this scale, the chromosphere and
transition zone lie on the outer circle.

highly turbulent, they generate sound waves that prop-
agate outward. These waves are thought to shock in
the chromosphere, a zone that lies just above the pho-
tosphere.

The Sun has an extensive atmosphere, consisting
of the chromosphere and the corona. The corona is
normally hidden from the eye by the glare of the pho-
tosphere, but it is revealed as an array of nearly radial
streamers during a total solar eclipse (Fig. 2) or in
X-ray images of the Sun (Fig. 3). The corona owes its
existence to nonradiative forms of energy, such as
sound waves, Alfvén waves, and electric currents, that
are generated by convective motions in and below the
photosphere. This energy heats the tenuous solar at-
mosphere. As a result, the temperature rises sharply
in a “transition zone” above the chromosphere and
reaches 1 to 2 million kelvin in the inner corona. In
some regions of the corona, principally the so-called
“coronal holes,” the plasma is able to expand freely
into space as a solar “wind” that streams through and
beyond the solar system.

The solar atmosphere is permeated with magnetic
fields that are generated in or just below the convection
zone and emerge through the photosphere as loops.
Where particularly large loops cut through the photo-
sphere, bipolar pairs of sunspots appear (Fig. 4). Sur-
rounding and overlying the spotsare magnetically active
regions in which a variety of energetic transient events
(e.g., flares) occur (Fig. 5; see also color insert). The Sun
hasan 11-year cycle of activity in which the number and
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latitude distribution of sunspots (Fig. 6), the regularities
of sunspot polarities, and the frequency of flares, among
many other phenomena, vary systematically.

1. THE SOLAR INTERIOR

Our present knowledge of the solar interior is based
mainly on theoretical models, which are constrained
by observations of global quantities, such as the age,
radius, and luminosity (total energy output) of the Sun.
However, the study of solar oscillations (helioseismol-
ogy) is also providing additional constraints and guid-
ance for more refined models. Moreover, observations
of the neutrino flux of the Sun provide a critical check
on the accuracy of the so-called “standard model.” In
fact, much of the current research on solar models is
driven by the need to satisfy both the neutrino data
and the oscillation frequencies.

A. MODELS

Two general types of models are in use: static equilib-
rium models that describe the solar interior in its pres-
ent state, and time-dependent models that trace the
evolution of the Sun from an initial gas cloud to its
present state. A successful evolutionary model yields
a recognizable Sun within the accepted age (4.7 billion
years) of development.

The standard model is a static model that incorpo-
rates the simplest assumptions and physics and still
satisfies most of the global observations. It begins with
these assumptions:

(@) The Sun is spherically symmetric and has a
specified chemical composition and mass. The spec-
troscopy of comets provides the initial composition,
which differs only slightly from that shown in List 2.
The solar mass is determined most simply from
Kepler’s laws of planetary motion.

(b) The Sun neither loses nor gains mass during
its evolution.

(c) The interior gas is static, except in localized
shells where convection dominates energy transport.

(d) No diffusion occurs between zones of dissimi-
lar composition.

The physics required for a model consists of the
following elements:

(a) The production of energy by thermonuclear
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FIGURE 2 Coronal streamers photographed at the total eclipse of 1983. (Courtesy of High Altitude Observatory.)

reactions that convert hydrogen to helium. The
individual steps in this chain are summarized in
List 3.

(b) The hydrostatic equilibrium of the gas, in
which the weight of each spherical shell is supported
by the difference of pressure between its upper and
lower surfaces.

(¢) The transport of energy by radiation, which
requires a detailed calculation of the opacity of the
solar gas as a function of density and temperature.
Except in a central zone, where nuclear energy is re-
leased, the amount of radiant energy passing through
each spherical shell is constant, thatis, “radiative equi-
librium” prevails.

(d) The transport of energy by convection, wher-
ever it is more efficient than radiative transport. Con-
vection is usually modeled by assuming that hot bub-
bles dump their excess heat after rising a distance of
a few pressure scale heights.

(e) An equation of state that relates the pressure,
temperature, and density. Throughout most of the
interior, the perfect gas law is valid, but small correc-
tions are required at the highest densities.

The basic structural equations conserve mass, mo-
mentum, and energy at each depth. Together with the
equation of state, the rates of nuclear reactions, and the
surface boundary conditions, they define a completely
determined problem. An acceptable solution will re-

produce the observed solar radius and luminosity. The
solution can be fine-tuned to some extent by varying
the abundance of helium and the details of convec-
tive transport.

Figure 7 shows the run of temperature and density
along a solar radius in the standard model. The trans-
port of energy is radiative everywhere except in a con-
vective shell approximately one quarter of a radius in
thickness. One of the first successes of helioseismology
was the verification of this thickness and the associated
helium abundance.

The standard model is a triumph of economy, which
accounts for the radius and luminosity, at a prescribed
mass, with well-established physical principles. Prime
credit for its success goes to H. Bethe, who first identi-
fied the essential nuclear processes in 1939.

B. NEUTRINOS

The proton—proton chain of nuclear reactions (see List
3) produces about 98.5% of the energy in the Sun, and
the carbon—nitrogen cycle produces the remainder. In
the process, four protons are converted to an alpha
particle, the nucleus of helium, with intermediate
products of deuterium (*H), helium three (‘He), beryl-
lium seven ('Be), and lithium seven ("Li). The chain
has three branches, with different products and energy
release. The principal chain is the burning of helium
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FIGURE 3 An X-ray view of the Sun. The brightest areas are active regions. (Courtesy of Smithsonian Astrophysical Observatory.)

three to helium four, which produces about 86% of
solar energy.

Notice that neutrinos (»,), elementary particles with
essentially no mass and no electric charge, are produced
at several points in the chain with maximum energies
of 0.4, 0.8, and 1.4 million electron volts (MeV). In
1955, R. Davis, Jr., of the Brookhaven National Labo-
ratory conceived an experiment to detect the high-
energy neutrinos that reach the Earth. He based his
technique on the conversion of a stable isotope of
chlorine, ¥Cl, to a radioactive isotope of argon, ’Ar,
by the absorption of a neutrino. The capture rate is
very slow since neutrinos interact very weakly with
other atoms. Thus only a few argon atoms are pro-
duced each day in a target of several hundred tons.
However, the radioactive argon can be collected with
great efficiency by radiochemical means and yields a
direct estimate of the high-energy neutrino flux. In

1965, Davis set up a 600-ton tank of perchloroethylene,
a common dry-cleaning fluid, in the Homestake Mine
in South Dakota, at a depth of 5000 feet. This arrange-
ment was necessary to shield the chlorine detector
from cosmic rays.

Davis’s experiment soon indicated a discrepancy be-
tween the neutrino flux predicted by the standard
model, about 7 SN'U (Solar Neutrino Unit, defined as
107% captures per second per target atom), and the
measured flux, about 2 SNU. The experiment has con-
tinued for over 25 years (it is still running) and, despite
fluctuations in the data, has continued to show this
discrepancy. After much effort to refine and calibrate
the experimental technique, and further efforts to
check the model, specialists have concluded that a real
deficiency of a factor of three exists. This challenging
result has been confirmed in recent years by four
independent neutrino detectors: the GALLEX,
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FIGURE 4 A large complex of sunspots. The small white features surrounding the dark spots are granules.

near Rome; the SAGE, in the Caucasus Mountains;
and the Kamiokande I and II near Tokyo.

Many possible explanations for the neutrino deficit
have been investigated, including revisions of the stan-
dard model and revisions in the properties of neutrinos.
The favored idea at the moment, proposed by L.
Wolfenstein, S. Mikheyev, and A. Smirnov, is that
neutrinos “oscillate” among the three possible “fla-
vors” of electron, muon, and tau-lepton neutrinos, as
they pass through the Sun. Since each of the four
devices mentioned here detect only the electron neu-
trinos, a deficit should be expected.

To check on this proposed explanation, several new
detectors are being built. The Sudbury Neutrino Ob-
servatory, in Canada, will be able to distinguish elec-

tron neutrinos from other types in the decay of ®*Be.
The Borexino machine, near Rome, will be especially
useful in tracking low-energy electron neutrinos re-
leased in the capture of an electron by "Be. Super-
Kamiokande will be able to detect neutrinos of any
flavor when they scatter off electrons in the 700-ton
water target. In efforts to shield their detectors, physi-
cists have gone to extreme lengths. AMANDA has
been lowered into a mile of ice at the South Pole,
while NESTOR has been running since 1991 sub-
merged deep in the Mediterranean Sea. Similarly, a
Russian experiment lies deep in Lake Baikal. Within
a few years, after these experiments have collected suf-
ficient amounts of data, the neutrino deficit problem
may be better understood, if not solved.
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FIGURE 5 A solar flare observed simultaneously in soft X rays
by the Yohkoh satellite and by a telescope (NIXT) aboard a rocket.
(Courtesy of the Yohkoh team.) (See also color insert.)

C. HELIOSEISMOLOGY

In 1960, R. Leighton and his students at Cal Tech
discovered that the visible surface of the Sun (the pho-
tosphere) is covered with patches a few thousand kilo-
meters in size that oscillate vertically with a period of
about 5 min. At any point on the surface, the oscilla-
tions build up in amplitude and then, within a few
periods, decay, and the phase changes from one burst
of oscillations to the next. The mean amplitude of
the velocity signal, typically a few hundred meters per
second, increases with altitude in the photosphere.
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At first these oscillations were thought to be random
pulses driven by granules, but in 1970, R. Ulrich at
UCLA and independently C. Wolfe (at NASA/God-
dard Space Center), J. Leibacher (now at the National
Solar Observatory), and R. Stein (now at Michigan
State University) suggested that the oscillations were
evidence of standing sound waves in the solar convec-
tion zone. In short, the oscillations at the surface repre-
sent a complicated interference pattern of several mil-
lion natural modes of vibration of the solar interior.
Each model has a velocity amplitude of only a few
centimeters per second, but their superposition raises
the signal at any location to hundreds of meters per
second.

The theory predicted a relation between the discrete
frequency and the horizontal wavelength of each mode,
a “dispersion relation.” When plotted in a graph of
frequency (w) versus the reciprocal of the wavelength
(k = 1/X), the allowed modes fall along isolated
ridges (Fig. 8). In 1975, the German astronomer
F. L. Deubner confirmed this interpretation with a
now classic set of observations that revealed the pre-
dicted ridges. The observed periods lie between 3 and
6 min, and the horizontal wavelengths range from a
few thousand kilometers to the full circumference of
the Sun.

1. Acoustic Oscillations

A drum or a horn produces a definite musical note as
the result of the constructive interference of sound
waves within a cavity of some definite size and shape.
Only waves with certain wavelengths can fit exactly
within the cavity, without any overlap. At any point
in such a “standing wave,” the air pressure and velocity
oscillate sinusoidally. At “nodes,” separated by dis-
tances of half a wavelength, the oscillations vanish.

The Sun contains no cavity with rigid walls, but
gradients of temperature and density can reflect sound
waves efficiently. The global oscillations discussed here
are sound waves that are reflected from the bottom
and top of the convection zone. Each allowed wave or
mode can be assigned a set of three numbers that define
the components of its wavelength along the radial,
azimuthal, and polar directions. The ridges in the k-
plane (see Fig. 8) are distinguished by the radial “quan-
tum number,” n, which specifies the number of nodes
along a radius from the center of the Sun. The hori-
zontal wavenumber k at any point is proportional to
the “degree” I, the number of nodes along a meridian
great circle. The azimuthal number, m, counts the
number of nodes along the equator.
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FIGURE 6 The “butterfly” diagram of the sunspot cycle. Spots of a new cycle appear at lower and lower latitudes. This is a copy of
E. W. Maunder’s discovery diagram, published in 1904. (Courtesy of Monthly Notices of the Royal Astronomical Society.)

Sound waves in the convection zone propagate at
the local speed of sound, which increases with depth
because the temperature increases. As a result, sound
waves in the Sun are refracted as well as reflected. A
plane wave that descends into the Sun at an oblique
angle experiences a faster speed of sound at its deeper
edge. Thus this edge gains over the shallower edge,
and the plane wave turns back (refracts) toward the
surface. Such a wave will trace a series of arcs, reflecting
at the surface and refracting below it. If its horizontal
wavelength is a simple fraction of the solar circumfer-
ence, the wave is resonant and can persist as a standing
wave. In general, waves of lower frequency (periods
around 6 min) penetrate more deeply into the interior
than waves of higher frequency.

Solar physicists derive the sound speed inside the
Sun in much the same way that seismologists deter-
mine the sound speed inside the Earth. Whereas seis-
mologists observe many transient earthquakes, solar
physicists observe surface oscillations at many places
on the photosphere and for many 5-min periods. The
spatial distribution of the solar oscillations is fitted
with mathematical functions (spherical harmonics) that

assign the three quantum numbers (n, I, and m) to
each observed mode. The temporal fluctuations of the
velocity signal are Fourier-analyzed to derive the exact
frequency of every resolvable mode. These primary
data are then compared with the predicted frequencies
from a standard model of the interior and the compari-
son yields corrections to the model’s radial tempera-
ture distribution. As longer and longer series of contin-
uous observations become available, the modes’
frequencies are established with a precision of better
than one part in a billion.

2. Detection Schemes

In their quest for high frequency precision, solar as-
tronomers have resorted to a number of techniques.
Precision ultimately depends on the length of a contin-
uous time series of observations, uninterrupted even
by the day—night cycle. These conditions can be met
at the South Pole during the austral summer, subject
only to occasional periods of bad weather. Several
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FIGURE 7 The radial variation of temperature and mass density
in the solar interior as predicted by the “standard” solar model.
The temperature scale is in millions of kelvin (MK) and the density
scale is in tens of grams per cubic centimeter.

groups have observed the oscillations for as long as
two weeks at the pole.

Alternatively, a network of observing stations has
been used to observe the Sun continuously for several
months. The Global Oscillation Network Group
(GONG), a consortium of a hundred astronomers, is
currently analyzing data from the most ambitious of
these networks. GONG consists of six identical instru-
ments distributed in longitude around the world. A
map of photospheric velocities is obtained every min-
ute from each site. These maps are collected every few
weeks, calibrated at a center in Tucson, Arizona, and
distributed to the consortum. GONG will operate
continuously for at least three years to acquire perhaps
the most complete set of observations attainable
from Earth.

Finally, an oscillation detector is operating aboard
the Solar and Heliospheric Observatory, a space mis-
sion launched in early 1996. The Sun is observable
continuously from this spacecraft without any interfer-
ence from weather or atmospheric scintillations, since
it is located at the L1 Lagrangian point, a million
kilometers from Earth in the direction of the Sun.
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3. Some Results

The past decade of helioseismology, and especially
the past year of GONG operation, has yielded several
important results. We now know that helium nuclei
represent about 24% of the mass of the interior, the
heavy elements compose about 2.5%, and the remain-
der is hydrogen in the form of protons. Moreover,
determinations of the sound speed along a radius yield
the temperature profile of the interior. The agreement
with theoretical models is very good.

Observations of the Sun’s surface showed long ago
that the solar equator rotates about 50% faster than
the regions near the poles. Since the surface evidently
does not rotate as a rigid body, how does the interior
rotate? Helioseismology has provided an answer.

Sound waves propagate in a medium at a speed fixed
by the temperature of the medium. If the medium
itself is moving, the sound waves are carried along with
it, and their observed speed is thus higher or lower
depending on the wave’s direction relative to the medi-
um’s direction. Thus, the observed frequencies of solar
sound waves shift higher or lower, as a result of the
Doppler effect, when the waves pass through layers
that rotate at different speeds. Each original frequency
is split into a pair that corresponds to waves traveling
in the same or opposite direction as the rotation. Since
short-period waves favor the surface and longer-period
waves favor the deeper layers, it is possible to combine
observations of rotational frequency splitting in such
a way as to find the speed of rotation as a function
of depth and latitude in the solar interior. Figure 9
illustrates some recent results. In the convection zone,
rotation speeds tend to remain constant with depth,
but vary with latitude. Just beneath the photospheric
equator lies a belt of maximum speed. The radiative
zone seems to rotate as a rigid body, somewhat slower
than the equator at the surface.

4, Gravity Waves

Note that the derived rotation speeds are uncertain
below the convection zone and missing entirely in the
solar core, where few sound waves penetrate. Some
astrophysicists expect that the Sun has a rapidly rotat-
ing core, a remnant of its original contraction from a
gas cloud. To examine the deep interior, helioseismol-
ogists will have to study a different type of global
oscillation, namely, gravity waves. In this type of oscil-
lation, buoyancy, rather than pressure, supplies the
restoring force. Gravity waves are predicted to have
long periods (hours) and very small velocity amplitudes
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FIGURE 8 The acoustic power present in global oscillations, as functions of inverse wavelength (horizontal axis) and frequency (vertical
axis). Each ridge is a family of modes that have a definite number of radial modes, the n = 1 mode lying lowest and farther to the right in
the diagram. Each ridge is further subdivided (the small dashes) into modes with different numbers of meridional modes.
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FIGURE 9 Rotation frequency as functions of radius and latitude,
determined from helioseismic observations. (430 nHz corresponds
to a rotation period of 27 days.) (Courtesy of Science.)

(millimeters per second). Since they are almost entirely
confined to the deep interior, the detection of these
oscillations will require very sensitive techniques. A
number of researchers have claimed to detect gravity
waves, but not convincingly. The study of these weak
oscillations remains for the future.

5. Oscillations of Brightness

Global acoustic oscillations produce fluctuations in the
brightness of the photosphere as well as of the next
higher layer, the chromosphere. The lowest-degree
oscillations, which correspond to the longest wave-
lengths, have been detected in the flux of integrated
sunlight by active cavity radiometers aboard a series
of satellites. NASA has attempted to place such detec-
tors on every suitable satellite because of the potential
importance of such measurements for the Earth’s cli-
mate. The signal is only a few parts in a million of the
steady solar output but is quite unambiguous.

6. The Future

The future successes of helioseismology are difficult
to predict, but this new field of solar physics will un-
doubtedly play an important role in the investigation
of the generation of solar magnetic fields. Studies of
the solar cycle of magnetic activity will certainly benefit
from helioseismic data. Moreover, astronomers are al-
ready attempting to find stellar analogs of solar oscilla-
tions, and indeed have found them in a class of
white dwarfs.
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As Figs. 2 and 3 illustrate, the solar atmosphere is
hardly a smooth, spherically symmetrical shell. Instead
it consists of a complicated arrangement of interleaving
structures that have spatial scales ranging from a few
hundred kilometers to several hundred thousand kilo-
meters. Each type of structure has its own characteris-
tic temperature and density distribution. For a first
crude description, however, it is useful to refer to sev-
eral “layers,” arranged along an outward radius, that
correspond roughly to regions of increasing tempera-
ture and decreasing density. We have already referred
to the names given to these layers: the photosphere,
chromosphere, transition zone, and corona. In addi-
tion, one can distinguish between the active atmo-
sphere, in the general vicinity of a sunspot group, and
the quiet atmosphere, far from such a group.

A. THE SPECTRUM OF THE QUIET SUN

"The solar spectrum is the source of much of our knowl-
edge of the atmosphere. The photospheric continuum
(“sunlight”) has an approximate blackbody form with
a color temperature of about 6000 K. Superposed on
this continuum are the Fraunhofer absorption lines,
which correspond to transitions in atoms of neutral
and singly ionized metals, such as sodium, magnesium,
and iron. The bands of many simple molecules, such
as CO, CH, and CN, are also present in the spectrum.
Over 20,000 atomic lines have been identified in the
optical spectrum and their relative strengths, corrected
for their atomic transition probabilities, yield the Sun’s
chemical composition. The relative concentrations of
some of the more common elements are shown in
List 2.

The optical spectrum of the chromosphere, origi-
nally observed at total eclipses at the limb of the Sun,
is almost a “reversal” of the photospheric spectrum:
each dark absorption line appears as a bright emission
line. In addition, the chromosophere radiates strongly
in the resonance lines of hydrogen, helium, magne-
sium, and other abundant elements, at wavelengths
between 100 and 300 nm.

In the transition zone, the emission lines arise from
multiply ionized abundant elements, such as C IV, N
V, and O V. (C IV denotes the ion of carbon that has
had three of its original electrons stripped off.) These
lines appear mainly in the extreme ultraviolet, at wave-
lengths between 30 and 150 nm.

The spectrum of the nonflaring corona contains
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resonance emission lines of highly ionized species, such
as Fe IX to Fe XVI, at wavelengths between 10 and
50 nm. In addition, “forbidden” (quadrupole) transi-
tions of ions such as Fe X, Fe XIV, and Ca XV appear
in the optical coronal spectrum against a faint coronal
continuum. The latter is produced by the scattering
of photospheric light from free coronal electrons, and
at radial distances beyond two solar radii, by scattering
from interplanetary dust particles. [See INTERPLANE-
TARY DUST AND THE ZODIACAL CLOUD.]

Solar flares produce the full range of plasma temper-
atures, from 10* to 10" K. The hottest regions briefly
emit spectrum lines of such hydrogenlike ions as Ca
XIX and Fe XXV.

The quiet Sun also emits a full spectrum of radio
waves. The plasma density of the emitting region de-
termines the characteristic wavelength. Thus the pho-
tosphere emits millimeter waves, the chromosphere
emits centimeter waves, and the corona emits decime-
ter and meter waves. Active regions, sunspots, and
flares emit polarized radio radiation with rapid time
variations. [See THE SOLAR SYSTEM AT RaD1IO WAVE-
LENGTHS.]

B. THE RADIAL
TEMPERATURE AND DENSITY PROFILES

From the great number of spectroscopic observations
collected over the past century, astronomers have con-
structed empirical one-dimensional models of temper-
ature and density as functions of height through the
atmosphere. Figure 10 shows averages for the quiet
atmosphere. Note that the electron temperature passes
through a minimum of about 4400 K, a few hundred
kilometers above the visible surface and then rises
steeply through the chromosphere and the transition
zone to the million-degree corona. However, recent
infrared observations of carbon monoxide molecules
indicate that, over much of the solar surface where
photospheric magnetic fields are weak, the tempera-
ture minimum is a mere 3000 K.

Except for the region near the temperature mini-
mum, hydrogen is fully ionized. The atmosphere con-
sists of a mixture of positive ions (principally protons)
and electrons. It is electrically neutral and is called a
“plasma.” The radial distribution of ion number den-
sity at the poles differs from that at the equator.

The photosphere is sufficiently dense and opaque
to ensure that thermodynamic equilibrium at the local
temperature prevails in each volume. The spectrum of
the radiation inside the photosphere resembles that of
a blackbody and the ionization and excitation of the
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FIGURE 10 The variation with height of the temperature and
proton density in a one-dimensional model of the solar atmosphere.
(Courtesy of Annual Reviews of Astronomy and Astrophysics.)

elements are controlled by the Saha and Boltzmann
laws, respectively. In the chromosphere, transition
zone, and corona, the plasma is partially or wholly
transparent to radiation, and collisions among particles
are much less frequent. Therefore, thermodynamic
equilibrium is not valid in these regions. A complex
formalism, based on the assumption of a steady state
of microscopic processes, has been developed over the
past 30 years to analyze conditions in the more tenuous
layers. The equilibrium ionization and excitation of
the elements are governed by collisions among ions
and electrons, at rates set by the local electron tempera-
ture and density. In this portion of the atmosphere,
radiation is produced ultimately by collisions among
particles and it emerges, without appreciable absorp-
tion, with a non-Planckian distribution.

C. THE ENERGY
BALANCE OF THE ATMOSPHERE

According to current ideas, the steep rise in tempera-
ture through the atmosphere is the result of a balance
between heating (by nonradiative energy that is gener-
ated in the convection zone) and cooling (by radiation
to space). A comprehensive understanding of this en-
ergy balance and the resulting distribution of tempera-
ture and density has not been achieved as yet, but
considerable progress has been made in studying the
energy balance in individual layers.
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At least three forms of nonradiative energy that
heat the outer atmosphere have been suggested. Sound
waves with periods between a few tens of seconds and
a few hundred seconds can be generated as a by-prod-
uct of turbulent convection below the photosphere.
Waves with frequencies above a critical value (corre-
sponding to about 300 s) can propagate vertically. As
the waves rise into regions of rapidly decreasing den-
sity, their velocity amplitudes would increase accord-
ingly, and when their amplitudes reached the local
sound velocity, the waves would shock and dissipate
their energy. The lower layers of the chromosphere
are thought to be heated in this fashion. Propagating
sound waves have been detected and studied by various
means; their existence is well established.

Magnetohydrodynamic (MHD) waves, particularly
Alfvén waves, have been suggested as agents for
heating the upper chromosphere and corona. How-
ever, Alfvén waves are difficult to generate with the
slow convective motions and, moreover, Alfvén waves
do not dissipate readily. The best empirical evidence
for the possible existence of such hydromagnetic
waves in the atmosphere is the nonthermal broaden-
ing of spectrum lines in the low corona. The width
of such lines is fixed in part by the distribution
of thermal speeds of the radiating ions. However,
observations show that the line widths are larger
than simple thermal broadening can explain. The
excess width has been attributed to excess nonthermal
motions, among them MHD waves.

If sound waves shock in the chromosphere and if the
evidence for MHD waves is weak, how is the million-
degree corona heated? In recent years, E. N. Parker
at the University of Chicago has argued effectively for
heating by ohmic dissipation of electrical currents. He
proposes that the currents arise from the slow twisting
and braiding of coronal magnetic fields as the foot-
points of the fields are shuffled by convective motions
in and below the photosphere. The currents would be
confined to extremely thin sheets (as narrow as 30 m) at
places in the corona where the field direction changes
discontinuously. As the convective motions continue
to deform the coronal field, the current density rises
in the sheets. Eventually they become unstable to a
variety of plasma instabilities and dissipate, converting
their electrical energy to heat and mass motions. Dur-
ing this process, magnetic fields with oppositely di-
rected components can reconnect and release a fraction
of their nonpotential energy. Such dissipative pro-
cesses have been observed in Tokamaks and in three-
dimensional numerical simulations, and are postulated
to occur in flares (see Section IV). The result of such
a field reconnection in the corona should be a tiny
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FIGURE 11 The rotation period of different parts of the Sun.
The equator rotates faster than the poles and the corona rotates more
rigidly than the photosphere. (Courtesy of Colorado Associated
University Press.)

flare, a “nanoflare,” that emits a burst of X rays and
radio radiation. The corona would be heated, in Par-
ker’s scheme, by many small episodic injections of
magnetic energy. To supply the corona’s energy re-
quirements, such nanoflares would have to occur in
sufficient numbers. Counts of very small flares, ob-
served with the Yohkoh satellite, fail to meet this crite-
rion. The long-standing problem of coronal heating
remains unsolved at the present time.

D. LARGE-SCALE MOTIONS

The rotation of the photosphere has been determined
from daily maps of Doppler velocities (principally at
the Mount Wilson Observatory) or from the displace-
ments of individual features, such as sunspots or mag-
netic field patches. Although different methods yield
slightly different results, the general features persist.
The visible photosphere rotates from east to west but
not as a rigid body would. Instead the equator rotates
faster (in 25 days, relative to the distant stars) than the
higher latitudes. At latitudes of £75°, for example, the
photosphere rotates in 34 days. This latitude-depen-
dent effect is called the differential rotation (Fig. 11).
The photosphere also flows slowly from the equator
to the poles, at a speed of about 10 to 20 m/s.

As Fig. 11 shows, the corona (whose brightness is
dominated by coronal streamers) tends to rotate more
rigidly than the photosphere, but the details are com-
plicated. A recent analysis of white light images shows
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that at latitudes less than 40° and at distances from
disc center less than 1.5 solar radii, the corona rotates
differentially with a sidereal period of 26 days. At
higher latitudes and greater heights the sidereal period
is nearly constant at 34 days. Moreover, the corona
decelerates at all latitudes during the rise of the sunspot
cycle and accelerates after solar maximum. Similarly,
X-ray images of coronal holes show quasi-rigid rota-
tion over periods of several months.

So far, theorists have been unable to provide a
detailed physical explanation for solar rotation. The
photospheric rotation reflects the motions of the
interior, which involve the interaction of convective
flows and Coriolis forces. Recent results in helioseis-
mology (see Section II) on the differential rotation
inside the Sun should help to guide the theory.
The quasi-rigid rotation of the corona is still more
puzzling as it seems to involve the decoupling (recon-
nection) of coronal fields from surface fields at some
intermediate height.

Three spatial scales of solar convective cells are
recognized: the granulation (1000 km in size, with a
lifetime of about 10 min), the mesogranulation (5000
km, lifetime of 8-10 h), and the supergranulation
(30,000-40,000 km, lifetime of 24-48 h). The plasma
at the center of supergranules rises into the photo-
sphere at about 100 m/s, expands horizontally with a
speed of about 400 m/s, and sinks down again at about
200 m/s. A fourth scale of convection, the so-called
“giant cells,” with sizes of several hundred thousand
kilometers, have been postulated but not detected as

yet.

E. SOLAR MAGNETIC FIELDS

As Fig. 3 illustrates, the solar atmosphere is highly
structured because of its internal magnetic fields. In
the photosphere, the gas pressure exceeds the magnetic
pressure so the gas can concentrate and transport the
field. Above the photosphere, the gas density and pres-
sure decrease exponentially with a scale height of a
few hundred kilometers, whereas the magnetic pres-
sure falls off less rapidly. Thus, at a few hundred kilo-
meters above the photosphere, the magnetic pressure
greatly exceeds the gas pressure and the field shapes
the gas into the structures we observe. Moreover, the
plasma has a high electrical conductivity, and thus is
constrained to flow along, not across, the magnetic
field. As a result, the motions in the upper atmosphere
are controlled indirectly by motions in the photo-
sphere, with the magnetic field acting as the mechani-
cal link.
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Vector magnetic fields in the photosphere can be
determined from the splitting and polarization of spec-
trum lines. Unfortunately, the fields in the corona are
too weak to measure reliably by any known method.
Astronomers therefore estimate coronal field strengths
by extrapolating surface fields or, in special cases, from
the polarization of radio bursts.

In Section III, F, we shall consider the properties
of some important structures that make up the atmo-
sphere, but first we describe the spatial organization
of the fields.

Figure 12 shows a typical map of photospheric
fields. Most of the magnetic flux is concentrated in the
active regions atlatitudes between 10 and 40°. Sunspots
usually come in pairs of opposite polarity, with total
magnetic fluxes on the order of 10* maxwells. Smaller
bipoles, called ephermeral active regions, with fluxes
on the order of 10" maxwells and lifetimes of a few
hours, appear over a broader range of latitudes. Even
smaller dipoles (the “intranetwork fields”) emerge in-
side the supergranulation cells, uniformly over the en-
tire Sun, and are swept to the cell boundaries within
a day to form the coarse network.

In the quiet photosphere, away from active com-
plexes, the horizontal flows of supergranulation cells
redistribute the surface magnetic flux. A detailed mag-
netogram shows that the flux concentrates at the bor-
ders of these cells in a coarse network. These fields
extend into the higher atmospheric layers, spreading
laterally with height until, in the low corona, the pat-
tern of a coarse network vanishes.

Observations at still higher spatial resolution show
that the magnetic flux occupies a small fraction of
the Sun’s surface. The principal difference between an
active region and the quiet Sun is not the strength of
the magnetic fields but rather the “filling factor” of
the magnetic flux, the fraction of the surface it covers.
The flux emerges in the photosphere as narrow tubes
as small perhaps as 100 km in diameter, with true
field strengths ranging from a few hundred to about
a thousand gauss. In the chromosphere and corona,
these tubes flare out laterally to fill a much larger
volume, with field strengths estimated from 1 to 10
G. The field at the center of a large sunspot can reach
3500 G.

Notice in Fig. 12 that, with few exceptions, all the
western (“leading”) halves of a bipole have the same
polarity and that this polarity is different in the north-
ern and southern hemispheres. In the next activity
cycle of 11 years, the leading polarities in the two
hemispheres will reverse. Each solar pole contains so-
called “open” field lines, whose dominant polarity re-
verses near the maximum of the 11-year cycle. These
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FIGURE 12 A magnetogram showing the strong and weak photospheric magnetic fields over the whole Sun during one 27-day rotation.
Activity tends to concentrate in two bands at latitudes between 10° and 30°.

regularities are the so-called Hale—Nicholson laws (see
Section IV).

As an active region decays (over a period of several
months), differential rotation, meridian flow, and su-
pergranule flows stretch out the region’s flux into long
bipolar regions at mid and high latitudes (see Fig.
12). As the bipolar field expands laterally and rises
vertically, a helmet streamer (see Fig. 2) may develop
in the overlying corona. As a result, the inner corona
is organized into an array of streamers, separated by
regions of open field lines, which are called “coronal
holes.” X-ray images of the corona (see Fig. 3) show
that, in addition to these two basic structures, long
coronal loops can connect different active complexes,
even in different hemispheres.

Solar prominences form within a streamer, above
the line in the photosphere that separates the opposite
polarities of the weak bipolar region. They are flat
sheets of plasma two orders of magnitude denser and

cooler than the surrounding corona. Prominences ap-
pear as dark filaments on the solar disk, when photo-
graphed in the hydrogen H alpha line (Fig. 13).

Quiescent filaments, which lie outside of active
complexes, possess horizontal magnetic field compo-
nents that obey a global rule. In the northern hemi-
sphere, the axial fields of such filaments are directed
to the right when viewed by an imaginary observer
who stands in the positive polarity region adjacent
to the filament. Such filaments are called dextral. In
the southern hemisphere, the axial field components
are directed toward the left when viewed from the
neighboring positive polarity region. Such filaments
are called sinistral. Most filaments in the northern
hemisphere are dextral, most in the southern hemi-
sphere are sinistral, and this regularity does not
change from one 1l-year solar cycle to the next,
despite the change in polarities of the leading sun-
spots.
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FIGURE 13 A quiescent filament photographed in the light of hydrogen H alpha (656.3 nm). Note the fine vertical structure.

F. STRUCTURES IN THE ATMOSPHERE

1. Sunspots

A sunspot is a region of high magnetic flux in the
photosphere, the footpoint of a magnetic loop that
extends into the corona. Spots are darker than the
photosphere because they are one to two thousand
kelvin cooler, and they are cooler because their mag-
netic fields inhibit convective heat transport (see
Fig. 4).

The smallest spots are called pores. A pore appears
as a simple dark patch, an umbra, and lacks the sur-
rounding ring of striated brighter material, a penum-
bra, which characterizes a mature spot. Pores are typi-
cally smaller than 2500 km in diameter, usually persist
for only 10 or 15 min, and then fade, presumably by
submerging. A critical field strength of about 1500 G
is required for a pore to form. Often a pore develops
from a tiny magnetic patch within an intergranular
lane.

A bipolar pair of spots first appears when a loop of
magnetic flux rises from the interior and breaks
through the photospheric surface. Some evidence sug-
gests that the pair lies initially on the boundary of a
supergranulation cell and the spots themselves form
preferentially at the vertices of several cells. When
formed, the spots in a pair begin to separate at about
0.5 km/s and the axis of the pair rotates over a few
days until nearly parallel to the solar equator. Spot

polarities in the north and south hemispheres obey the
Hale—Nicholson laws, as previously mentioned.

A spot grows rapidly in area and darkness in its first
few hours of life, by the merging of neighboring pores.
Most spots live only a few days, but the active region
in which they develop may last for many weeks. Small
spots seem to decay by shrinking in area and magnetic
flux, that is, by the submergence of their associated
magnetic loop. Large spots decay by fragmenting or by
shedding flux to their surroundings across an annular
region called a “moat.”

A large spot may have several umbrae within a single
penumbra and grow to a diameter of 20,000 km. The
umbra contains tiny bright regions, thought to be con-
vection cells, and the penumbra consists of radial bright
and dark filaments that terminate in a sharp boundary
in the surrounding photosphere. The maximum um-
bral magnetic field increases with the area of the umbra
and may reach 3000 G. The inclination of the field
lines varies from nearly vertical in the umbra to nearly
horizontal in the penumbra. The penumbral filaments
are aligned along this horizontal field.

Above the penumbra, photospheric gas flows radi-
ally outward at speeds of a few kilometers per second
and returns in the chromosphere to the spot’s axis, in
a circulation called the Evershed effect. Deeper in the
penumbra, the filaments resolve into bright grains,
some 250 km in diameter, that flow toward the umbra
at speeds of about 0.5 km/s. Growing spots also exhibit
penumbral waves that propagate radially outward at
speeds of 10-20 km/s.
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Observations made from space with precision bo-
lometers show that the formation of a large spot actu-
ally reduces the Sun’s total radiation by as much as
0.1% for as long as a week. This result implies that
the spot acts as a barrier to the emerging energy flux
in the photosphere. The energy not radiated from the
umbra is stored somehow in the interior, and is re-
leased only later in the spot’s history.

Very little is known at present about the roots of
sunspots, that is, the structure of their magnetic fields
below the photosphere. To account for the surface
brightness of the umbra, some theorists have proposed
that the umbral flux divides into a cluster of narrow
filaments that are separated by field-free regions. A
spot would then look like a Portuguese man-of-war
jellyfish, with long tentacles penetrating the lower pho-
tosphere. In any case, spots do seem to be anchored
in layers that rotate faster than the photosphere itself.
Thus, small spots appear to move westward, relative
to the surrounding photosphere, at a speed of about
100 m/s, whereas large spots move somewhat slower.

Sunspots are complicated structures and are not
fully understood by any means. Their stability, energy
balance, formation and decay, and complex patterns
of motion are all remaining challenges for the theorist.

2. Active Regions

Sunspots are embedded in extended regions of high
magnetic flux density, the active regions. Active regions
are bright at all wavelengths, from X rays to radio
waves (see Fig. 3), and are highly variable. They are
the sites of the dramatic solar flares (see Section IV).

An active region is born as a small bipolar area
that grows as new magnetic flux emerges and diffuses
laterally into the surrounding quiet region. A region
will grow in a week to a typical size of 10° km and
total flux of 10 maxwells, then slowly decay by diffu-
sion and submergence.

The magnetic field strength outside the sunspots
of an active region ranges from a few hundred to about
a thousand gauss. The flux emerges from the photo-
sphere in discrete flux tubes only a few hundred kilo-
meters in diameter that cover only about 10% of the
surface area. From the minimum to the maximum of
the solar cycle, the magnetic flux of the Sun in all
active regions varies by a factor of 15.

Active regions are composed of masses of loops and
“fibrils” that connect opposite polarities and presum-
ably outline the local magnetic fields. The loops termi-
nate in chromospheric “plages” that are composed of
smaller structures (faculae) and that are bright in X
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rays. The longer loops extend upward into the corona
and are visible in X-ray images (see Fig. 3).

The Japanese Yohkoh satellite (launched in 1991)
derived the coronal temperature and electron density
in active regions from measurements in soft X rays
(1-3 keV). The temperature ranges from 4 to 10 mil-
lion kelvin and the density from 10° to a few times
10" cm™.

A “complex of activity” that consists of several bipo-
lar active regions can form during the peak of the solar
cycle. The complex may last for as long as nine months
as new active regions emerge within it and old ones
decay.

3. Chromospheric Spicules

Most of the plasma in the quiet Sun at temperatures
between 6000 K and 15,000 K, the classic chromo-
sphere, resides in spicules. These are thin, needle-
shaped features with typical dimensions of 500 by 5000
km, a plasma density of 10" cm ™, and a lifetime of 10
to 15 min. Their magnetic fields are uncertain but are
estimated to be some tens of gauss. They cover only
a few percent of the solar surface and are clustered
along the borders of the supergranules. Spicules rise
with speeds of 10 to 30 km/s from the photosphere.
Half of them fade when they reach maximum altitude,
and half fall back to the photosphere. They carry an
upward mass flux hundreds of times larger than that
of the solar wind and have been suggested as the source
of the wind’s mass. Although several explanations have
been offered for their origin, including chromospheric
Alfvén waves or miniflares, none has full observa-
tional support.

4. The Transition Zone

Plasma that lies at temperatures between 10* K and
5 X 10° K composes the so-called “transition zone”
between the chromosphere and corona. In the quiet
Sun, most of this plasma resides above the borders of
the supergranule cells, where most of the magnetic
flux as well as the spicule clusters are located. The
plasma at these transition temperatures is thought to
lie in thin sheaths wrapped about the spicules and about
their dense footpoints.

The spectrum of the zone is characterized by strong
resonance lines of multiply ionized abundant species,
such as CIV, NV, and Ne VII, that lie in the extreme
ultraviolet between about 40 to 160 nm. Doppler shifts
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FIGURE 14 Coronal streamers imaged by the C2 coronagraph
aboard the SOHO satellite. (Courtesy of the Lasco team.)

of such lines indicate rapid vertical motions, on the
order of 10 km/s.

Spectra in the extreme ultraviolet (100 to 200 nm)
obtained by a team at the Naval Research Laboratory
show two types of relatively rare dynamic events. Ex-
plosive events with ejection speeds up to 400 km/s
occur at an estimated rate of 24 s™' over the whole
Sun. Brief turbulent events with random motions on
the order of 100 km/s occur near the borders of super-
granule cells.

5. Coronal Streamers

Coronal streamers are the radial extensions of large
bipolar magnetic regions that are the remnants of old
active regions. Streamers have been observed from the
Solar and Heliospheric Observatory (SOHO) satellite
to extend as far as 30 solar radii into the heliosphere
(Fig. 14). Their interfaces with the surrounding open
corona are considered likely sources for the slow solar
wind (speeds of less than 400 km/s). They are thought
to merge with the heliospheric current sheet at large
distances from the Sun.

The free electrons of streamers scatter and linearly
polarize the white light of the photosphere. Since the
scattering efficiency is independent of wavelength, the
observed brightness of a streamer in white light can be
analyzed to yield the number of electrons, per square
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centimeter, in a column along each line of sight. As a
streamer rotates past the observer and its orientation
changes, an empirical three-dimensional density model
of the streamer can be constructed. Despite their im-
pressive appearance, helmet streamers are only a factor
of two or three times denser than the surrounding
corona.

White light observations show that a streamer is
basically a long, fan-shaped coronal structure. The
lower portion of a streamer consists of an arcade of
closed loops that spans the underlying bipolar photo-
spheric magnetic region. The arcade encloses a region
of reduced density, the so-called “cavity.”

In 1977, G. Pneuman and R. Kopp devised an in-
fluential three-dimensional hydromagnetic model of
an equatorial belt of streamers that is embedded in
symmetrical polar coronal holes (Fig. 15). The model
approximates the situation near solar minimum when
streamers cluster near the equator and the polar holes
are at maximum size. In the model, the fast polar wind
compresses the narrow blade of the streamer. A current
sheet divides the oppositely directed open field lines
in the upper part of the streamer and extends into
space as the heliospheric current sheet. A magnetic
neutral point lies at the intersection of the open and
closed field systems.
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FIGURE 15 A hydromagnetic dynamical model of a streamer.
Magnetic field lines coincide with the streamlines of flow. The
model approximates the situation near sunspot minimum when the
streamers concentrate near the solar equator and the polar holes
are at their maximum size. (Courtesy of Solar Physics.)
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FIGURE 16 A quiescent prominence photographed in the light of H alpha (656.3 nm).

In Section IV, we consider further the evolution of
streamers during the solar cycle and their eruption as
“coronal mass ejections.”

6. Prominences (Filaments)

Prominences are structures with chromospheric tem-
peratures (6000 K to 15,000 K) that are embedded
within the million-degree corona (Fig. 16). When
viewed from above in the H alpha line (656.3 nm),
they appear as dark “filaments.” There are two main
types: quiescent (in the quiet Sun) and active (inside
or at the borders of active regions).

Quiescent prominences are long, thin, vertical
sheets of dense plasma, with a fractal fine structure. A
typical mature filament, as seen in H alpha, has a gross
width of about 5000 km and a length of 10° km. Some
filaments reach a solar radius in length. They lie along
the neutral lines of the weak bipolar magnetic regions
of the solar photosphere, within the cavity of an overly-
ing streamer.

Active region prominences lie along the polarity
inversion line of their bipolar regions. In comparison
to quiescent prominences they are lower, are much
narrower, and have stronger magnetic fields. Both
types possess much fine structure, which may be fractal
in nature and is thought to correspond to the internal
magnetic fields.

Not much is known about the magnetic fields in
and around quiescent filaments. Direct measurements

indicate a horizontal field component of 2 to 30 G,
directed at a small angle (typically 25°) to the plane of a
quiescent prominence. In most quiescents, the normal
component of the field crosses the vertical sheet of
plasma in the direction opposite to that of a potential
field that would span the underlying photospheric bi-
polar region. This result has suggested the Kuperus—
Raadu model of magnetic field shown in Fig. 17. Here
the filament sheet hangs in the bottoms of helical field
lines that form the surrounding cavity.

When big quiescent prominences erupt (see Section
1V), they often display helical motions that may indi-
cate the presence of internal helical magnetic fields.
Helical fields, with a strong axial component, have also
been proposed for the thin active region filaments.

Quiescent prominences possess temperature transi-
tion zones between their cool centers and the hot co-
rona. As a result, they radiate the characteristic reso-
nance lines of highly ionized abundant elements,
particularly the C IV lines at 155 nm.

Prominences need a continuous energy supply to
maintain their strong emission for many weeks. The
sources of this energy are uncertain. Coronal X rays
can be absorbed efficiently by the dense plasma, but
are insufficient in themselves. Astronomers have
searched for waves of various types, but although oscil-
lations of different periods (typically several minutes)
have been reported, clear evidence of wave dissipation
is lacking. Theorists therefore postulate some form of
magnetic or electrical current heating, similar to that
postulated in the corona.
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FIGURE 17 Two classic models of the prominence magnetic field. (a) The Kippenhahn-Schliiter model postulates a potential field arcade.
(b) The Kuperus—Raadu model envisions a flux rope in which the prominence is suspended.

The mass of a large prominence (about 10" g) seems
to exceed the deficit of mass in the coronal cavity
surrounding the prominence. Thus, during the forma-
tion of the prominence, some undetected process must
supply its mass, presumably from the photosphere,
where mass is plentiful. A continuous injection of
plasma may also be required to maintain the promi-
nence since there is some evidence that its plasma
slowly descends to the photosphere along fine-scale
vertical threads. Observations of the vertical motions
of the plasma in filaments lead to a rather confused
picture of the overall circulation. The speeds are gener-
ally only a few kilometers per second both up and down
and somewhat larger in active region prominences.

Most large quiescent prominences end their lives
by erupting dramatically, together with the overlying
coronal streamer. A “coronal mass ejection” is then
said to occur (see Section IV).

7. Coronal Holes

Eclipse observers had noted for many years the pres-
ence of faint (i.e., tenuous) regions between the more
prominent streamers at the solar limb. In the mid-
1960s, an association was noted between such dim
regions and the onset of terrestrial magnetic storms.
Theorists postulated that streams of “corpuscular radi-
ation” emerged from these regions and interacted with
the Earth’s magnetic field a few days later. Other evi-
dence, principally the orientation of comet tails, had
pointed to a steady outflow of solar plasma, termed
the “solar wind,” but the source of the wind in the
corona was not known. Shortly before the flight of
Skylab (May, 1973—February, 1974), A. Krieger and
colleagues traced a recurrent high-speed stream in the
wind back to a dark equatorial coronal region that

appeared on their X-ray photographs. The Skylab mis-
sion confirmed that most of the fast streams (with
speeds as high as 1000 km/s) originate in these dim
regions, which were named “coronal holes.” Larger
holes have faster streams and the stream velocity is
maximum near the centerline of the stream.

Figure 3 shows a large coronal hole in an X-ray
image of the corona taken during the Yohkoh mission.
Holes are also detectable as bright regions in images
made in the spectrum line of chromospheric helium
at 1083 nm.

Numerical extrapolations of photospheric magne-
tograms show that a hole’s magnetic field lines open
out into interplanetary space, allowing the coronal
plasma to escape. Other regions, at the interface of
two separate magnetic field regions, also possess open
field lines and emit fast wind. Interplanetary magnetic
field measurements, mapped back to the Sun, indicate
a spatially averaged field strength of 6 to 12 G at the
photosphere of a hole.

Continuous measurements of a polar hole were
made in white light during Skylab. From these data,
R. Munro and B. Jackson derived an empirical model
of the hole’s proton density and wind speed, assuming
a typical proton flux through the hole (10" ecm™2 s7").
Figure 18 shows their model. The density at two solar
radii was only 5 X 10° cm™, a factor of at least three
smaller than in a streamer at the same height. This
particular hole had a severely nonradial geometry be-
tween 2 and 5 solar radii—its cross-sectional area in-
creased with height seven times faster than a sphere.
The computed wind speed reached sound speed (170
km/s) between 2.2 and 3.0 radii and a very rapid accler-
ation to 450 km/s occurred between 3 and 5 radii. [See
THE SorLar WIND.]

A large fraction of the energy supplied at the base
of a coronal hole (10° ergs cm™ s7') escapes in the
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FIGURE 18 The radial variation of the electron density and flow
speed in a coronal hole. The dashed line is the Parker wind solution
for a coronal temperature of two million degrees kelvin. (Courtesy
of Astrophysical Journal.)

form of the kinetic and gravitational energy of its wind
stream. This large rate of energy loss poses a difficult
theoretical problem, since E. N. Parker’s classic expla-
nation for the solar wind would require a coronal tem-
perature of at least 2.5-3 million kelvin, whereas the
holes have peak temperatures as low as 1.4 million
kelvin. Somehow, energy or momentum must be de-
posited in the wind stream at radial distances of a few
solar radii. Theorists have suggested that some form
of hydromagnetic wave that propagates outward along
the open field lines is responsible. Since Alfvén waves
are detected in the wind near the Earth, they are con-
sidered prime candidates, but many problems arise
concerning the production and dissipation of such
waves. A complete understanding of the energetics of
coronal holes and the wind within them remains for
the future.

The size and location of coronal holes vary with
the solar cycle. A few years before solar minimum, the
poles of the Sun are covered by large coronal holes
that occupy some 15% of their area. Occasionally the
holes extend from a pole across the solar equator. Near
solar maximum, the polar holes shrink in size, and
smaller holes appear nearer the solar equator.

Like the rest of the corona, the holes rotate more
rigidly (with periods of 26 to 29 days, independent of
latitude) than the photosphere. Simulations of evolu-
tion of the coronal magnetic field, by Y. Wang and
colleagues at the Naval Research Laboratory, suggest
that this effect arises from transport of photospheric
flux to higher latitudes and from reconnections of the
coronal field.
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V. SOLAR ACTIVITY
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Structures on the Sun change on timescales ranging
from a few seconds to several months and their patterns
evolve over a cycle of 22 years. We shall first discuss
the solar magnetic cycle and then the more rapid tran-
sient events.

A. THE SUNSPOT CYCLE

1. Observations

The number and distribution of sunspots vary in a
cycle of 8 to 13 years. At the beginning of the cycle,
bipolar pairs of spots appear at latitudes above 60°.
Then, as the cycle advances, increasing numbers of
new spots appear at lower and lower latitudes. Thus,
the latitude distribution of spots as a function of time
mimics that of a butterfly’s wings (see Fig. 6).

During a cycle, the magnetic polarity of all the
leader (westernmost) spots in the northern solar hemi-
sphere is the same, and is opposite to that of leader
spots in the southern hemisphere. The polarity of
leader spots reverses in each hemisphere at the begin-
ning of the next cycle. Thus, the full magnetic cycle
takes an average of 22 years. The leader spots of a new
cycle possess the same polarity as the premaximum
polar field of their hemisphere.

Similarly, the weak polar fields (2-10 G) reverse
polarity close to the phase of sunspot maximum. How-
ever, oddly enough, the reversal at the two poles need
not occur simultaneously! For example, the Sun pos-
sessed two negative poles during 1980.

The maximum number of sunspots in a cycle fluc-
tuates by as much as a factor of two and this amplitude
also seems to possess cycles, such as the 90-year
Gleissberg cycle. In addition, periods of suppressed or
negligible sunspot number have occurred during the
past 7000 years, such as the Maunder minimum from
1645 to 1715. The Maunder minimum was accompa-
nied by extraordinarily low temperatures throughout
Europe and this correlation is perhaps the most con-
vincing example of a solar influence on terrestrial
weather.

As might be expected, the total magnetic flux in the
photosphere varies with the 11-year cycle, by as much
as a factor of five. During a cycle, the flux is constantly
redistributed in latitude, from the intense concentra-
tions in active regions to weaker large-scale regions
at higher latitudes. Differential rotation, meridional
flows, and supergranular flows combine to form the
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characteristic “chevron” distribution of weak flux (see
Fig. 12).

Solar prominences (filaments) and coronal stream-
ers also participate in the 11-year cycle. The mean
latitude of prominences gradually increases from about
30° to about 60°. A few years after solar minimum,
the upper latitude limit increases very rapidly. Newly
forming quiescent prominences are said to “rush to
the poles,” where they form a nearly continuous “polar
crown” at about 65° latitude.

At sunspot minimum, coronal streamers tend to
cluster in a belt around the solar equator. Their
current sheets (see Fig. 15) then divide the helio-
sphere into two hemispheres of opposite magnetic
polarity. During the Skylab flight (1973), this effect
was very well defined. The equatorial streamers
formed the boundary between high-speed solar wind
streams that emerged near the solar poles, flowed
toward the Sun’s equatorial plane, and were detected
near Earth. At solar maximum, the streamers are
well distributed in latitude.

2. Models

Empirical models of the solar magnetic cycle have been
proposed by several astronomers, beginning in 1961
with H. Babcock at the Mount Wilson and Palomar
Observatories. These models attempt to explain the
salient regularities of the cycle (the butterfly diagram,
the polar reversals, the reversal of sunspot polarities)
with simple physical ideas, but without extensive math-
ematical calculations.

In Babcock’s scenario (Fig. 19), the cycle begins
with a large-scale dipole field that extends just below
the photosphere (stage 1). Differential rotation in lati-
tude wraps the meridional field lines around the solar
equator (stage 2), producing a toroidal field of strong
flux ropes. When a kink in a rope rises through the
photosphere (because of its natural buoyancy) (stage
3), it emerges to make a small angle with the equator.
Thus it forms a bipolar pair of sunspots, with the leader
emerging at a slightly lower latitude than the follower.
In this way, Hale’s laws of sunspot polarity are fulfilled
in each hemisphere. The active regions around sun-
spots expand into the corona. As a result, fields of
opposite polarities from the opposite hemispheres can
cancel (stage 4). This reconnection supposedly forms
a disconnected loop that can float away into the corona.
In this way, most of the amplified flux of one cycle is
eliminated. A small remnant of following polarities is
assumed to drift toward the nearest pole, reversing the
polarity there.
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Babcock’s empirical model has several flaws, among
them the assumption that most solar flux ends up in
the corona or the solar wind. However, his basic ideas
of surface flux transport and merging have survived.
In 1964, R. Leighton demonstrated the role of super-
granulation in a numerical model. N. Sheeley and sev-
eral colleagues at the Naval Research Laboratory have
simulated the evolution of surface flux over a full solar
cycle, using observations of the emerging flux and com-
bining the action of differential rotation, meridional
flow, and supergranular flows. Their calculated evolu-
tion of the surface fields compares favorably with ob-
servations. In addition, Y. M. Wang and Sheeley were
able to explain the observed rigid rotation of the co-
rona. The transport of flux seems to be reasonably well
understood. However, the generation of the field with
all its regularities, by a subsurface solar dynamo, is still
a goal of current research.

The basic physical ideas underlying a solar dynamo
were developed by E. N. Parker in 1955. The essential
ingredient in a dynamo model is the conversion of
toroidal flux to poloidal flux and vice versa. (Poloidal
fields lie along solar meridians, whereas toroidal fields
lie parallel to the solar equator.) In Parker’s model,
small flux loops in a toroidal field rise buoyantly
and twist as they rise because of the Coriolis force.
The twist generates a poloidal component, parallel
to the meridians. Poloidal field lines are assumed to
reconnect to form a large-scale field from small
cyclonic eddies, a process named the “alpha effect.”
Simultaneously the poloidal field is converted to a
toroidal field by the action of latitude-dependent
differential rotation. The two effects combine to
produce waves of enhanced magnetic field that propa-
gate slowly from the poles to the equator, and
generate the “butterfly” latitude distribution of field
strength (see Fig. 6).

Early dynamo models were kinematic: they postu-
lated subsurface systematic motions without physical
justification, but with some fine-tuning, they were suc-
cessful in reproducing the butterfly diagram. Later
models attempted to derive the driving motions from a
theory of large-scale convection. Unfortunately, these
dynamical models predicted a radial gradient of rota-
tion speed with the wrong sign to explain why sunspots
form at progressively lower latitudes. The empirical
radial rotation gradient (see Fig. 9), derived from
global oscillation observations, also contradicts the as-
sumed gradient in some early dynamo models.

The resolution of these difficulties is a goal of cur-
rent research. A favored approach is to shift the loca-
tion of the solar dynamo from the interior of the con-
vection zone to a thin layer at the inner boundary of
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Stage 3

Stage 4

FIGURE 19 . Babcock’s conceptual model of the solar cycle. See the text for a description. (Courtesy of Astrophysical Journal.)

the zone. Models based on this idea and incorporating
plausible physics do seem capable of maintaining the
solar magnetic flux, but still have difficulties in trans-
porting the amplified field to the surface.

B. SOLAR FLARES

1. Observations

A solar flare appears as sudden brightening of part of
an active region (see Fig. 5). The region is heated to
tens of millions kelvin, often within a few minutes,
and may emit radiation over the full electromagnetic
spectrum from gamma rays to long radio waves. In
addition, beams of nonthermal electrons and protons
can be accelerated to millions of electron volts and,
along with masses of hot coronal gas, can be ejected
into interplanetary space. The total energy of a large

flare (10°! ergs) is sufficient to power the entire United
States for a hundred thousand years.

Some of this radiation and particle emission reaches
the Earth and produces a variety of effects, including
electric power grid surges, radio propagation anoma-
lies, and auroras. In March, 1989, the entire electric
power grid of eastern Canada was shut down by a
powerful series of solar flares. Thus, flare research has
a practical as well as an astrophysical aspect.

Since flares occur in active regions, their frequency
follows the 11-year solar cycle. At sunspot maximum,
scores of small flares and several large ones occur daily.
The frequency with which flares occur, as a function
of energy, is a power law with an index of —1.8. This
means that flares with half the energy of another group
of flares will occur about four times more often, on
average. Flares last anywhere from a few minutes to
many hours, usually depending on their area and to-
tal energy.

In general, flares tend to occur near the boundary
between the opposite magnetic polarities of an active
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FIGURE 20 A diagrammatic sequence of the stages of a flare: (a) the preflare magnetic configuration, (b) the flash phase, (c) the thermal
phase, following reconnection and ejection of hot plasma. (Courtesy of P. Sturrock, Colorado Associated University Press.)

region. The more complex the magnetic configuration
of the region and the more rapidly new flux appears, the
more likely a flare will occur. The simplest magnetic
system that produces flares is a twisted magnetic loop
that connects opposite magnetic polarity areas of the
active region. A sunspot with opposite polarities within
the same penumbra (a “delta” configuration) is espe-
cially prone to flaring.

The Japanese satellite Yohkoh, launched in August
1991, produced a vast quantity of high-quality observa-
tions of flares that are still being analyzed. These data
are confirming many of the ideas developed since the
flight of the Solar Maximum Mission (1980-1989), as
well as revealing some surprises.

Although no single flare exhibits the full variety
of flare phenomena, we shall attempt to describe the
evolution of such a hypothetical flare, simply to give
the reader an impression of the total event. The evolu-
tion of this ideal flare is illustrated schematically in
Fig. 20. We can distinguish four phases: the preflare
phase, the flash or impulsive phase, the thermal or
gradual phase, and the postflare phase.

a. The Preflare Phase

In the preflare phase, which may last for minutes or
tens of minutes, the active region shows signs of pro-
gressive heating. The brightness of many small sites
increases and the region shows rapid fluctuations in H
alpha, soft X rays, and microwaves. A filament that lies
over the magnetic neutral line may be “activated,” that
is, may experience rapid changes in brightness and
form, and may actually erupt just before the onset of
the flare. Velocity oscillations have also been reported
just before a flare.

Preceding the preflare phase is a long period in
which magnetic flux continues to emerge and the field
configuration is thought to become more sheared and
twisted. One of the outstanding questions, still unan-
swered, is the conditions under which a flare is trig-
gered.

b. The Flash Phase

The primary release of magnetic energy occurs in the
low corona during the flash phase. The onset of the
flare is marked by short pulses of hard X rays (photons
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with energy greater than 30 keV), microwaves, and
possibly gamma rays (1- to 10-MeV photons). These
are signatures of nonthermal electrons and protons
that have been accelerated to high energy.

The X rays are the bremsstrahlung (German for
“braking radiation,” also known as free—free emission)
of fast electrons colliding with charged particles in the
coronal plasma. X rays may appear in bursts as short
as a few milliseconds that are emitted from many small
sites throughout the active region, or they may cluster
into a longer burst lasting several minutes. The photon
energy spectrum of hard X rays is generally a power
law, sometimes extending to 300 keV, with indices
between —2 and —5.

Gamma rays are energetic photons produced in part
by the collision of fast protons with light nuclei. The
most common flare gamma rays are the nuclear de-
excitation lines at 4.4 MeV of carbon and at 6.1 MeV
of oxygen. Protons with energy above 1 MeV can carry
as much as 1% of the total flare energy, implying a
rather efficient acceleration mechanism. Yohkoh ob-
servations of the gamma ray flare of October 27, 1991,
showed that the carbon gamma rays originated at the
footpoints of a flaring loop as fast charged particles
slammed into the chromosphere.

Circularly polarized microwave emission, at 1- to
6-cm wavelengths, tracks the X-ray variations very
closely, which suggests that both are produced by the
same population of nonthermal electrons. The radio
emission is thought to be the gyrosynchrotron radia-
tion of fast electrons spiraling in the magnetic field of
coronal loops. In fact, microwave images show that
the emission occurs at the bottoms of loops.

Flares also commonly emit bursts of radiation at
meter wavelengths. For example, Type III bursts at 5
to 600 MHz consist of plasma radiation, excited at
progressively lower frequencies. They are caused by
streams of electrons with energies above 40 keV that
propagate outward along high loops at speeds that are
a third the speed of light.

All of the nonthermal radiation described here arises
from the sudden conversion of a significant fraction
of the stored magnetic energy into beams of high-
energy charged particles. The primary release is
thought to occur at the tops of magnetic loops in tiny
magnetic reconnection sites. The particles then collide
with the static plasma and heat it rapidly. (Yohkoh
observed “superhot” flares with temperatures above
30 million kelvin.) Heat conduction, shock waves, tur-
bulent flows, and particle beams transport energy to
locations much deeper and denser than the site of
initial energy release. As these cooler layers are heated
impulsively, they emit extreme ultraviolet radiation
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(30-100 nm) at temperatures below a million kelvin.
Very quickly, the flux of flare energy reaches the
chromosophere, where H alpha is emitted at about
30,000 K.

Yohkoh images of a flaring magnetic loop, obtained
on January 13, 1992, have confirmed much of this
sequence of events. In particular, these observations
showed that the high-energy particles are accelerated
at or above the top of a flaring loop. Hard X rays
emitted there indicate temperatures in excess of 20
million kelvin. The particles showered down the legs
of the loop, heating it as high as 8 million kelvin and
producing soft X rays. Additional hard X rays were
emitted as the particles reached the feet of the loop.

c. The Gradual, Thermal Phase

As energy flows down the coronal loops, their ends in
the chromosophere are heated and plasma explodes
up the loops at speeds as high as 200 km/s, thereby
increasing the coronal density. This process has been
named (incorrectly) “evaporation.” It has been fol-
lowed in detail in spectra from Yohkoh.

The coronal plasma electron density reaches 10"
to 10" em ™, a hundred times its normal density. Two
parallel bright ribbons form in the H alpha chromo-
sphere at the bottoms of the loops and separate at
speeds of 5-100 km/s.

Within a few minutes, the magnetic and fast particle
flare energy is thermalized. The temperature of the
plasma rises as high as 20 million kelvin. The prime
evidence for such high temperatures is the spectrum
of emission lines in the soft X-ray range, 0.1-2 nm.
Here are found the resonance lines of the hydrogenlike
ions Fe XXV and Ca XIX, which can exist only at such
high temperatures.

Later, as the plasma cools and expands, the degree
of ionization of the heavy ions decreases gradually.
The coronal plasma is still highly turbulent at this
time, as indicated by the breadth of the emission lines.
During this phase, which may last hours, the total mass
and volume of the heated plasma rise gradually and
then eventually fall. The original arcade of coronal
loops rises, expands, and compresses the loops in the
surrounding corona.

The expansion of the flare plasma into the overlying
corona may produce a mass ejection. Often, a strong
shock, moving at a speed of 500-1000 km/s, precedes
the ejection and produces a Type II radio burst at
meter wavelengths. The ejected mass can be as large
as 10" to 10' g and carry a large fraction of the flare
energy as kinetic energy. These flare-related coronal
mass ejections have been detected in space. However,
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most ejections do not involve flares, but only the erup-
tion of an unstable filament.

d. The Postflare Phase

Gradually, the flare plasma cools and much of it
falls back to the chromosphere, as the active region
returns to its approximate preflare state. Presumably,
the region’s nonpotential magnetic field has been re-
duced, but no direct information exists on the final (or
initial!) configuration.

This relaxation process is sometimes accompanied
by the formation of postflare coronal loops visible in
H alpha and in the forbidden coronal emission lines
typical of 2 to 4 million kelvin (Fe XIV and Ca XV).
Coronal plasma seems to cool suddenly within a loop
and flow downward. Higher loops appear successively,
as though some process is gradually draining the up-
per corona.

An active region may emit a broadband circularly
polarized continuum at meter wavelengths for hours
or days following a flare. This Type IV radiation is
thought to be synchrotron emission from energetic
electrons trapped within a huge magnetic bottle.

2. Flare Models and Flare Physics

An enormous effort has been invested by solar physi-
cists in attempts to understand the complex flare
event. At present, general agreement exists on the
basic physics involved in each phase, but detailed
models are still goals for the future. The most obscure
aspects of the flare phenomenon are the energy
buildup, the triggering mechanism, and the accelera-
tion of nonthermal charged particles. These are ditfi-
cult to explain because they involve complex plasma
physics at unresolvable spatial scales and large-scale
magnetic field systems that are as yet unobservable.
The later phases, involving the expansion and cooling
of the flare plasma, are well documented and therefore
better understood.

According to present ideas, flare energy is stored in
the form of electric current systems or, equivalently,
as nonpotential components of the active region’s mag-
netic field. This energy accumulates as the footpoints
of the magnetic field are shuffled by photospheric con-
vective motions. A simple arcade of parallel coronal
loops becomes sheared, and the individual loops may
be twisted or braided. All this distortion creates in-
creasingly large electric current densities within the
coronal plasma.

The triggering of the flare may be driven by the
intrusion of an opposite polarity field or may arise
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FIGURE 21 A model of a flaring loop, derived from Yohkoh
observations. (Courtesy of the Yohkoh team.)

spontaneously as the field is distorted. Eventually, a
current-driven instability may arise at some location.
Several candidates have been proposed, among them
the Buneman, ion—cyclotron, and ion—sound instabili-
ties. When such an instability takes place, the resistivity
of the plasma can increase by orders of magnitude
and this allows magnetic field reconnection, in which
nonpotential field components are destroyed and their
energy is converted to charged particle kinetic energy
via strong electric fields. Needless to say, this process
is complicated and not well understood. To release a
large flare energy, a large volume of magnetic flux
must enter the reconnection zone and this requires
some kind of external driving pressure or a propagating
disturbance. Figure 21 is a model of a flaring loop,
derived from Yohkoh observations of the flare of Janu-
ary 13, 1992.

Once the beams of charged particles have been ac-
celerated, their subsequent evolution is somewhat eas-
ier to describe. Fast electrons produce hard X rays as
bremsstrahlung when they impact the dense plasma at
the footpoints of coronal loops. The so-called “thick-
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target” models of this process are successful in repro-
ducing the energy spectrum and time variations of hard
X-ray bursts.

The initial large-scale magnetic configurations in
which a flare may occur are not known in any detail,
although numerous plausible proposals abound. Vec-
tor magnetic observations do suggest that strong shear-
ing of the field near the neutral line of the active region
is probably a prerequisite, but these observations per-
tain to the photosphere and may not be definitive for
the corona.

C. CORONAL MASS EJECTIONS

Figure 22 illustrates a typical “coronal mass ejection”
as recorded in white light by a coronagraph aboard
the SOHO satellite. These large disruptions of the
solar corona were first observed at the solar limb in
1971 with a ground-based coronagraph by R. Hansen
and associates. Later, they were detected further out
from the Sun by coronagraphs aboard spacecraft such
as the Orbiting Solar Observatory 7, the Skylab mis-
sion, the Solwind satellite, and the Solar Maximum
Mission. Dramatic ejections were recorded on the solar
disk in X rays by the Yohkoh satellite. We now recog-
nize that such events occur about once daily at all
phases of the solar cycle and that they represent the
disruption (and subsequent re-formation) of a helmet
streamer and its associated prominence.

Figure 22 shows the different parts of the ejection.
A bright loop precedes a dim cavity, within which lies
an erupting prominence. In front of the whole system
is a fast-moving “forerunner.” The total mass of such
ejecta has been estimated at 2 X 10" to 2 X 10 g
and the total energy at 2 X 10” to 5 X 10°! ergs.

Most events are associated either with flares or with
eruptive prominences, but a sizable percentage has no
visible chromospheric counterpart. Flare-associated
events have high and constant speeds (up to 1000
km/s). Prominence events, in comparison, accelerate
slowly, from a few tens to about 300 km/s over a period
of hours.

Yohkoh observations have shown that a disrupted
helmet streamer begins to re-form within an hour. As
its distorted field lines in the high corona begin to
retract and simplify, the original internal arcade is re-
built. Energy is then dumped into the arcade, which
glows briefly in soft X rays.

Much effort has been expended toward explaining
these events in physical terms. Models that employed
flare-associated heating, with a “driver gas” propelling
the large ejecta, were initially successful. But many

91

arguments have been advanced to show that the flares
associated with such events are consequences, not
causes. The huge difference in size between the ejec-
tion and the flare and the fact that the eruption often
begins before the flare starts imply that the flare is a
secondary event.

An alternate explanation has been developed, partic-
ularly by B. C. Low at the High Altitude Observatory.
In this scenario, the low-density “cavity” of a helmet
streamer tends to rise buoyantly into the high corona.
The tension in the magnetic arcade that surrounds the
cavity tends to restrain the buoyant cavity, however.
As the roots of the magnetic arcade spread over the
solar surface, under the influence of supergranulation,
the arcade’s tension reduces, until finally the cavity
breaks loose, tearing the helmet streamer apart and
carrying the embedded prominence with it. In this
picture the forerunner (see Fig. 22) may represent a
supersonic shock wave.

However, the process is probably not this simple.
The speeds of eruption are usually below the critical
gravitational escape speed of about 550 km/s, so that
most of the ejecta return somehow to the Sun. More-
over, J. Aly has pointed out that the energy of the fully
opened magnetic field of a streamer exceeds that of its
initial configuration, so that energy of some kind must
be added to the system to enable it to erupt.

D. IRRADIANCE VARIATIONS

The total amount of energy emitted by the Sun (its
luminosity) is thought to remain constant to a very
high precision, over millions of years. During the pe-
riod from 1902 to 1960, the Smithsonian Institution
of Washington, D.C., carried out a careful series of
measurements of the solar “constant.” The program
lasted as long as it did because variations of about
1% were found, with important implications for the
Earth’s climate. However, these measurements re-
quired corrections for absorption by the Earth’s atmo-
sphere of about the same size as the observed varia-
tions. The actual solar variations remained in doubt
until recently.

New technology has laid the question to rest. A
series of satellites (1980-1988) carried an extremely
stable detector, the Active Cavity Radiometer Irradi-
ance Monitor (ACRIM). This device, developed
by Richard C. Wilson, measures the solar irradiance
with a precision of 0.001% and is stable to within
0.05%.

The ACRIM measurements show that the amount
of solar energy received by the Earth (the solar irradi-
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FIGURE 22 The disruption of a solar streamer, resulting in a coronal mass ejection, as recorded from a coronagraph aboard SOHO. A
bright loop is preceded by a faint, fast “forerunner” shock. The loop encloses a solar prominence. (Courtesy of the SOHO team.)

ance) varies by about 0.1% in step with the 11-year
sunspot cycle. At sunspot minimum, the irradiance is
also at a minimum.

Daily dips in the irradiance of about 0.01% corre-
spond to the emergence of large sunspots, and dips
as large as 0.25%, lasting ten days, correspond to
the passage of a large spot group across the solar
disk. Evidently sunspots block the flow of energy
from the interior, at least temporarily. On the other

hand, bright faculae (hot magnetic clouds that
lie just above the photosphere) contribute positively
to the irradiance. By combining the observed bright-
ness of different types of magnetic regions (spot,
faculae, active regions, etc.), scientists can fit the
observed irradiance variations in great detail. How-
ever, the physical processes that store and release
the constant stream of solar energy remain contro-
versial.
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A LAST WORD

Solar research is a mature discipline. Most of the phe-
nomena have been recognized for at least several de-
cades, but some of the most difficult questions remain
unanswered. How is the nonflaring corona heated?
How is a flare triggered? How are magnetic fields
generated in the interior? Why does the Sun have an
activity cycle and why does it last 22 years?

A satisfactory “answer” in this context would be a
complete physical theory that accords with the obser-
vations. As research progresses, however, more ques-
tions and deeper questions are constantly being raised.
Thus there is a constant need for more detailed obser-
vations to constrain theory and to eliminate obsolete
ideas.

In the near future such observations will come from
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several sources. The SOHO satellite is currently op-
erating nicely, churning out exquisite global oscillation
and coronal data, and the ground-based GONG net-
work may continue for a complete solar cycle. The
Japanese satellite Solar B is planned for launch soon
after the year 2000. With such new information in
hand, we can hope to see some of the long-standing
problems in solar physics solved at last.
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G[OSSARY Gyro radius: Radius of the orbit of a charged

particle gyrating in a magnetic field.
Alfvén speed: Speed with which small-ampli-

tude perturbations in the magnetic field propa- Heliopause: Interface between the heliosphere

gate through a plasma.

Alpha particles: Helium nuclei having mass
four times and charge twice that of a proton.

Coronal mass ejection: Solar event character-
ized by transient ejection of a large amount of
new plasma and magnetic fields into the solar
wind.

Coulomb interactions: Long-range interactions
that occur between particles that are electri-
cally charged.

and the interstellar plasma; the outer boundary
of the heliosphere.

Heliosphere: Region of space containing
plasma and magnetic fields of solar origin; a cav-
ity carved in the interstellar medium by the so-
lar wind.

Heliospheric current sheet: Surface in inter-
planetary space separating solar wind flows of
opposite magnetic polarity; the interplanetary
extension of the solar magnetic equator.
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Interplanetary magnetic field: Remnant of the
solar magnetic field dragged into interplanetary
space by the flow of the solar wind.

Magnetic reconnection: Process by which ba-
sic magnetic field topology in a plasma is
changed; pairs of magnetic field lines are broken
and then rejoined in a new way.

Plasma: A gas of ionized (charged) particles.

Plasmabeta: Ratio of gas pressureto field pres-
sure within a plasma.

Shock: A discontinuous, nonlinear change in
pressure commonly associated with supersonic
motion in a gas or plasma.

Solar activity cycle: Cycle of ~11-year duration
characterized by waxing and waning of various
forms of solar activity, such as sunspots, flares,
and coronal mass ejections.

Solar corona: Hot, tenuous outer atmosphere
of the Sun from which the solar wind originates.

Stream structure: Pattern of alternating flows
of low- and high-speed solar wind.

Termination Shock: A discontinuity in the so-
lar wind flow in the outer heliosphere where the
solar wind slows from supersonic to subsonic
motion as it interacts with the interstellar
plasma.

he solar wind is a plasma, that is, an ionized gas,

that permeates interplanetary space. It exists as a

consequence of the supersonic expansion of the
Sun’s hot outer atmosphere, the solar corona. The
solar wind consists primarily of electrons and protons,
but alpha particles and many other ionic species are
also present at low abundance levels. At the orbit of
Earth, 1 astronomical unit (AU) from the Sun, typical
solar wind densities, flow speeds, and temperatures are
on the order of 8 protons cm™, 470 km s7!, and
1.2 X 10° K, respectively; however, the solar wind is
highly variable in both space and time. A weak mag-
netic field embedded within the solar wind plasma is
effective both in excluding some low-energy cosmic
rays from the solar system and in channeling energetic
particles from the Sun into interplanetary space. The
solar wind plays an essential role in shaping and stimu-
lating planetary magnetospheres and the ionic tails
of comets.

THE SOLAR WIND

. DISCOVERY
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A. EARLY INDIRECT OBSERVATIONS

In 1859, R. Carrington, a solar astronomer, made one
of the first white light observations of a solar flare. He
noted that a major geomagnetic storm began approxi-
mately 1.5 days after the flare, and tentatively sug-
gested that a causal relationship might exist between
the solar and geomagnetic events. Subsequent observa-
tions revealed numerous examples of apparent associa-
tions between solar flares and large geomagnetic
storms. In the early 1900s, F. Lindemann suggested
that this apparent relationship could be explained if
large geomagnetic storms result from an interaction
between the geomagnetic field and high-speed clouds
of protons and electrons ejected into interplanetary
space by solar activity. (Although we now know that
the Sun does, in fact, frequently and sporadically eject
clouds of charged particles into space, the phenomenon
is not fundamentally a result of solar flares.) Early
studies of geomagnetic activity also noted that some
geomagnetic storms tend to recur at the ~27-day rota-
tion period of the Sun as observed from Earth, particu-
larly during declining years of the solar activity cycle.
This observation led to the suggestion that certain
regions of the Sun, commonly called M-regions (for
magnetic), occasionally produce long-lived charged
particle streams in interplanetary space. Further, be-
cause some form of auroral and geomagnetic activity
is almost always present at high geomagnetic latitudes,
it was suggested that charged particles from the Sun
almost continuously impact and perturb the geomag-
netic field. [See SUN.]

Observations of galactic cosmic rays (highly ener-
getic charged particles that originate outside the solar
system) in the 1930s also suggested that clouds of
charged particles (and magnetic fields) are ejected from
the Sun during intervals of high solar activity. For
example, S. Forbush noted that the intensity of cosmic
rays measured at Earth’s surface often decreases sud-
denly during large geomagnetic storms, and then re-
covers slowly over a period of several days. Moreover,
on a long-term basis, cosmic ray intensity varies in a
cycle of ~11 years, but roughly 180° out of phase with
the solar activity cycle. One possible explanation of
these observations was that the cosmic rays from inter-
stellar space are swept away from the vicinity of Earth
by means of magnetic fields embedded in clouds of
charged particles emitted from the Sun during large
flares.
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From a study of ionic comet tails in the early 1950s,
L. Biermann concluded that there must be a continu-
ous outflow of charged particles from the Sun. He
based this conclusion on calculations that indicated
that the orientations of ionic comet tails, which always
point away from the Sun independent of the orbital
inclination of the comets, could only be explained in
terms of an interaction between material emitted from
the comets and charged particles continuously flowing
outward away from the Sun into interplanetary space.
Biermann estimated that a continuous particle flux on
the order of 10" protons ecm™ s™! was needed at 1 AU
to explain the comet tail observations. He later revised
his estimate downward to a value of ~10° protons cm ™
s L. (Direct measurements by spacecraft show that the
average solar wind particle flux at 1 AU is actually
~3 X 10®protons cm™? s7.) [See PHyYsICs AND CHEMIS-
TRY OF COMETS.]

B. PARKER'S MODEL OF THE SOLAR WIND

Apparently inspired by these diverse observations and
interpretations, E. Parker, in 1958, formulated a radi-
cally new theoretical model of the solar corona that
proposed that the solar atmosphere is continually ex-
panding into interplanetary space. Prior to Parker’s
work, most theories of the solar atmosphere treated
the corona as static and gravitationally bound to the
Sun. S. Chapman had constructed a model of a static
solar corona in which heat transport was dominated
by the thermal conduction of electrons. For a 106 K
coronal temperature, the classic electron thermal con-
ductivity is 8 X 10% ergs cm™' s7! deg™!, and Chapman
found that even a static solar corona must extend far
out into interplanetary space. At the orbit of Earth,
his model gave electron densities of 10° to 10° cm™
and temperatures of ~2 X 10° K. Parker realized,
however, that such a static model leads to pressures at
very large distances from the Sun that are seven to eight
orders of magnitude larger than estimated pressures of
the interstellar plasma. Because of this mismatch in
pressures at large heliocentric distances, he reasoned
that the solar corona could not be in hydrostatic equi-
librium and must therefore be expanding. His consid-
eration of the hydrodynamic (i.e., fluid) equations for
mass, momentum, and energy conservation for a hot
solar corona led him to unique solutions for the coronal
expansion that depended on the value of the coronal
temperature close to the surface of the Sun. The expan-
sion produced low flow speeds close to the Sun, super-
sonic flow speeds (i.e., flow speeds greater than the
speed with which sound waves propagate) far from the
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FIGURE 1 E. N. Parker’s original solutions for solar wind flow
speed as a function of heliocentric distance for different coronal
temperatures. Subsequent work has demonstrated that the simple
relationship between coronal temperature and solar wind speed illus-
trated here is incorrect. [From E. N. Parker (1963). “Interplanetary
Dynamical Processes.” Interscience, New York. Copyright © 1963.
Reprinted with permission of John Wiley & Sons, Inc.]

Sun (Fig. 1), and vanishingly small pressures at large
heliocentric distances. In view of the fluid character
of the solutions, Parker called this continuous, super-
sonic, coronal expansion the “solar wind.”

C. FIRST DIRECT
OBSERVATIONS OF THE SOLAR WIND

Parker’s theoretical ideas about the solar wind origi-
nally met with some resistance, but experimental con-
firmation was not long in coming. Several early Russian
and American space probes in the 1959-1961 era pene-
trated interplanetary space and found tentative evi-
dence for a solar wind. Firm proof was provided by
C. Snyder and M. Neugebauer, who flew a plasma
experiment on the Mariner 2 space probe on its epic
3-month journey to Venus in late 1962. Their experi-
ment detected a continual outflow of plasma from the
Sun that was highly variable, being structured into
alternating streams of high- and low-speed flows that
lasted for several days each. Several of the high-speed
streams apparently recurred at the rotation period of
the Sun. Average solar wind proton densities (normal-
ized for a 1 AU heliocentric distance), flow speeds, and
temperatures during this 3-month interval were 5.4
cm™, 504 km s7!, and 1.7 X 10° K, respectively, in
essential agreement with the predictions of Parker’s
model. The Mariner 2 observations also showed that
helium, in the form of alpha particles, is present in
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the solar wind in variable amounts; the average alpha
particle abundance relative to protons determined
from the Mariner 2 measurements was 4.6 %, consider-
ably lower than estimates of the helium abundance
within the Sun itself. Finally, measurements made by
Mariner 2 confirmed the presence of an interplanetary
magnetic field whose strength and orientation in the
ecliptic plane were much as predicted by Parker (see
Section III).

Despite the fundamental agreement of the observa-
tions with Parker’s predictions, we still do not under-
stand well the processes that heat the solar corona and
accelerate the solar wind. Parker simply assumed the
observational result that the corona is heated to a very
high temperature, but he did not say how this is accom-
plished. Moreover, it is now known that thermal heat
conduction is insufficient to power the coronal expan-
sion. There now seem to be two main classes of models
for heating the corona and accelerating the solar wind:
heating and acceleration by waves generated by con-
vective motions below the photosphere that propagate
up into the corona; and bulk acceleration and heating
associated with transient events in the solar atmosphere
such as reconnection. Present observations are incapa-
ble of distinguishing between these and other possi-
ble alternatives.

1. STATISTICAL PROPERTIES
IN THE ECLIPTIC PLANE AT 1 AU

© © © o o o o o o o o o o o © o o o o o o© o o o

Table I summarizes a number of statistical properties
of the solar wind derived from satellite measurements
in the ecliptic plane at 1 AU. The table includes mean
values, standard deviations about the mean values
(STD), most probable values, median values, and the
5-95% range limits for the ion number density (n),
the flow speed (V,,), the magnetic field strength (B),
the alpha particle abundance relative to protons
[A(He)], the proton temperature (7)), the electron
temperature (T;), the alpha particle temperature (7,),
the ratio of the electron temperature to the proton
temperature (1./7T,), the ratio of the alpha particle
temperature to the proton temperature (7,/T),), the
number flux (nV,), the sound speed (C,), and the Alf-
vén speed (C,) (the speed at which small-amplitude
perturbations in the magnetic field propagate through
the plasma). As noted previously, all the individual
solar wind parameters exhibit considerable variability;
we will see shortly that variations in solar wind parame-
ters are often coupled to one another. It is of interest
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that the average proton, alpha particle, and electron
temperatures are not equal. Moreover, the proton tem-
perature is considerably more variable than is the elec-
tron temperature, and the alpha particles almost always
have a higher temperature than either the electrons or
the protons. The alpha particle-proton temperature
ratio scales roughly as the ratio of masses; that is, the
alpha particles and the protons tend to have nearly
equal thermal speeds and therefore temperatures that
differ by a factor of about four. Finally, the solar wind
flow speed is always greater than the sound speed and
is almost always greater than the Alfvén speed, that is,
the flow is usually both supersonic and superalfvénic.

1. BASIC NATURE OF THE
NTERPLANETARY MAGNETIC FIELD
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In addition to being a very good thermal conductor, the
solar wind plasma is an excellent electrical conductor.
Indeed, the electrical conductivity of the plasma is so
high that the solar magnetic field is “frozen” into the
solar wind flow as it expands away from the Sun. Be-
cause the Sun rotates, field lines in the equatorial plane
of the Sun are bent into spirals (Fig. 2) whose inclina-
tions relative to the radial direction depend on helio-
centric distance and the speed of the solar wind. Each
field line threads plasma emitted from a single point
on the Sun. At 1 AU, the average field line spiral
in the equatorial plane is inclined ~45° to the radial
direction from the Sun.

In Parker’s simple model, interplanetary magnetic
field lines out of the equatorial plane take the form of
helixes wrapped about the rotation axis of the Sun.
These helixes are ever more elongated at higher solar
latitudes and eventually approach radial lines over the
poles of the Sun. The equations describing Parker’s
model of the interplanetary magnetic field far from
the Sun are

Br(ra ¢’ 0) = B(r07 ¢07 0)(1‘0/1‘)2
By(r, ¢, 0) = —B(1y, ¢y, O wri/ V1) sin 0
B@ = 0

Here r, ¢, and 6 are radial distance, longitude, and
latitude in a Sun-centered spherical coordinate system,
B., B,, and B,are the magnetic field components in this
coordinate system, o is the angular velocity associated
with solar rotation (2.9 X 107 radians s'), V, is the
solar wind flow speed (assumed constant with distance
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TABLE |
Statistical Properties of the Solar Wind at 1 AU

Parameter Mean STD Most probable Median 5-95% range
n (em™) 8.7 6.6 5.0 6.9 3.0-20.0
V,, (km s™) 468 116 375 442 320-710

B (@T) 6.2 2.9 5.1 5.6 2.2-99
A(He) 0.047 0.019 0.048 0.047 0.017-0.078
T, (X10° K) 1.2 0.9 0.5 0.95 0.1-3.0

T. (X10° K) 1.4 0.4 1.2 1.33 0.9-2.0

T, (X10° K) 5.8 5.0 1.2 4.5 0.6-15.5
T./T, 1.9 1.6 0.7 1.5 0.37-5.0
T./T, 4.9 1.8 4.8 4.7 2.3-7.5
nV, (X10* cm™2 s7") 3.8 24 2.6 3.1 1.5-7.8

C (kms™) 63 15 59 61 41-91

C, (kms™) 50 24 50 46 30-100

from the Sun), and ¢ is an initial longitude at a refer-
ence distance ry from Sun center.

Parker’s model is in reasonably good agreement
with suitable averages of the magnetic field measured
in the ecliptic plane and at high latitudes over a wide
range of heliocentric distances. However, the instanta-
neous orientation of the field often deviates substan-

e Orbit of earth

300 km/sec

300 km/sec

300 km/sec

FIGURE 2 Configuration of the interplanetary magnetic field in
the ecliptic plane for a uniform solar wind expansion of 300 km s~'.
[From E. N. Parker (1963). “Interplanetary Dynamical Process.”
Interscience, New York. Copyright © 1963. Reprinted with permis-

sion of John Wiley & Sons, Inc.]

tially from the model field at all latidues. Moreover,
there is evidence that interplanetary magnetic field
lines commonly wander in latitude as they extend out
into the heliosphere. This effect appears to be a result
of motion of the footpoints of the field lines on the
surface of the Sun associated with both differential
solar rotation (the surface of the Sun rotates at different
rates at different latitudes) and turbulent convective
motions.

V. STREAM STRUCTURE

A. CORONAL STRUCTURE
AND THE CORONAL MAGNETIC FIELD

Photographs taken at times of solar eclipse reveal that
the corona is highly nonuniform, being structured by
the complex solar magnetic field into a series of ar-
cades, rays, holes (regions relatively devoid of mate-
rial), and streamers. Some of this structure is evident
in Fig. 3, which shows the solar corona as photo-
graphed in white light during the solar eclipse of March
18, 1988. Bright regions in the corona tend to be
places where the field inhibits the coronal plasma from
expanding outward, and dark regions (holes) are places
where the solar wind expansion easily overpowers the
coronal magnetic field. The magnetic field strength
falls off sufficiently rapidly with height above the solar
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FIGURE 3 The solar corona during the total eclipse of March 18, 1988, a year prior to solar activity maximum. The very large variation
in coronal brightness as a function of height above the solar limb was attenuated by means of a radially graded filter placed at the focal plane
of the camera. (Photograph courtesy of The High Altitude Observatory, National Center for Atmospheric Research.)

surface that it is incapable of containing the coronal
expansion anywhere at altitudes above ~0.5-1.0 solar
radii. The coronal expansion is what produces the
“combed-out” appearance of coronal structures above

those heights in the photograph.

B. HIGH-SPEED SOLAR WIND STREAMS

Given the great amount of coronal structure, it should
not be surprising to learn that the solar wind is far
from homogeneous. In fact, observations reveal that
the solar wind in the ecliptic plane tends to be orga-
nized into alternating streams of high- and low-speed
flows. Figure 4, which shows time histories of selected
solar wind parameters at 1 AU for a 36-day interval
in 1974, illustrates certain characteristic aspects of this
stream structure that are particularly prevalent during
the declining phase of the 11-year solar activity cycle.
From top to bottom, the figure shows solar wind flow
speed, the helium abundance relative to hydrogen, the
proton density, and the azimuthal angle, ¢z, of the
interplanetary magnetic field (relative to an inward-
directed radial) plotted versus time. Three high-speed
streams, which began on July 22, August 2, and August
19 and which persisted for a number of days each, are
clearly evident in the figure. The July 22 and August
19 streams are actually the same stream encountered
on successive solar rotations. For each stream the maxi-
mum speed exceeds 600 km s7'; between streams the

speed falls to values below 350 km s™'. Each high-
speed stream is unipolar in the sense that ¢ is roughly
constant throughout the stream. During the streams
that began on July 22 and August 19, ¢5 is approxi-
mately 135°, indicating that the field is directed out-
ward away from the Sun along the interplanetary spiral.
In contrast, during the intervening stream, ¢y is ap-
proximately 315° and the field is directed inward to-
ward the Sun along the spiral. Sharp, long-lived rever-
sals in field polarity occur at low speeds close to the
leading edges of the high-speed streams, whereas more
transient reversals occur elsewhere within the low-
speed flows. The polarity reversals at the leading edges
of the streams correspond to crossings of the helio-
spheric current sheet (discussed in more detail in the
following section).

Variations in solar wind density are closely coupled
to the field and flow structure. Particularly large and
well-defined peaks in density occur in coincidence with
the heliospheric current sheet crossings on July 23,
August 2, and August 19. Smaller peaks in density
occur in the low-speed solar wind that are loosely
associated with more transient reversals in field polar-
ity. The density tends to be lowest within the cores
of the high-speed streams. Within the high-speed
streams the helium abundance, A(He), is roughly con-
stant at a value of about 4.5%, whereas within the low-
speed flows A(He) is more variable, but tends toward
lower values than within the cores of the high-speed
streams. Relative minimums in A(He) occur at cross-
ings of the heliospheric current sheet.
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FIGURE 4  Sclected solar wind parameters for a 36-day interval in 1974, illustrating characteristics of solar wind stream structure as observed
at Earth’s orbit. [From J. T. Gosling et al. (1981). J. Geophys. Res. 86, 5438.]

C. THE CONNECTION nal structure. Quasi-stationary high-speed streams
BETWEEN CORONA STRUCTURE originate in coronal holes (the dark regions in Fig. 3),
AND SOLAR WIND STREAM STRUCTURE which are large, nearly unipolar regions in the solar
atmosphere. The coronal density is relatively low
Figure 5 provides a schematic illustration of the con- within coronal holes because the solar wind expansion
nection between solar wind stream structure and coro- there is relatively unconstrained by the solar magnetic
Fast solar
wind
g\ @ Slow sol
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FIGURE 5 Schematic illustrating the relationship between coronal structure and solar wind stream structure. [From A. J. Hundhausen
(1977). In “Coronal Holes and High Speed Wind Streams” (J. B. Zirker, ed.). Reprinted with permission of Colorado Associated University
Press, Boulder.]
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field. Low-speed flows, on the other hand, originate in
the outer portions of coronal streamers (the relatively
bright, combed-out structures in Fig. 3) that straddle
regions of magnetic field polarity reversals. Close to
the surface of the Sun within coronal streamers, the
magnetic field is strong, field lines are entirely closed,
the solar wind expansion is choked off, and coronal
densities are high. At higher altitudes within streamers,
the field is weaker and can be opened up by the coronal
plasma pressure, producing the relatively dense, slow-
speed flows at 1 AU characteristic of the region sur-
rounding polarity reversals in the magnetic field.

D. SOLAR CYCLE EFFECTS

The corona continually evolves in response to the
changing solar magnetic field associated with the ad-
vance of the ~11-year solar activity cycle. Near solar
activity minimum and on the declining phase of the
solar cycle, large coronal holes are found near the
solar magnetic poles that often extend down to low
heliographic latitudes. Thus quasi-stationary high-
speed streams are common in the ecliptic plane at these
times. Near solar activity maximum, however, strong
magnetic fields choke off the coronal expansion over
much of the Sun, and the solar wind flow in the ecliptic
tends to be slower and more variable, often being dis-
rupted by transient events associated with solar activity.

V. THE HELIOSPHERIC CURRENT
SHEET AND SOLAR LATITUDE EFFECTS

A. RELATIONSHIP TO
THE SOLAR MAGNETIC FIELD

We have seen that polarity reversals in the interplane-
tary magnetic field, which correspond to crossings of
the heliospheric current sheet, map to the centers of
coronal streamers. Coronal streamers, in turn, lie
above regions in the lower solar atmosphere where the
solar magnetic field reverses direction. On the declin-
ing phase of the solar activity cycle and near solar
activity minimum, the Sun’s large-scale magnetic field
is approximately that of a dipole, similar to the Earth’s.
Regions where the Sun’s field reverses direction from
outward to inward and vice versa correspond approxi-
mately to the solar magnetic equator. Justas the Earth’s
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magnetic dipole is tilted relative to the Earth’s rotation
axis, so too is the solar magnetic dipole tilted with
respect to the Sun’s rotation axis. (The Sun’s rotation
axis, in turn, is tilted approximately 7° relative to eclip-
tic north.) However, the orientation of the solar mag-
netic dipole relative to the solar rotation axis is consid-
erably more variable in time than is the orientation of
the Earth’s magnetic dipole relative to its rotation axis.
As illustrated in the left portion of Fig. 6, near solar
activity minimum the solar magnetic dipole tends to
be aligned nearly with the rotation axis, whereas on
the declining phase of the activity cycle it is generally
inclined at a considerably larger angle relative to the
rotation axis. Near solar maximum the Sun’s field is
not well approximated by a dipole.

B. THE BALLERINA SKIRT MODEL

Whenever the solar magnetic dipole and the solar rota-
tion axis are closely aligned, the heliospheric current
sheet in interplanetary space tends to coincide roughly
with the solar equatorial plane. On the other hand, at
times when the dipole is tilted substantially relative
to the rotation axis, the heliospheric current sheet in
interplanetary space becomes warped into an overall
structure that resembles a ballerina’s twirling skirt, as
illustrated in the right portion of Fig. 6. Successive
outward ridges in the current sheet (folds in the skirt)
correspond to successive solar rotations and are sepa-
rated in heliocentric distance by about 4.7 AU when
the flow speed at the current sheet is 300 km s™'. The
maximum solar latitude attained by the current sheet
in this simple picture is equal to the tilt of the magnetic
dipole axis relative to the rotation axis.

C. SOLAR LATITUDE EFFECTS

On the declining phase of the solar activity cycle and
near solar minimum, solar wind variability and stream
structure are largely confined to a relatively narrow
latitude band centered on the solar equator. This is
illustrated in Fig. 7, which shows solar wind speed as
a function of solar latitude as measured by the Ulysses
space probe on the declining phase of the most recent
solar cycle. Ulysses is nearly in a polar orbit about the
Sun, reaching solar latitudes of *=80° in its ~6-year
journey about the Sun. It is clear from the figure that
the solar wind speed is highly variable at low helio-
graphic latitudes, ranging from ~300 to ~850 km s™!
there, but is nearly constant at a value of 850 km s™!
at high latitudes. This latitude effect is a consequence
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Minimum

FIGURE 6 Right: schematic illustrating the configuration of the heliospheric current sheet in interplanetary space when the solar magnetic
dipole is strongly tilted relative to the rotation axis of the Sun. The heliospheric current sheet separates interplanetary magnetic fields of
opposite magnetic polarity and is the interplanetary extension of the solar magnetic equator. Left: schematic illustrating the changing tilt of
coronal structure and the solar magnetic dipole relative to the rotation axis of the Sun as a function of phase of the solar activity cycle.
[Adapted from J. R. Jokipii and B. Thomas (1981). Astrophys. J. 243, 1115; and from A. J. Hundhausen (1977). In “Coronal Holes and High
Speed Wind Streams” (J. B. Zirker, ed.). Reprinted with permission of Colorado Associated University Press, Boulder.]
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FIGURE 7  Solar wind speed as a function of heliographic latitude as measured by the Ulysses space probe from mid-February 1992 through
mid-October 1997. Data shown in the left portion of the figure are centered on orbit perihelion at 1.4 AU, whereas data on the right are
centered on orbit aphelion at 5.4 AU. The apparent difference in the latitude scale of structure in the flow speed in the left and right portions
of the figure is an artifact associated with the fact that the spacecraft changed latitude very rapidly near perihelion but only very slowly
near aphelion.
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of two aspects of the solar wind already noted: (1) solar
wind properties change rapidly with distance from the
heliospheric current sheet, with flow speed increasing
and density decreasing away from the current sheet;
and (2) the heliospheric current sheet is commonly
tilted relative to the solar equator, but is usually found
within about *30° of it. Neglecting transient events
associated with solar activity (discussed later), both
low- and high-speed flows, originating from coronal
streamers surrounding the current sheet and from
coronal holes, respectively, are observed at low lati-
tudes as the Sun rotates. At high latitudes only high-
speed flows from the polar corona holes are observed.
The width of the band of solar wind variability changes
as the tilt of the heliospheric current sheet changes;
Fig. 7 indicates that the total band width varied from
about 40° to about 70° during the phase of the solar
activity cycle sampled by Ulysses. Itis believed that the
band of solar wind variability at solar activity maximum
extends to significantly higher heliographic latitudes,
perhaps almost to the poles.

VI. EVOLUTION OF
STREAM STRUCTURE
WITH DISTANCE FROM THE SUN

A. OBSERVATIONS OF
EVOLVED STREAMS AT 1 AU

The high-speed solar wind streams shown in Fig. 4
are asymmetric in the sense that the speed rises more
rapidly on the leading edges of the streams than it falls
on the trailing edges. This and several other aspects
of solar wind stream structure can be seen in Fig. 8,
which shows the result of superposing data from 25
streams, keying on the peak in solar wind density at
the leading edges of the streams. Note that on the
average the density peaks as the speed rises and drops
to low values as the speed falls. The plasma pressure
also maximizes as the speed rises and decreases steadily
throughout the trailing portion of the average stream.
On the leading edge of the stream, the flow is deflected
first in the sense of planetary motion about the Sun
(i.e., so as to appear to be coming from east of the
Sun) and then in the opposite direction shortly after
the peak in plasma pressure. This pattern of variability,
which often is highly repeatable from one stream to
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the next, is the inevitable consequence of the evolution
of a stream as it progresses outward from the Sun.
Such evolution continues as a stream moves beyond
Earth’s orbit, producing dramatic changes in stream
structure in the distant heliosphere.

B. KINEMATIC STREAM STEEPENING

The solar wind expansion from the Sun is variable in a
spatial sense primarily because of the controlling influ-
ence of the highly structured solar magnetic field. As the
Sun rotates with a period of 27 days as observed from
Earth, alternately slow, then fast, then slow, and so on,
plasma is directed outward along any radial line from
the Sun. A snapshot of the speed of the solar wind as a
function of heliocentric distance along a radial line in
the equatorial plane in the inner heliosphere at some
initial time & might appear as shown in the left of the
upper panel of Fig. 9. The dots in the snapshot identify
different parcels of solar wind plasma moving at differ-
ent speeds; these parcels originated from different posi-
tions on the Sun at different times and are therefore
threaded by different magnetic field lines. At later times
t + Atand ¢ + 2A¢, the faster-moving plasma at the
crest of the stream has overtaken and interacted with
the slower plasma ahead, while at the same time it has
outrun the slower-moving plasma from behind. Thus
high-speed streams initially evolve with increasing he-
liocentric distance toward the sawtooth form illustrated
on the rightin the upper panel of Fig. 9. Material within
the stream is rearranged as the stream steepens; parcels
of plasma on the rising speed portion of the stream are
compressed closer together, causing an increase in pres-
sure there (lower panel of Fig. 9), whereas parcels on
the falling speed portion of the stream are increasingly
separated. The various parcels of gas cannot interpene-

trate one another because they are threaded by different
field lines.

C. STREAM DAMPING
AND SHOCK FORMATION
IN THE OUTER HELIOSPHERE

The steepening of a high-speed stream and the buildup
in pressure on the rising speed portion of the stream are
simple consequences of nonuniform coronal expansion
and solar rotation. However, the pressure buildup pro-
duces forces (see lower panel of Fig. 9) that eventually
limit the steepening of the stream and leads to novel
features at large distances from the Sun. These forces
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FIGURE 8 Average solar wind stream profiles at 1 AU for selected parameters (flow speed, proton density, proton thermal pressure, and
bulk flow azimuth), obtained by superposing and averaging data for 25 different streams during 1965-1967. [Adapted from J. T. Gosling et

al. (1972). J. Geophys. Res. 77, 5442.]

act to accelerate the low-speed plasma on the leading
edge of the stream and decelerate the high-speed
plasma near the crest of the stream. The net result of
the action of these forces is to limit the steepening of
the stream and to transfer momentum and energy from
the fast-moving plasma to the slow-moving plasma.
As long as the amplitude of a high-speed solar wind
stream is not too large, the stream will gradually damp
out with increasing heliocentric distance in the manner
just described. However, when the stream amplitude,
v, is greater than about twice the fast mode speed,
(;, the pressure on the rising speed portion of a stream
increases nonlinearly as the stream steepens, and a
pair of shock waves forms on either side of the high-
pressure region (Fig. 10). [The fast mode speed is

the characteristic speed with which small-amplitude
pressure signals propagate in a plasma. C; = (C? +
C?2)%.] One of these shocks, known as a forward shock,
propagates foward toward the trough of the stream
and the other, known as a reverse shock, propagates
backward toward and through the crest of the stream.
Both of these shocks, however, are convected away
from the Sun by the very high bulk flow of the wind.
The major accelerations and decelerations associated
with stream evolution now occur discontinuously at
the shock surfaces, giving the stream speed profile the
appearance of a double sawtooth wave, as shown in
Fig. 10. The stream amplitude decreases and the com-
pression region expands with increasing heliocentric
distance as the reverse shock propagates back into the
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FIGUREY Above: schematic illustrating the kinematic steepening
of a high-speed solar wind stream with increasing distance from the
Sun. The steepening arises because plasma at the crest of the stream
travels faster than plasma ahead of and behind the crest. Plasma on
the leading edge of the stream becomes compressed during the
steepening process, resulting in a buildup of pressure on the leading
edge of the stream, as illustrated below. Forces associated with this
buildup of pressure limit the steepening of the stream and transfer
momentum from the fast-moving plasma to the slow-moving
plasma ahead.

heart of the stream and the forward shock propagates
into the lower-speed plasma ahead. Thus, damping of
the stream occurs by removal of the fastest and slowest
solar wind plasma. Observations indicate that few solar
wind streams steepen sufficiently inside 1 AU to cause
shock formation by the time the streams cross the
Earth’s orbit. Nevertheless, because C; generally de-
creases with increasing heliocentric distance, virtually
all large-amplitude solar wind streams steepen into
shock wave structures at heliocentric distances beyond
~3 AU. At heliocentric distances beyond the orbit of
Jupiter (~5.4 AU), a large fraction of the mass in the
solar wind flow is found within compression regions
bounded by shock waves on the rising portions of
damped high-speed streams.

D. STREAM EVOLUTION
IN TWO DIMENSIONS
IN THE INNER HELIOSPHERE

So far we have considered stream evolution only along
a fixed radius extending outward from the Sun in the
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equatorial plane. The evolution of the stream is similar
atall solar longitudes in the equatorial plane; however,
the degree of evolution at any particular time is a
function of longitude. When the coronal expansion is
spatially variable but time stationary, a steady flow
pattern such as sketched in Fig. 11 develops in the
equatorial plane. This entire pattern corotates with
the Sun and the compression regions are known as
corotating interaction regions, or CIRs. It is worth
emphasizing, however, that only the pattern rotates—
each parcel of solar wind plasma moves outward nearly
radially as indicated by the arrows. The region of high
pressure associated with a CIR is nearly aligned with
the magnetic field line spirals in the equatorial plane
and the pressure gradients are thus nearly perpendicu-
lar to those spirals. Consequently, in the inner helio-
sphere the accelerations associated with the pressure
gradients that form on the rising speed portion of a
high-speed stream have transverse as well as radial
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FIGURE 10  Snapshots of solar wind flow speed (above) and pres-
sure (below) as functions of heliocentric distance at different times
during the evolution of a large-amplitude, high-speed solar wind
stream as calculated from a simple numerical model. [Adapted from
A. J. Hundhausen (1973). J. Geophys. Res. 78, 1528.]
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FIGURE 11 Schematic illustrating two-dimensional, quasi-sta-
tionary stream structure in the ecliptic plane in the inner heliosphere.
The compression region on the leading edge of a stream is nearly
aligned with the spiral magnetic field and the forces associated with
the pressure gradients there have transverse as well as radial compo-
nents. [From V. J. Pizzo (1978). J. Geophys. Res. 83, 5563.]

components. In particular, the low-speed plasma near
the trough of the stream not only is accelerated to a
higher speed, as previously discussed, but also is de-
flected in the direction of solar rotation. In contrast,
the high-speed plasma near the crest of the stream is
both declerated and deflected in the direction opposite
to solar rotation. These transverse deflections are re-
sponsible for the systematic changes in flow direction
observed near the leading edges of quasi-stationary,
high-speed streams shown in Fig. 8.

E. TWO-DIMENSIONAL STREAM
STRUCTURE IN THE OUTER HELIOSPHERE

In the outer heliosphere, CIRs become almost trans-
verse to the radial direction. If the solar wind expansion
is time stationary and there is only one high-speed
stream in the equatorial plane, then in the outer helio-
sphere the forward shock eventually overtakes the re-
verse shock from the same stream on the previous
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rotation, as illustrated in the upper panel of Fig. 12.
In this case, all the solar wind plasma in the equatorial
plane becomes compressed at least once by the time
it reaches a distance of about 20 AU from the Sun.
When two or more streams are present in the equato-
rial plane, the forward and reverse shocks from the
various streams intersect before the above closure can
occur. For example, the lower panel of Fig. 12 shows
a case of identical streams in the equatorial plane sepa-
rated in solar longitude by 180° and for which all the
plasma is compressed at least once by the time it
reaches 10 AU.

The basic structure of the solar wind in the solar
equatorial plane in the distant heliosphere thus differs
considerably from that observed at 1 AU. Stream flow

20 25AU

FIGURE 12 Schematic drawings of stream compression regions
in the solar equatorial plane for a single solar wind stream (above)
and for two identical streams separated by 180° in solar longitude
(below). Beyond ~3 AU, the compression regions are bounded
by forward-reverse shock pairs (solid lines) that diverge from one
another, causing expansion of the compression regions. For the case
of a single stream, the forward and reverse shocks from the same
stream intersect one another at a distance of ~20 AU; for the case
of two identical streams, the compression regions begin to overlap
at ~10 AU. [Adapted from ]J. T. Gosling (1986). In ““Magnetospheric
Phenomena in Astrophysics” (R. I. Epstein and W. C. Feldman,
eds.). Reprinted with permission of American Institute of Physics,
New York.]
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FIGURE 13 A sketch illustrating the origin of north—south tilts
of corotating interaction regions in the solar wind. The band of
slow wind girdling the Sun at low latitudes is tilted relative to the
heliographic equator in the same sense as the heliospheric current
sheet (HCS). Solar rotation causes the fast wind to overtake the
slow wind in interplanetary space far from the Sun along tilted
interfaces between the slow and fast winds. The tilts are opposite
in the northern and southern hemispheres. [Adapted from J. T.
Gosling et al. (1993). Geophys Res. Lett. 20, 2789.]

speed amplitudes are severely reduced and high-fre-
quency velocity structures are damped out. The domi-
nant structure in the solar equatorial plane in the outer
heliosphere becomes the expanding CIR, where most
of the plasma and field are concentrated. The CIRs are
commonly bounded by shocks that eventually interact
with one another.

F. STREAM EVOLUTION
IN THREE DIMENSIONS

There is, of course, a three-dimensional aspect to
stream evolution. In particular, the CIRs associated
with stream evolution tend to have systematic north—
south tilts that are opposite in the northern and south-
ern solar hemispheres. The sketch shown in Fig. 13
illustrates how these tilts arise. A band of slow wind
emanates from the Sun at low latitudes. This band is
associated with coronal streamers that lie above the
magnetic equator. Because the magnetic equator is
commonly tilted relative to the heliographic equator,
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so too is the band of slow wind. At higher latitudes a
fast wind emanates from the coronal holes that sur-
round the magnetic poles. Both of these flows are
nearly radially outward from the vicinity of the Sun.
As the Sun rotates, the fast wind overtakes the slow
wind in interplanetary space along interfaces that are
inclined relative to the solar equator in the same sense
as is the band of slow wind. (At the other interfaces,
where fast wind runs away from the slower wind, rar-
efactions are produced.) The interfaces, and the CIRs
in which they are embedded (shaded in Fig. 13), have
opposite north—south tilts in the northern and south-
ern solar hemispheres. The forward and reverse waves
bounding the CIRs always propagate roughly perpen-
dicular to the interfaces. Thus, in addition to the mo-
tions already described, the forward waves in both
hemispheres propagate toward and eventually across
the equator, whereas the reverse waves in both hemi-
spheres propagate toward higher latitudes. These mo-
tions can be discerned in plasma data by systematic
north—south deflections of the flow, which are opposite
in the northern and southern hemispheres, as a CIR
sweeps over a spacecraft. As a result of these motions,
forward shocks in the outer heliosphere are generally
confined to the low-latitude band of solar wind vari-
ability, and the reverse shocks are commonly observed
both within the band and poleward of it. However,
the reverse shocks weaken as they propagate poleward
and seldom reach latitudes more than about 15° above
the low-latitude band.

G. QUASI-STATIONARY STREAMS
AND RECURRENT GEOMAGNETIC ACTIVITY

A close relationship exists between coronal holes, high-
speed solar wind streams, CIRs, and recurrent geomag-
netic activity. It is now clear that the mysterious M-
regions, hypothesized long before the era of satellite
observations of the Sun and the solar wind, are to be
identified with coronal holes, whereas the long-lived
particle streams responsible for recurrent geomagnetic
activity are to be identified with high-speed solar wind
streams. Energy from the solar wind is transferred into
the Earth’s magnetosphere primarily via reconnection
between the interplanetary magnetic field and the
Earth’s magnetic field at the magnetopause, the outer
boundary of the Earth’s magnetosphere. Magnetic re-
connection favors oppositely directed magnetic fields.
Since the Earth’s field is generally directed northward
in the outer dayside magnetosphere, dayside reconnec-
tion favors a southward-directed interplanetary mag-
netic field. The rate of reconnection, and hence the
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rate at which energy flows into the magnetosphere
from the solar wind, depends on both the speed of the
wind past the magnetosphere and the strength of the
southward component of the interplanetary magnetic
field, B,. Both V, and B, tend to be large within CIRs,
where compression increases the strength of the inter-
planetary magnetic field, including any southward
component present prior to compression. Thus, geo-
magnetic activity tends to peak during the passage of
CIRs, which pass over Earth approximately every 27
days when the solar wind outflow is steady for long
periods of time.

VII. CORONAL MASS EJECTIONS
AND TRANSIENT DISTURBANCES

A. CHARACTERISTICS OF
CORONAL MASS EJECTIONS

The solar corona evolves on a variety of time scales
closely connected with the evolution of the coronal
magnetic field. The most rapid and dramatic evolution
in the corona occurs in events now known as coronal
mass ejections, or CMEs (Fig. 14). CMEs originate in
closed field regions in the corona where the magnetic
field normally is sufficiently strong to constrain the
coronal plasma from expanding outward. Typically
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these closed field regions are found in the coronal
streamer belt that encircles the Sun and that underlies
the heliospheric current sheet. The outer edges of
CMEs often have the optical appearance of closed
loops such as the event shown in Fig. 14. Whether or
not these optical loops actually outline closed magnetic
loops remains to be established. Indeed, the overall
magnetic topology of CMEs in the corona and in inter-
planetary space is still poorly understood. Few, if any,
CMEs appear to sever completely their magnetic con-
nection with the Sun. During a typical CME, some-
where between 10" and 10" g of solar material is
ejected into interplanetary space. Ejection speeds
within about 5 solar radii of the solar surface range
from less than 50 km s™! in some of the slower events
to greater than 2000 km s™' in the fastest ones. The
average CME speed at these heights is close to, but
slightly less than, the overall 1 AU average ecliptic
solar wind speed of ~470 km s™'. Independent of their
outward speeds, CMEs observed more than 0.5 solar
radii above the limb of the Sun always continue to
progress outward into interplanetary space, that is,
they do not fall back into the Sun. Since observed solar
wind speeds in the solar wind near 1 AU are never less
than 280 km s7!, the slowest CMEs must be accelerated
further by the time they reach Earth’s orbit. Usually
it appears that the slowest CMEs are accelerated out-
ward by the same forces that accelerate the normal
solar wind. Some of the common characteristics of
CME: as observed by satellite-borne coronagraphs are
provided in List 1.

FIGURE 14 Two snapshots of a coronal mass ejection (CME) rising above the west limb of the Sun on August 10, 1973. Photographed
with the coronagraph on Skylab. The Sun is occulted by a disk at the center of each photograph; the effective diameter of the disk is 1.5
solar diameters and the field-of-view is approximately 6 solar diameters. The snapshots were separated in time by 24 minutes. [Adapted from

J. T. Gosling et al. (1974). J. Geophys. Res. 79, 4581.]
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LIST 1
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Characteristics of Coronal Mass Ejection Events near the Sun

Mass ejected: 10°-10" g

Range of outward speed of leading edge: <50 km s7'=>2000 km s™!
Average outward speed of leading edge: ~400 km s
Average latitudinal width (as viewed from Sun center): ~45°
Average longitudinal width—unknown, but events can cover >180°
Occurrence frequency: ~3.5 events day ' at solar activity maximum
~0.1 events day ' at solar activity minimum
Source region: Closed field regions (typically underlying heliospheric current sheet)
Associated solar activity: Eruptive prominences (common)
Long-duration soft X-ray events (common)
Hard X-ray events and optical flares (some of the time)
Type II and IV radio bursts (the faster events)

B. ORIGINS, ASSOCIATIONS WITH
OTHER FORMS OF SOLAR ACTIVITY,
AND FREQUENCY OF OCCURRENCE

The processes that trigger CMEs and that determine
their sizes and outward speeds are only poorly under-
stood; there is presently no consensus on the physical
processes responsible for initiating or accelerating
these events. It is clear, however, that CMEs play a
fundamental role in the long-term evolution of the
solar corona. They appear to be an essential part of
the way the corona responds to changes in the solar
magnetic field associated with the advance of the ~11-
year solar activity cycle. Indeed, there is evidence to
suggest that the release of a CME is one way that
the solar atmosphere reconfigures itself in response to
changes in the solar magnetic field. CMEs are com-
monly, but not always, observed in association with
other forms of solar activity, such as eruptive promi-
nences and solar flares. From a historical perspective
one might be led to expect that large solar flares are
the prime cause of CMEs; however, this is not the
case. Many CMEs have no obvious associations with
solar flares, and when CMEs and flares occur in associ-
ation with one another the CMEs often lift off from the
Sun before any substantial flaring activity has occurred.
Moreover, the latitudinal and longitudinal extents of
CMEs are commonly far greater than that of any asso-
ciated flares. A typical CME extends about 45° in solar
latitude close to the Sun, and some events have latitudi-
nal widths exceeding 90°. Flares are usually confined to
regions much smaller than this. When flares are ob-
served in association with CMEs, they are usually found
to one side of the CME span. Like other forms of solar
activity, CMEs occur with a frequency that varies in a
cycle of ~11 years. It has been estimated that, on the

average, the Sun emits about 3.5 CMEs day ' near the
peak of the solar activity cycle, but only about 0.1 CMEs
day ! near the minimum in solar activity.

C. INTERPLANETARY
DISTURBANCES DRIVEN BY
FAST CORONAL MASS EJECTIONS

The leading edges of the faster CMEs have outward
speeds considerably greater than that associated with
the normal solar wind expansion and drive transient
shock wave disturbances in the solar wind. Indeed, fast
CMEs are the prime source of transient solar wind
disturbances throughout the heliosphere. Figure 15
shows calculated radial speed and pressure profiles of
a simulated solar wind disturbance driven by a fast
CME at the time the disturbance first reaches 1 AU.
As indicated by the insert in the top portion of the
figure, the disturbance was initiated at the inner
boundary of the one-dimensional fluid calculation by
abruptly raising the flow speed from 275 to 980 km
s~!, sustaining it at this level for 6 h, and then returning
it to its original value of 275 km s™'. The initial distur-
bance thus mimics a uniformly fast, spatially limited
CME with an internal pressure equal to that of the
surrounding solar wind plasma. A region of high pres-
sure develops on the leading edge of the disturbance
as the CME overtakes the slower ambient solar wind
ahead. This region of higher pressure is bounded by
a forward shock on its leading edge that propagates
into the ambient solar wind ahead and by a reverse
shock on its trailing edge that propagates backward
into and through the CME. Both shocks are, however,
carried away from the Sun by the convective flow of
the solar wind, as in the case of the shocks associated
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FIGURE 15 Solar wind speed and pressure as functions of helio-
centric distance for a simple, one-dimensional gas-dynamic simula-
tion of a CME-driven disturbance. The dashed line indicates the
steady state prior to introduction of the temporal variation in flow
speed imposed at the inner boundary of 0.14 AU and shown at the
top of the figure. The hatching identifies material that was intro-
duced with a speed of 980 km s ™" at the inner boundary, and therefore
identifies the CME in the simulation. [Adapted originally from A.
J. Hundhausen (1985). In “Collisionless Shocks in the Heliosphere:
A Tutorial Review” (R. G. Stone and B. T. Tsurutani, eds.). Ameri-
can Geophysical Union, Washington, D.C.]

with steepened, corotating, high-speed streams. Both
observations and more detailed calculations indicate
that the reverse shock in CME-driven disturbances is
ordinarily present only near the center of the distur-
bance.

The simple calculation shown in Fig. 15 is consis-
tent with observations obtained near 1 AU in the eclip-
tic plane and illustrates to zeroth order the radial and
temporal evolution of an interplanetary disturbance
driven by a fast CME. The leading edge of the distur-
bance is a shock that stands off ahead of the CME. The
ambient solar wind ahead of the CME is compressed,
heated, and accelerated as the shock passes by, and the
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leading portion of the CME is compressed, heated, and
slowed as a result of its interaction with the ambient
plasma. Such compression leads to relatively high den-
sities and strong magnetic fields in a broad region
extending sunward from the shock to well within the
CME. In the example illustrated, the CME slows from
an initial speed of 980 km s™! to less than 600 km s™!
by the time the leading edge of the disturbance reaches
1 AU. This slowing is a result of momentum transfer
to the ambient solar wind ahead and proceeds at an
ever slower rate as the disturbance propagates into the
outer reaches of the heliosphere. Figure 16 displays
selected plasma and magnetic field data from a shock
wave disturbance driven by a CME and observed near
1 AU. The shock is distinguished in the data by discon-
tinuous increases in flow speed, density, temperature,
field strength, and pressure. As would be expected, the
plasma identified as the CME has a higher flow speed
than the ambient solar wind ahead of the shock. In
this case it is also distinguished by an anomalously low
temperature and a moderately strong and smoothly
varying magnetic field strength.

D. CHARACTERISTICS OF
CORONAL MASS EJECTIONS
IN THE SOLAR WIND AT 1 AU

The identification of CMEs in solar wind plasma and
field data is still something of an art. In this regard,
shocks serve as useful fiducials for searching for plasma
and/or field anomalies by which one can identify fast
CME:s. List 2 provides a summary of plasma and field
signatures that qualify as unusual compared to the nor-
mal solar wind, but that are commonly observed a num-
ber of hours after shock passage and that are often used
to identify fast CME:s in the solar wind. Most of these
anomalous signatures are observed elsewhere in the so-
lar wind as well, where, presumably, they serve to iden-
tify those numerous, relatively low-speed CMEs that do
notdrive shockdisturbances. Few CMEsat 1 AU exhibit
all of these characteristics, and some of these signatures
are more commonly observed than are others. Itappears
that CMEs are most reliably identified using signatures
that reflect their unusual magnetic field topology (see
next section). For example, the CME shown in Fig. 16
was identified in that way.

Measurements reveal that most CMEs expand as
they propagate outward through the heliosphere. Such
expansion can be a result of the CME’s dynamic inter-
action with the ambient wind, or it can be a result of
an initial high internal pressure or an initial front-
to-rear speed gradient. CME radial thicknesses are
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FIGURE 16 Selected plasma and magnetic field data from the ISEE 3 spacecraft for a transient shock wave disturbance driven by a fast
coronal mass ejection. From top to bottom, the quantities plotted are the solar wind flow speed, the log of the proton density, the log of the
proton temperature, the magnetic field strength, and the log of the pressure (gas plus field). The CME has been identified by the presence
of counterstreaming suprathermal electrons (not shown), but is also characterized by a higher speed than the ambient solar wind ahead of
the shock, by an anomalously low temperature (for the observed speed), and by a moderately strong and smoothly varying magnetic field strength.

LIST 2
Characteristics of Coronal Mass Ejections in the Solar Wind at 1 AU

Common signatures: Counterstreaming (along the field) halo electrons
Counterstreaming (along the field) energetic (energy > 20 keV) protons
Helium abundance enhancement
Ton and electron temperature depressions
Strong magnetic field
Low plasma beta
Low magnetic field strength variance
Anomalous field rotation (flux rope)
Average radial thickness: 0.2 AU
Range of speeds: 300-1000 km s™*
Single-point occurrence frequency: ~72 events year ' at solar activity maximum
~8 events year' at solar activity minimum
Magnetic field topology: Predominantly closed magnetic loops rooted at both ends in Sun
Fraction of events driving shocks: ~1/3
Fraction of earthward-directed events producing large geomagnetic storms: ~1/6
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variable; at 1 AU the typical CME has a radial width
of ~0.2 AU and at Jupiter’s orbit CMEs can have
widths as large as 2.5 AU. Approximately one-third of
all CMEs in the ecliptic plane have sufficiently high
speeds relative to the ambient solar wind to drive inter-
planetary shocks at 1 AU, like the event shown in Fig.
16; the remainder do not have sufficiently high speeds
to produce shock wave disturbances, and simply ride
along with the rest of the solar wind. On the average,
CMEs cannot be distinguished from the normal solar
wind at 1 AU on the basis of either their speed or their
plasma density. Near solar activity maximum CMEs
account for about 15% of all solar wind measurements
in the ecliptic plane at 1 AU, whereas near solar activity
minimum they account for less than 1% of all the
measurements. The Earth intercepts about 72 CMEs
yr~! near solar activity maximum and ~8 CMEs yr™!
near solar activity minimum. CMEs are much less
common at high heliographic latitudes, particularly
near activity minimum, when CMEs seem to be con-
fined largely to the low-latitude band of solar wind
variability.

E. MAGNETIC FIELD TOPOLOGY OF
CORONAL MASS EJECTIONS AND THE
PROBLEM OF MAGNETIC FLUX BALANCE

The solar wind expansion carries solar magnetic field
lines out into interplanetary space to form the inter-
planetary magnetic field. In the normal solar wind,
these field lines can usually be considered to be “open”
in the sense that they connect to field lines of the
opposite polarity only in the distant heliosphere very
far from the Sun (Fig. 17, A). CMEs, on the other hand,
originate in closed field regions in the solar corona
not previously participating directly in the solar wind
expansion, and CMEs thus open up new field lines by
dragging “closed” field lines into interplanetaray space
(Fig. 17, B). Indeed, it is the closed magnetic field
topology common to most CMEs that most clearly
distinguishes them from the ordinary solar wind. (It
is becoming increasingly clear, however, that many
CMEs in the solar wind also contain some open and,
less often, disconnected field lines as well.) Because
each CME adds new magnetic flux to interplanetary
space, the interplanetary field strength would grow
rapidly in the absence of other processes. If the closed
field lines embedded within CMEs pinch off close to
the Sun, that is, reconnect with themselves, to form
disconnected plasmoids as indicated in Fig. 17, part C,
no net increase in interplanetary field strength occurs.
However, such reconnection requires a high degree
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FIGURE 17  Schematic, not to scale, illustrating possible magnetic
field topologies in the corona (below the dashed line) and in inter-
planetary space (above the dashed line). The topology on the left
is that associated with the normal solar wind expansion, whereas
that on the right is associated with magnetic reconnection of open
field lines at the heliospheric current sheet. The central three draw-
ings correspond to possible magnetic topologies associated with
coronal mass ejections. [From D. J. McComas et al. (1992). in “Solar
Wind 7” (E. Marsch and R. Schwenn, eds.). Pergamon Press, Ox-
ford, England.]

of symmetry that is unlikely to occur. A more likely
possibility is that the magnetic “legs” of CMEs com-
monly reconnect with near neighbors to form flux
ropes (Fig. 17, D) that are partially disconnected from
the Sun. In this case each CME adds less permanent
magnetic flux to interplanetary space than it otherwise
would. Many CMEs in the solar wind have an overall
flux rope field topology, apparently because of such
reconnection. It is interesting to note that sustained
magnetic reconnection of this sort eventually produces
both open and disconnected field lines within CMEs,
as is sometimes observed. Finally, flux balance in inter-
planetary space can be maintained by the reconnection
of previously open field lines to form U-shaped struc-
tures in interplanetary space that are magnetically dis-
connected from the Sun (Fig. 17, E) and that are subse-
quently convected to the outer reaches of the
heliosphere by the flow of the solar wind. It is not
presently clear what mix of these processes is actually
responsible for maintaining a long-term balance of
magnetic flux in interplanetary space; measurements
do indicate, however, that all the interplanetary mag-
netic field topologies illustrated in Fig. 17, except pos-
sibly C, actually occur.

F. FIELD LINE DRAPING ABOUT
FAST CORONAL MASS EJECTIONS

The closed field nature of CMEs effectively prevents
any substantial interpenetration between the plasma
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FIGURE 18 A hypothetical sketch of an interplanetary shock wave
disturbance driven by a fast coronal mass ejection (above) and the
corresponding radial variation of solar wind speed and field strength
along the centerline of the disturbance (below). For simplicity, the
ambient interplanetary magnetic field, which must drape around the
CME as it forces its way outward through the solar wind, has been
assumed to be radial. The sense and degree of draping actually
observed in interplanetary space depend on a number of different
factors (see text). [Adapted from J. T. Gosling et al. (1991). J. Geo-
phys. Res. 96, 7831.]

within a CME and that in the surrounding solar wind.
Thus the ambient plasma and magnetic field ahead of
a fast CME must be deflected away from the path of
the CME. Figure 18 illustrates that such deflections
cause the ambient interplanetary magnetic field to
drape about the CME. The degree of draping and
the resulting orientation of the field ahead of a CME
depend on the relative speed between the CME and
the ambient plasma, the shape of the CME, the original
orientation of the magnetic field in the ambient plasma,
and position relative to the center-line of the CME.
Draping can play an important role in reorienting the
direction of the magnetic field ahead of a fast CME
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and, in addition, may produce a long magnetic tail
behind a very fast CME in the outer heliosphere—
somewhat akin to a cometary tail but pointing sunward
rather than antisunward. On the other hand, draping
does not affect the orientation of the field within the
CME itself; there the field orientation is determined
primarily by conditions and processes back at the Sun
where the CME originates. As a final point of interest,
Fig. 18 also illustrates that, just as the bow wave in
front of a boat moving through water is considerably
broader in extent than is the boat that produces it, so
too is the shock in front of a fast CME somewhat
broader in extent than is the CME that drives it. As a
result, it is possible to encounter a CME-driven shock
wave in interplanetary space without actually encoun-
tering the CME itself.

G. FAST CORONAL MASS
EJECTIONS AND LARGE
NONRECURRENT GEOMAGNETIC STORMS

High solar wind flow speeds and strong magnetic
fields, often with strong southward components, are
features common to solar wind disturbances driven by
fast CMEs in the ecliptic plane. This is particularly
true within the leading portions of these disturbances,
where compression serves to elevate the field strength
and draping often causes the field in the ambient
plasma ahead of the CME to point out of the ecliptic
plane (see Fig. 18). Consequently, solar wind distur-
bances driven by fast CMEs can be very effective in
stimulating geomagnetic activity. Indeed, it is now
known thatall large, nonrecurrent geomagnetic storms
occur during Earth-passage of solar wind disturbances
driven by fast CMEs. CME-driven solar wind distur-
bances are thus the long-sought link between solar
activity and geomagnetic activity. On the other hand,
many CMEs are ineffective in a geomagnetic sense.
Only about one in six CMEs passing Earth produces
a large geomagnetic storm. Typically slow CMEs do
not produce large geomagnetic storms because they
lack the strong fields and high speeds necessary to
stimulate significant activity in the Earth’s magneto-
sphere.

VIII. VARIATIONS WITH
DISTANCE FROM THE SUN

For a structureless solar wind, the solar wind speed
remains approximately constant beyond the orbit of
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Earth, the density falls off with heliocentric distance,
r,as r%, and the magnetic field decreases with distance
as described by the equations in Section II. The solar
wind temperature also decreases with increasing helio-
centric distance owing to the spherical expansion of
the plasma; however, the precise nature of the decrease
depends on particle species and the relative importance
of such things as collisions and heat conduction (e.g.,
protons and electrons have different temperatures and
evolve differently with increasing heliocentric dis-
tance). For an adiabatic expansion of an isotropic
plasma, the temperature falls off as r™*; for a plasma
dominated by heat conduction, the temperature falls
as r 7.

Of course, as already noted, the solar wind is not
structureless; rather it is characterized in the inner
heliosphere by alternating streams of high- and low-
speed flows of both spatial and temporal origin. The
continual interaction of these flows with increasing
heliocentric distance produces a radial variation of so-
lar wind speed that differs considerably from that pre-
dicted for a structureless solar wind (see Fig. 1). High-
speed flows decelerate and low-speed flows accelerate
with increasing heliocentric distance as a result of mo-
mentum transfer from the high-speed flows to the low-
speed flows on the rising speed portions of high-speed
streams (see Sections VI and VII). Consequently, near
the solar equatorial plane very far from the Sun (be-
yond ~15 AU), the solar wind flows at a nearly uniform
speed close to 400 km s™' most of the time (Fig. 19).
Only rarely are significant speed perturbations ob-
served at these very large distances from the Sun; these
rare events are associated with disturbances driven by
unusually fast CMEs that require a greater than normal
distance to dissipate their momentum.

During the radial evolution of both quasi-stationary
streams and transient disturbances, an ever greater
fraction of the interplanetaary plasma and magnetic
field becomes concentrated within the compression
regions on the rising speed portions of high-speed
streams; these compression regions are followed by
large rarefaction regions relatively devoid of plasma
and field. Thus, at low heliographic latitudes, the solar
wind density and magnetic field strength tend to vary
over a wider range in the outer heliosphere than near
the orbit of the Earth, although the average density
falls roughly as r~? and the average magnetic field falls
off roughly as predicted by the equations in Section
II. On the other hand, plasma heating associated with
the compression regions causes the solar wind temper-
ature to fall off with increasing heliocentric distance
more slowly than it otherwise would. Observations
reveal that the actual temperature decrease for both
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protons and electrons is somewhere between the adia-
batic and conduction-dominated extremes.

JTRAIATON OF THE 5042 WD

Interstellar space is filled with a dilute gas of both
neutral and ionized particles as well as a weak magnetic
field. As space probes have not yet penetrated into the
interstellar medium, the properties of the interstellar
gas and the interstellar field in the vicinity of the helio-
sphere are poorly known. In the absence of the solar
wind, the interstellar plasma would penetrate deep into
the solar system. However, because of the magnetic
fields embedded in these dilute plasmas, the interstellar
plasma and the solar wind cannot interpenetrate one
another. The result s that the solar wind blows a cavity
in the interstellar plasma; the size and shape of the
cavity depend on the momentum flux carried by the
solar wind (which decreases with increasing heliocen-
tric distance), the thermal pressure of the interstellar
plasma (which is unknown), and the motion of the
heliosphere relative to the interstellar medium. It is
currently believed that the interface between the solar
wind and the interstellar plasma, commonly known as
the heliopause, occurs at a distance of 50 to 150 AU
from the Sun in the direction of the Sun’s motion
through the interstellar medium.

The overall details of the solar wind interaction
with the interstellar plasma are still speculative because
of uncertainties in the properties of the local interstel-
lar medium and because we lack direct observations
of this interaction. Figure 20 shows what are believed
to be the major elements of the interaction. The Sun
and heliosphere are thought to be traveling at a speed
of ~23 kms™! relative to the interstellar medium. If this
motion of the heliosphere relative to the interstellar
medium exceeds the fast mode speed, (%, in the inter-
stellar plasma, then a bow shock stands in the interstel-
lar plasma upstream of the heliosphere as shown in
Fig. 20. This bow shock is analogous to the bow shocks
that stand in the solar wind flow in front of planetary
magnetospheres and ionospheres; it serves to initiate
the slowing and deflection of the interstellar plasma
around the heliosphere. The heliopause itself, which
is the outermost boundary of the heliosphere, is a
discontinuity that separates the interstellar plasma
from the solar wind plasma. Sunward of the heliopause
is a “termination” shock, where the solar wind flow is
first affected by the presence of the interstellar plasma.
The solar wind plasma is slowed (from supersonic mo-
tion to subsonic motion) as it crosses the termination
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FIGURE 19  Solar wind speed as a function of time as measured by Voyager 2 during a 1.5-year interval when the spacecraft was beyond
18 AU from the Sun. Because stream amplitudes are severely damped at large distances from the Sun, the solar wind speed there generally
varies within a very narrow range of values. Compare with the speed variations evident in Fig. 4, obtained at 1 AU during a comparable
period of the previous solar cycle. [Adapted from A. ]J. Lazarus and J. Belcher (1988). In “Proceedings of the Sixth International Solar Wind
Conference” (V. J. Pizzo, T. E. Holzer, and D. G. Sime, eds.). National Center for Atmospheric Research, Boulder, Colorado.]

shock and is gradually turned by extended pressure
gradients in the region between the termination shock
and the heliopause so as to flow roughly parallel to
the heliopause in the general direction of the flow of
the external interstellar plasma. It is not known if the
termination shock wraps entirely around the Sun, al-
though it is commonly drawn that way. The shape of
the heliosphere should be asymmetric as a result of its
motion relative to the interstellar gas; it is compressed
in the direction of that motion and is greatly elongated
in the opposite direction.

It is unlikely that the solar wind’s interaction with
the interstellar gas is as smooth and uniform as drawn
in Fig. 20 or is static in time because the momentum
flux of the solar wind in the outer heliosphere is spa-
tially and temporally variable. Present observations in
the outer heliosphere suggest that the termination
shock may be constantly in motion relative to the Sun
owing to an ever changing solar wind momentum flux;
it may never truly achieve an equilibrium position.
Moreover, Ulysses measurements indicate that the
momentum flux of the solar wind tends to be greater
at high than at low heliographic latitudes, causing the
heliopause to be farther from the Sun at high latitudes.

More direct information concerning the termination
shock and the heliopause may be forthcoming in the
years immediately ahead. The Pioneer 11 and Voyager
I'and 2 spacecraft, all of which carry a variety of particle
and field experiments, are presently beyond the orbit
of Neptune and are approaching the region where the
termination shock is thought to reside. [See PLANE-
TARY EXPLORATION MISSIONS.]

(

X KNETCPRORRTES OF T PUSH

A. THE SOLAR WIND AS A
NEARLY COLLISIONLESS PLASMA

Previous sections have emphasized that on a large scale
the solar wind behaves like a compressible fluid and is
capable of supporting relatively thin fluid structures
such as shocks. As the solar wind is a very dilute plasma
in which collisions are relatively rare, it is perhaps not

obvious why the solar wind should exhibit this fluidlike
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FIGURE 20 Schematic illustration of the heliosphere and its interaction with the interstellar plasma. The actual distance scale for this
figure is unknown; the heliopause is probably ~100 AU from the Sun in the direction of the Sun’s motion relative to the local interstellar

medium. The arrows indicate the direction of the plasma flow.

behavior. For example, using values given in Table I,
it is straightforward to show that the time between
collisions for a typical solar wind proton at 1 AU is
on the order of several days. (These collisions do not
result from direct particle impacts such as colliding
billiard balls, but rather from the long-distance “Cou-
lomb” interactions characteristic of charged particles.)
The time between collisions is thus comparable to the
time for the solar wind to expand from the vicinity of
the Sun to 1 AU, this is the basis for statements that
the solar wind is a nearly collisionless plasma. An alter-
nate, and perhaps better, statement is that the solar
wind is a marginally collisional plasma.

Why does the solar wind behave like a fluid with
so few particle collisions to effect fluidlike behavior?
First, Coulomb collisions occur more freqently than
noted in the foregoing when the solar wind tempera-
ture is low and the density is high. Second, the presence
of the interplanetary magnetic field causes charged
particles to gyrate about the field and thus they do not
travel in straight lines between collisions. For typical
conditions at 1 AU, solar wind electrons and protons
have gyroradii of ~1.4 km and ~60 km, respectively,
which are small compared to the scale size of structures

in the solar wind. Third, plasmas such as the solar
wind are subject to a variety of instabilities that are
triggered whenever the particle distribution function
departs significantly from a Maxwellian (see next sec-
tion). These instabilities produce collective interac-
tions that mimic the effects of particle collisions. Fi-
nally, because the magnetic field is frozen into the
solar wind, parcels of plasma originating from different
positions on the Sun cannot interpenetrate one an-

other.

B. KINETIC ASPECTS OF SOLAR WIND IONS

Collision rates in ordinary gases are usually very high,
and such gases can usually be described by a single
isotropic (i.e., the same in all directions) temperature,
T. The range of individual particle speeds, v, present
in an ordinary gas depends only on Vj (the flow speed
of the gas as a whole), T, and the particle mass, m.
The problem of determining how individual particle
speeds are distributed in a gas dominated by collisions,
that is, of determining the so-called distribution func-
tion, f(v), was first worked out by C. Maxwell in 1859,
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the same year that R. Carrington first observed a solar
flare and noted its apparent association with a large
geomagnetic storm. Maxwell showed that £(v)
~exp(—m(v — Vi)*/2kT), where fis the number of
particles per unit volume of velocity space and k is
Boltzmann’s constant (1.38 X 107! erg deg™"). This
form of f(v) is often referred to as a Maxwellian distri-
bution.

In contrast to the case for an ordinary gas, proton
distribution functions in the solar wind are usually
not isotropic because of the paucity of collisions and
because the magnetic field provides a preferred direc-
tion in space. In the solar wind at 1 AU, the proton
temperature parallel to the field is generally greater
than is the temperature perpendicular to the field, on
the average by a factor of ~1.4. Moreover, solar wind
proton and alpha particle distributions often exhibit
significant non-Maxwellian features such as the dou-
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ble-peaked distributions illustrated in the left panel of
Fig. 21. The second proton and alpha particle peaks
are associated with a beam of particles streaming along
the interplanetary magnetic field relative to the prime
solar wind component at a speed comparable to the
Alfvén speed. Measurements show that the relative
streaming speed of such beams is usually comparable
to or less than the local Alfvén speed, suggesting that
the streaming speed is limited by a kinetic beam insta-
bility. Whenever the relative beam speed is higher
than the Alfvén speed, the beam tends to disrupt and
transfers its momentum and energy to the main solar
wind component. Closer to the Sun, where the Alfvén
speed is higher, relative streaming speeds between the
beam and the main component can be as large as 100—
200 km s7'. Secondary proton beams are common in
the solar wind in both low- and high-speed flows. The
origin of these secondary beams is presently uncertain;
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Left: a cut through a solar wind ion count spectrum parallel to the magnetic field. The first two peaks are protons and the

second two peaks are alpha particles. (The velocity scale for the alpha particles has been artificially multiplied by a factor of 1.4.) Both the
proton and alpha particle spectra show clear evidence for a secondary beam of particles streaming along the field relative to the main solar
wind beam at about the Alfvén speed. [From J. R. Asbridge et al. (1974). Solar Phys. 37, 451. Reprinted with permission of Kluwer Academic
Publishers.] Right: a cut through a typical solar wind electron distribution parallel to the magnetic field in the high-speed solar wind. A break
in the distribution at a speed of ~5 X 10° km s for both sunward- and antisunward-moving electrons separates the core and halo populations.
The bulk motion of the solar wind plasma is evident in the difference in the numbers of core electrons moving sunward and antisunward.
There are far more halo electrons moving antisunward than sunward, because only one end of the field line at the spacecraft is connected
to the hot solar corona. [From W. C. Feldman et al. (1975). J. Geophys. Res. 80, 4181.]
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it has been suggested that they may result from mag-
netic reconnection low in the solar corona and may
play a fundamental role in the overall acceleration and
heating of the solar wind.

C. KINETIC ASPECTS
OF SOLAR WIND ELECTRONS

As illustrated in the right panel of Fig. 21, electron
distributions in the solar wind contain two superim-
posed components, a relatively cold and dense thermal
“core” population and a much hotter and more tenu-
ous “halo” population. At 1 AU, the breakpoint be-
tween the core and the halo typically occurs at an
energy of ~80 eV. This breakpoint moves steadily
to lower energies as the core population cools with
increasing distance from the Sun. Typically the core
contains about 95% of all the electrons, and at 1 AU
has a temperature of ~1.3 X 10° K, whereas the halo
contains about 5% of the electrons and has a tempera-
ture of ~7.0 X 10° K. The core electrons generally
are mildly anisotropic, with the temperature parallel
to the field exceeding the temperature perpendicular
to the field by a factor of ~1.1 on the average at 1
AU. However, the temperature anisotropy for core
electrons varies systematically with density, such that
at very low densities (<2 cm™’) the temperature ratio
often exceeds 2.0, whereas at very high densities (>10
cm™’) the temperature ratio is often slightly less than
1.0. Such systematic variations of core electron tem-
perature ratio with plasma density reflect the margin-
ally collisional nature of the solar wind and the nearly
adiabatic expansion of the core electrons in the spiral
interplanetary magnetic field as the solar wind pro-
gresses outward from the Sun.

Solar wind electrons with halo energies (>~80 e¢V)
have speeds greater than 5 X 10° km s™! and have far
lower collision rates than do the colder core electrons.
Beyond heliocentric distances of several solar radii,
these electrons, which carry most of the solar wind
heat flux, travel relatively unimpeded outward from the
Sun along the interplanetary magnetic field. Because of
their high speeds and nearly collisionless nature, the
halo electrons serve as effective tracers of magnetic
field topology in the interplanetary medium. At 1 AU,
the flux of these hot electrons moving away from the
Sun along the interplanetary magnetic field usually far
exceeds the flux in the opposite direction (see Fig. 21).
This nearly unidirectional flux arises because field lines
in the normal solar wind are “open” (see Section VII,
E) and are thus effectively connected to a hot generat-
ing source, the solar corona, at only one end. By way
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of contrast, field lines threading CMEs are most often
connected to the Sun at both ends (see Sections VII,
D and VII, E), and comparable fluxes of halo electrons
are commonly observed in both sunward and antisun-
ward directions within CMEs. Indeed, such count-
erstreaming fluxes of halo electrons are one of the most
reliable signatures of CMEs in the solar wind (see
List 2).

XI. HEAVY 1ON CONTENT

Although the solar wind consists primarily of protons
(hydrogen), electrons, and alpha particles (doubly ion-
ized helium), it also contains traces of ions of a number
of heavier elements, reflecting the composition of the
solar corona from which the solar wind originates.
Table II provides estimates of the relative abundances
of some of the more common solar wind elements
summed over all ionization states. After hydrogen and
helium, the most abundant elements are carbon and
oxygen. The ionization states of all solar wind ions are
“frozen in” close to the Sun because the characteristic
times for ionization and recombination in the solar
wind are large compared to the solar wind expansion
time. Thus the ionization states measured in the solar
wind far from the Sun are characteristic of the 1-2 X
10° K corona from which the solar wind originates.
Commonly observed ionization states for some of the
more abundant elements are provided in List 3. The
relative abundances of these charge states change as
the temperature in the corona from which the solar
wind originates changes. Ionization state temperatures
in the low-speed wind are typically in the range 1.4 to

TABLE Il

Average Abundances of
Elements in the Solar Wind

Element Abundance relative to oxygen
H 1900 = 400

He 75 =20

C 0.67 = 0.10

N 0.15 = 0.06

O = 1.00

Ne 0.17 = 0.02

Mg 0.15 = 0.02

Si 0.19 = 0.04

Ar 0.0040 = 0.0010

Fe 0.19 + 0.10, — 0.07
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LIST 3

lonic Species Commonly
Observed in the Normal Solar Wind

H

HeZ+

C5+, Co+

06+’ O7+’ OS+

Si7+’ Si8+, Sit)+’ Si10+

Feb, Fe?*, Fel0*, Fell*, Fel?*, Fel*

1.6 X 109 K, whereas ionization state temperatures in
the high-speed wind are typically in the range 1.0 to
1.2 X 10° K. Unusual ionization states, such as Fe!'¢*
and He'!*, which are not common in the normal solar
wind, are sometimes particularly overabundant within
CMEs, reflecting the unusual coronal origins of
those events.

The relative abundance values given in Table II
are long-term averages. Observations reveal that these
abundances can vary considerably as a function of time.
Such variations have been extensively studied for he-
lium (alpha particles), but are less well established for
the heavier elements. Figure 22 shows a histogram of
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FIGURE 22 Histogram of observed solar wind alpha particle
abundance relative to protons at 1 AU for the interval 1971-1978.
[From G. Borrini et al. (1981). J. Geophys. Res. 86, 4565.]
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measured alpha particle abundance values relative to
protons. The most probable abundance value is
~4.5%, but the abundance ranges from less than 1%
to values as high as 35% on occasion. The average
helium abundance in the solar wind is about half that
commonly attributed to the solar interior, for reasons
presently unknown. Much of the variation in alpha
particle abundance is related to the large-scale struc-
ture of the solar wind. The alpha particle abundance
tends to be relatively constant within the cores of quasi-
stationary, high-speed streams with an average value
near 4.5%, but tends to be highly variable within low-
speed flows. Particularly low (<2 %) abundance values
are commonly observed near magnetic field polarity
reversals (see Fig. 4), including crossings of the helio-
spheric current sheet. Indeed, a distinct minimum in
alpha particle abundance often occurs at the current
sheet. Alpha particle abundance values greater than
about 10% are relatively rare and account for less than
1% of all the measurements, At 1 AU, enhancements
in alpha particle abundance above 10% occur almost
exclusively within CME plasma. The physical cause of
these variations is presently uncertain, although pro-
cesses such as thermal diffusion, gravitational settling,
and Coulomb friction in the solar corona all probably
play roles.

XII. ENERGETIC PARTICLES

A proton moving with the average solar wind speed
of 400 km s! has an energy of 0.84 keV, whereas an
alpha particle moving with the same speed has an en-
ergy of 3.4 keV. Thus, by most measures, solar wind
ions are low-energy particles. Interplanetary space is,
nevertheless, filled with a number of energetic particle
populations. Except in restricted regions of space, such
as immediately in front of the planetary bow shocks
or in the outer heliosphere close to the termination
shock, the energetic particles found in the solar wind
have insufficient energy densities to alter the bulk mo-
tion of the plasma or affect the overall structure of the
interplanetary magnetic field. Thus, for the most part,
energetic particles in the solar wind behave as test
particles whose motions are guided and controlled by
the interplanetary magnetic field.

Table III lists the main energetic particle popula-
tions observed in the solar wind, their approximate
energy ranges, where these populations are observed
within the heliosphere, the seed populations from
which the energetic particle populations arise, and the
sites where the seed particles are accelerated. With the
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TABLE Il
Energetic Particle Populations in the Solar Wind

Energetic particle Energy range Where Seed Where particles
population (keV/nucleon) observed population are accelerated
Galactic cosmic 10°-10° Everywhere (peak in Stellar and galactic particles Supernova remnants (?)—
rays outer heliosph.) outside of heliosphere
Anomalous cosmic 10°-10° Everywhere (peak in Interstellar neutrals ionized Termination shock—
rays outer heliosph.) in heliosphere outer heliosphere
Corotating events 10°-10* Field lines connected to Solar wind ions Forward/reverse shocks
corotating shocks driven by corotating,
high-speed streams—
beyond ~2 AU
Gradual solar 10°-10° Field lines connected to Solar wind ions Interplanetary shocks
events CME-driven shocks driven by CMEs—solar
wind
Impulsive solar 10°-10° Field lines connected to Chromospheric particles Solar flares—at Sun
events flare site
Bow shock par- 10°-10? Field lines connected to Solar wind ions Planetary and cometary
ticles bow shocks bow shocks
Leaked particles 10°-10° Field lines connected to Magnetospheric particles Planetary magnetospheres

magnetospheres

exception of the nearly isotropic galactic cosmic rays,
all of these energetic particle populations are produced
by processes within the heliosphere itself. Both galactic
cosmic rays and anomalous cosmic rays are observed
throughout the heliosphere, but at greater intensities
in the outer heliosphere than in the inner heliosphere.
The other energetic particle populations are observed
primarily on or near magnetic field lines that connect
to their respective acceleration sites.

Shocks in nearly collisionless plasmas are particu-
larly effective particle accelerators and are involved
in producing at least four of the energetic particle
populations listed in Table III. (The process by which
a collisionless shock accelerates a small fraction of the
ions it intercepts is reasonably well understood, al-
though complex in detail.) The seed particles for the
anomalous cosmic rays are interstellar particles that
first enter the heliosphere as neutral particles, are sub-
sequently ionized by solar ultraviolet radiation or by
charge exchange with solar wind ions, and are then
swept into the outer reaches of the heliosphere by the
flow of the solar wind. It is presently believed that a
small fraction of these newly ionized interstellar parti-
cles are accelerated to high energies as they interact
with the termination shock. After acceleration, these
ions, which are almost exclusively singly ionized H,
He, N, O, and Ne, drift and diffuse back into the

interior of the heliosphere to form the anomalous cos-

mic ray population. Solar wind ions act as the seed
population for the other energetic particle populations
that are shock-associated (corotating particle events,
gradual solar energetic particle events, and bow shock
particle events).

There are two energetic particle populations that
are commonly associated directly with solar activity.
Here these are called gradual solar energetic particle
events and impulsive solar energetic particle events.
Gradual events are observed near Earth about 10 times
per year near solar activity maximum, typically last for
at least several days, and generally are the most intense
energetic particle events observed in interplanetary
space. Although traditionally it has been thought that
the particles in these events are accelerated in solar
flares, more recent work shows that the acceleration
occurs almost entirely in interplanetary space. That s,
the energetic particles in these events are accelerated
directly out of the solar wind by CME-driven shocks,
as indicated in Table III. Impulsive events occur much
more frequently (~1000 events per year near solar
activity maximum) than do the gradual events, but they
generally last for only a few hours and tend to be
considerably weaker in intensity than the gradual
events. In contrast to the particles in gradual events,
the energetic particles in impulsive events are the result
of (unknown) acceleration processes occurring close
to the surface of the Sun.
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Proof of the existence of the solar wind was one of the
first great triumphs of the space age, and much has
been learned about the physical nature of the wind in
the intervening 35 years. Nevertheless, our under-
standing of the solar wind is far from complete. For
example, we still do not know what physical processes
heat and accelerate the solar wind or what determines
its flow speed. We do not yet know if the low-speed
wind arises primarily from quasi-stationary processes
or from a series of small transient solar events. Like-
wise, the physical origins of coronal mass ejections are
obscure; we do not fully understand why they occur
or how they relate to the long-term evolution of the
solar magnetic field and structure of the solar corona.
We do not understand how a rough balance of mag-
netic flux is maintained in the solar wind in the pres-
ence of CMEs or how the magnetic topologies of
CME:s evolve with time. In general, our ideas about
the structure of the interplanetary magnetic field are
still evolving and need testing with observations. Ideas
about the termination of the solar wind in the outer
heliosphere also remain to be tested, as do our percep-
tions about the three-dimensional structure of the he-
liosphere near solar activity maximum. The physical
origin of variations in elemental abundances in the
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solar wind remains a mystery, as do temporal changes
in the charge states of the heavier elements. The origin
of double ion beams in the solar wind also remains
unsolved, and we do not yet fully understand why
different ionic species have different speeds and tem-
peratures in the solar wind. Further analysis of existing
data, new types of measurements, and fresh theoretical
insights should lead to understanding in these and
other areas of solar wind research in the years ahead.

BIBLIOGRAPHY

Barnes, A. (1992). Res. Geophys. 30, 43-55.

Gosling, J. T. (1993). J. Geophys. Res. 98, 18,937-18,949.

Grzedzielski, S., and Page, D. E. (eds.) (1990). “Physics of the Outer
Heliosphere.” Pergamon Press, Oxford, England.

Marsch, E., and Schwenn, R. (eds.) (1992). “Solar Wind 7.” Perga-
mon Press, Oxford, England.

Marsden, R. G. (ed.) (1995). “The High Latitude Heliosphere.”
Kluwer, Boston, Mass.

Schwenn, R., and Marsch, E. (eds.) (1991). “Physics of the Inner
Heliosphere. 1. Large-Scale Phenomena.” Springer-Verlag,
Berlin/Heidelberg, Germany.

Schwenn, R., and Marsch, E. (eds.) (1991). “Physics of the Inner
Heliosphere. 2. Particles, Waves and Turbulence.” Springer-
Verlag, Berlin/Heidelberg, Germany.

Winterhalter, D., Gosling, J. T., Habbal, S. R., Kurth, W. S. and
Neugebauer, M. (eds.) (1996). “Solar Wind 8,” AIP Conference
Proceedings, 382. American Institute of Physics, Woodbury,
New York.



MERCURY

...............................................................

Robert G. Strom

University of Arizona

I. General Characteristics

Il. Motion and Temperature

lll. Atmosphere

IV. Polar Deposits

V. Interior and Magnetic Field
VI. Geology and Planet Evolution
VII. Origin

VIIl. Conclusions

GLOSSARY

Antipodes: Opposite points on the surface of a
sphere of a line through the center of the sphere.

Caloris Basin: Largest (1300-km diameter) well-
preserved impact basin on Mercury viewed by
Mariner 10.

Cold trapping: Process of trapping volatile ma-
terial that would otherwise escape into space, by
condensing it in exceptionally cold areas of a
planet or satellite, usually the polar regions.

Graben: Long fault trough (valley) produced by
subsidence between two inward-dipping bound-
ary faults. It is the result of tensional stresses.

Hilly and lineated terrain: Broken-up surface of
Mercury at the antipode of the Caloris impact
basin.

Hot poles: Perihelion subsolar points on Mer-
cury at the 0° and 180° meridians.

Intercrater plains: Oldest plains on Mercury
that occur in the highlands and that were formed
during the period of late heavy bombardment.

Lobate scarp: A long sinuous cliff (see Thrust
fault).

Magnetopause: Outer boundary of a magneto-
sphere between the solar wind region and a plan-
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et’'s magnetic field region, where a strong thin
current generally flows.

Magnetosheath: Region between a planetary
bow shock and magnetopause in which the
shocked solar wind plasma flows around the
magnetosphere.

Magnetosphere: Magnetic cavity created by
a planet where magnetospheric field lines have
at least one end intersecting the planetary
surface.

Obliquity: Inclination of the rotation axis of a
planet to the plane of the planet’s orbit around
the Sun.

Period of late heavy bombardment: Earliest pe-
riod in solar system history following planetary
formation from about 4.5 to 3.8 billion years ago
when the rate of meteoroid impact was very high
compared to the present. The period of early
heavy bombardment was the accretional forma-
tion of the planets that ended about 4.5 billion
years ago.

Poynting—Robertson effect: Effect of the pres-
sure of radiation from the Sun on small particles
that causes them to spiral slowly into the Sun.

Regolith: Outermost fragmental layer on some
airless planets and satellites that results from
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the fragmentation of rocks by repeated impacts
of meteoroids.

Smooth plains: Youngest plains on Mercury
with a relatively low impact crater abundance.
Tectonic framework: Global or large-scale pat-
tern of fractures and folds formed by crustal de-
formation.

Thrust fault: Fault where the block on one side
of the fault plane has been thrust up and over the
opposite block by horizontal compressive forces.
Warm poles: Aphelion subsolar points on Mer-
cury at the 90° and 270° meridians.

ercury is the innermost and second smallest

planet in the solar system (Pluto is smaller). It

has no known satellites. The exploration of
Mercury has posed questions concerning fundamental
issues of its origin and, therefore, the origin and
evolution of all the terrestrial planets. The data
obtained by Mariner 10 on its three flybys of Mercury
on March 29 and September 21, 1974, and on
March 16, 1975, remain our best source of detailed
information on this planet. However, recent ground-
based observations have provided important new in-
formation on the topography, radar, and microwave
characteristics of its surface, discovered new constit-
uents in its atmosphere, and helped constrain its
surface composition. Mercury is often compared with
the Moon because it superficially resembles that
satellite. However, there are major differences that
set Mercury apart from the Moon and, for that
matter, all other planets and satellites in the solar
system. The more we learn about this planet, the
more we realize that Mercury is indeed a unique
solar system body that provides insight into the
origin and evolution of all the terrestrial planets.
[See THE MOON.]

Mariner 10 imaged only about 45% of the surface
at an average resolution of about 1 km, and less than
1% at resolutions between about 100 to 500 m (Fig.
1). This coverage and resolution are comparable to
telescopic Earth-based coverage and resolution of the
Moon before the advent of space flight. However, un-
like the Moon in the early 1960s, only about 25% of
the surface was imaged at sun angles low enough to
allow adequate terrain analyses. As a consequence,
there are still many uncertainties and questions con-
cerning the history and evolution of Mercury. Mariner
10also discovered a magnetic field, measured the tem-
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perature, and derived the physical properties of its
surface.

On Mercury, the prime meridian (0°) was chosen
to coincide with the subsolar point during the first
perihelion passage after January 1, 1950. Longitudes
are measured from 0° to 360°, increasing to the west.
Craters are mostly named after famous authors, artists,
and musicians, such as Dickens, Michelangelo, and
Beethoven, whereas valleys are named for prominent
radio observatories, such as Arecibo and Goldstone.
Scarps are named for ships associated with exploration
and scientific research, such as Discovery and Victoria.
Plains are named for the planet Mercury in various
languages, such as Odin (Scandinavian) and Tir (Ger-
manic). Borealis Planitia (Northern Plains) and Caloris
Planitia (Plains of Heat) are exceptions. The most
prominent feature viewed by Mariner 10 is named
the Caloris Basin (Basin of Heat) because it nearly
coincides with one of the “hot poles” of Mercury.

. GENERAL CHARACTERISTICS

Mercury’s diameter is only 4878 km, but it has a rela-
tively large mass of 3.301 X 10* kg. Because of its
large mass in relation to its volume, Mercury has an
exceptionally high mean density of 5.44 g/cm?, second
only to the density of the Earth (5.52 g/cm’). The
manner in which it reflects light is very similar to the
way light is reflected by the Moon. The brightness
(albedo) of certain terrains is greater than comparable
terrains on the Moon. Mercury is covered with a rego-
lith consisting of fragmental material derived from the
impact of meteoroids over billions of years. Mercury’s
surface is heavily cratered, with smooth plains filling
and surrounding large impact basins. Long lobate
scarps traverse the surface for hundreds of kilometers,
and large expanses of intercrater plains (the most ex-
tensive terrain type) fill regions between clusters of
craters in the highlands. Also, a peculiar terrain con-
sisting of a jumble of large blocks and linear troughs
occurs antipodal to the Caloris Basin.

1. MOTION AND TEMPERATURE

Mercury has the most eccentric (0.205) and inclined
(7°) orbit of any planet except Pluto. Its average dis-
tance from the Sun is 0.3871 AU (5.79 X 107 km).
Because of its large eccentricity, however, the distance
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FIGURE 1 Shaded relief map of Mercury showing the quadrangle names and major features. About 55% of the planet is unknown.

varies from 0.3075 AU (4.6 X 107 km) at perihelion
to 0.4667 AU (6.98 X 107 km) at aphelion. As a conse-
quence, Mercury’s orbital velocity averages 47.6
km/s, but varies from 56.6 km/s at perihelion to 38.7
km/s at aphelion. At perihelion the Sun’s apparent
diameter is over three times larger than its apparent
diameter as seen from Earth. [See PLuTO AND
CHARON.]

Mercury’s rotation period is 58.646 Earth days and
its orbital period is 87.969 Earth days. Therefore, it
has a unique 3:2 resonant relationship between its
rotational and orbital periods: it makes exactly three
rotations on its axis for every two orbits around the
Sun. This resonance was apparently acquired over time
as the natural consequence of the dissipative processes
of tidal friction and the relative motion between a solid
mantle and a liquid core. As a consequence of this
resonance, a solar day (sunrise to sunrise) lasts two

Mercurian years or 176 Earth days. The obliquity of
Mercury is close to 0° and, therefore, it does not experi-
ence seasons as do Earth and Mars. Consequently, the
polar regions never receive the direct rays of sunlight
and are always frigid compared to torrid sunlit equato-
rial regions.

Another effect of the 3:2 resonance between the
rotational and orbital periods is that the same hemi-
sphere always faces the Sun at alternate perihelion
passages. This happens because the hemisphere facing
the Sun at one perihelion will rotate one and a half
times by the next perihelion, placing it directly facing
the Sun again. Because the subsolar points of the 0°
and 180° longitudes occur at perihelion, they are called
“hot poles.” The subsolar points at 90° and 270° longi-
tudes are called “warm poles” because they occur at
aphelion. Yet another consequence of the 3:2 reso-
nance is that an observer on Mercury (depending on
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location) would witness either a double sunrise or a
double sunset, or the Sun would backtrack in the sky
at noon during perihelion passage. Near perihelion,
Mercury’s orbital velocity is so great compared to its
rotation rate that it controls the Sun’s apparent motion
in the sky as viewed from Mercury.

Although Mercury is closest to the Sun, it is not
the hottest planet. The surface of Venus is hotter be-
cause of its atmospheric greenhouse effect. However,
Mercury experiences the greatest range (day to night)
in surface temperatures (635 K) of any planet or satel-
lite in the solar system because of its close proximity
to the Sun, its peculiar 3:2 spin orbit coupling, its
long solar day, and its lack of an insulating atmosphere.
Its maximum surface temperature is about 725 K at
perihelion on the equator; hot enough to melt zinc.
At night, the surface temperature drops to about 90
K. [See VENUS: ATMOSPHERE. ]

NHOSPE

Although Mercury has an atmosphere, it is extremely
tenuous with a surface pressure a trillion times less
than Earth’s. The number density of atoms at the
surface is only 10° atoms/cm’ for the known constit-
uents (Table I). It is, therefore, an exosphere where
atoms rarely collide; their interaction is primarily with
the surface. Mariner 10’s ultraviolet spectrometer
identified hydrogen, helium, and oxygen and set upper
limits on the abundance of argon in the atmosphere.
The hydrogen and helium are probably derived largely
from the solar wind, although a portion of the helium
may be of radiogenic origin and some hydrogen could
result from the photodissociation of H,O. The interac-

TABLE |

Atmospheric Densities
on Mercury and the Moon

Moon
(No. per cm®)

Mercury _—
Species (No. per cm?) Day Night
Hydrogen 23 (suprathermal) <17 —

230 (thermal)

Helium 6000 2000 40000
Oxygen = 40,000 < 500 —
Sodium 20,000 70
Potassium 500 16
Argon <3 X107 1600 40000
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tion of high-energy particles with surface materials
may liberate enough oxygen to be its principal source,
but breakdown of water vapor molecules by sunlight
could also be a possible source.

In 1985-1986, Earth-based telescopic observations
detected sodium and potassium in the atmosphere.
Both sodium and potassium have highly variable abun-
dances (10*~10° Na atoms/cm’ and 100-10* K atoms/
cm’) near the surface on time scales of hours to years.
Their abundances also vary between day and night by
a factor of about 5, the day side being greater. Often
bright spots of emission are seen at high northern
latitudes or over the Caloris Basin. The temperature
of the gas is about 500 K, but a hotter, more extended
Na coma sometimes exists. Observed variations in the
abundances of these elements are consistent with the
photoionization time scale of 120 min for sodium and
~90 min for potassium. Photoionization of the gas
will result in the exospheric ions being accelerated by
the electric field in the planetary magnetosphere. Ions
created on one hemisphere will be accelerated toward
the planetary surface and recycled, but ions on the
opposite hemisphere will be ejected away and lost. The
total loss rate of sodium atoms is about 1.3 X 10%
atoms per second, so the atoms must be continuously
supplied by the surface. The total fraction of ions lost
to space from the planet is at least 30%. The atmo-
sphere, therefore, is transient and exists in a steady
state between its sources and sinks.

Although both sodium and potassium are probably
derived from the surface of Mercury, the mechanism
by which they are supplied is not well understood. The
sodium and potassium in the Mercurian atmosphere
could be released from sodium- and potassium-bearing
minerals by their interaction with solar radiation, or
by impact vaporization of micrometeoroid material.
Both sodium and potassium show day-to-day changes
in their global distribution.

If surface minerals are important sources for the
exosphere, then a possible explanation is that their
sodium/potassium ratio varies with location on Mer-
cury. A possible explanation for some of the K and Na
variations is Na and K ion implantation into regolith
grains during the long Mercurian night (88 Earth days)
and subsequent diffusion to the exosphere when the
enriched surface rotates into the intense sunlight. At
least one area of enhanced exospheric potassium emis-
sion apparently coincides with the Caloris impact ba-
sin, whose floor is highly fractured. This exospheric
enhancement has been attributed to increased diffusion
and degassing in the surface and subsurface through
fractures on the basin floor, although other explana-
tions may be possible.
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V. POLAR DEPOSITS
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In 1991, high-resolution, full-disk radar images of
Mercury were obtained from both the Arecibo and the
linked Goldstone—Very Large Array radar facilities.
The radar signals show very high reflectivities and
polarization ratios centered on the poles of Mercury.
The reflectivity and ratio values are similar to those
of outer planet icy satellites and the residual polar
water-ice cap of Mars. Therefore, Mercury’s polar ra-
dar features have been interpreted to be water ice. The
ice could be covered by several centimeters of regolith,
potentially hiding it from optical view, and still be
detected by radar, which can penetrate a few centime-
ters into the regolith. It has also been proposed that
the radar characteristics are the result of scattering by
inhomogeneities in the volume of elemental sulfur. In
this case, it is proposed that sulfur volatilized from
sulfides in the regolith was cold-trapped at the poles.
The source of the sulfides may have been magmatic
activity following initial accretion of material rich in
troilite and pyrrhotite, or sulfur brought in by micro-
meteorites that constantly impact Mercury’s surface.

Mariner 10images of Mercury’s polar regions show
cratered surfaces where ice or sulfur could be concen-
trated in permanently shadowed portions of the cra-
ters. Radar studies have shown that the anomalies are
indeed concentrated in the permanently shadowed
portions of these polar craters (Fig. 2). The south polar
radar feature is centered at about 88° south and 150°
west and is largely confined within a crater (Chao
Meng-Fu) thatis 150 km in diameter, but a few smaller
features occur outside this crater. In the north polar
region, the deposits reside in about 25 craters down
to a latitude of about 80°. Because the obliquity of
Mercury is near 0°, it does not experience seasons and,
therefore, temperatures in the polar regions should be
<135 K. In permanently shaded polar areas, that is,
the floors and sides of large craters, the temperatures
should be less than 112 K, and water ice should be
stable to evaporation on time scales of billions of years.
If the deposits are water ice, then they could originate
from comet or water-rich asteroid impacts that re-
leased the water to be cold-trapped in the permanently
shadowed craters. Because comets and asteroids also
impact the Moon, similar deposits would be expected
to occur in the permanently shadowed regions of lu-
nar craters.

The Clementine spacecraft orbited the Moon for
about 3 months in 1994, and its bistatic radar experi-
ment measured the magnitude and polarization of the
radar echo versus bistatic angle. It discovered localized
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enhancements in the permanently shadowed regions
of the lunar south pole. The enhancement has been
interpreted as water ice.

In February 1998, the Lunar Prospector spacecraft
made a positive identification of water ice in the rego-
lith of permanently shadowed areas of craters at north
and south polar regions. The amount of water ice
appears to be between 0.5 and 1% of the regolith. This
confirmation of water ice in permanently shaded lunar
craters strongly suggests that the Mercurian polar de-
posits are also water ice derived from cometary and
water-rich asteroidal impacts.

V. INTERIOR AND MAGNETIC HIELD

Mercury’s internal structure is unique in the solar sys-
tem and imposes severe constraints on any proposed
origin of the planet. Mercury’s mean density of 5.44
g/cm’ is only slightly less than Earth’s (5.52 g/cm’),
and larger than that of Venus (5.25 g/cm’). Because
of Earth’s large internal pressures, however, its uncom-
pressed density is only 4.4 g/cm’ compared to Mercu-
ry’s uncompressed density of 5.3 g/cm’. This means
that Mercury contains a much larger fraction of iron
than any other planet or satellite in the solar system
(Figs. 3 and 4). If this iron is concentrated in a core,
then the core must be about 75% of the planet diame-
ter, or some 42 % ofits volume. Thus, its silicate mantle
and crustare only about 600 km thick. For comparison,
Earth’s iron core is only 54% of its diameter, or just
16% of its volume. [See THE EARTH AS A PLANET:
SURFACE AND INTERIOR; PLANETARY MAGNETO-
SPHERES. ]

Aside from Earth, Mercury is the only other terres-
trial planet with a significant magnetic field. Mariner
10discovered that Mercury has a global intrinsic dipole
magnetic field, but it is not well characterized because
the spacecraft made only two passes through the field.
The magnitude of the dipole moment is about 330
n'T, or over 1000 times smaller than Earth’s. Although
weak compared to the Earth, the field has sufficient
strength to hold off the solar wind, creating a bow
shock, a magnetosheath, and a magnetosphere (Fig.
5). The magnetosphere strongly resembles a miniature
version of Earth’s magnetosphere. Because of the
weaker field, however, Mercury occupies a much larger
fraction of the volume of its magnetosphere than do
other planets, and the solar wind actually reaches the
surface at times of highest solar activity. The magneto-
pause subsolar distance is estimated to be about
1.35 = 0.2 Mercury radii, and the bow shock distance



128

MERCURY

FIGURE 2  Arecibo Observatory 2.4-GHz radar images of the polar deposits in the north (upper left) and south (upper right) polar regions
of Mercury. The resolution is 15 km (0.53°). The lower images are Mariner 10 mosaics of the north (left) and south (right) polar regions.
The letters in the radar images correspond to similarly lettered, permanently shadowed areas of craters in the Mariner 10 images. The
latitude—longitude grid on the Mariner 10 images was derived from AMariner 10 data, whereas the corrected grid on the radar images is
derived from the positions of the radar features with respect to craters imaged by Mariner 10. (Courtesy of John Harmon, Arecibo Observatory,

Puerto Rico.)

is about 1.9 = 0.2 Mercury radii. Thus, the size of the
magnetosphere is about 7.5 times smaller than Earth’s.
As a consequence, the equivalent region of intense
radiation belts in the Earth’s and the outer planet’s
magnetic fields is below the surface of Mercury. There-
fore, the stably trapped charged particle environment
of Mercury is probably very benign. Also because of
the small size of Mercury’s magnetosphere, magnetic
events happen more rapidly and repeat more often
than in Earth’s magnetosphere.

Although other models may be possible, the mainte-
nance of terrestrial planet magnetic fields is thought
to require an electrically conducting fluid outer core
surrounding a solid inner core. Therefore, Mercury’s
dipole magnetic field is taken as evidence that Mercury
currently has a fluid outer core of unknown thickness.
Thermal history models strongly suggest that Mercu-

ry’s core would have solidified long ago unless there
was some way of maintaining high core temperatures
throughout geologic history. Proposed means of main-
taining high temperatures are to either (1) provide
more internal heat by enriching the core in uranium
and thorium, (2) retain the heat longer by reducing
the thermal diffusivity of the mantle, or (3) lower the
melting point of the core material by adding some light
alloying element. Most theoretical studies consider the
addition of a light alloying element to be the most
likely cause of a currently molten outer core. Although
oxygen is such an element, it is not sufficiently soluble
in iron at Mercury’s low internal pressures. Metallic
silicon has also been suggested, but sulfur is considered
to be the most likely candidate. For a sulfur abundance
in the core of less than 0.2%, the entire core should
be solidified at the present time, and for an abundance
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FIGURE 3 Comparison of terrestrial planet sizes and core radii.
The percentage of the total planetary volume of the cores is also
shown. The size of the Moon’s core is not known, but the maximum
possible size is shown.

of 7%, the core should be entirely fluid at present.
Therefore, if sulfur is the alloying element, then Mer-
cury probably contains between 0.2 and 7% sulfur in
its core. As discussed in the following section, a possible
sulfur abundance can be estimated from the planetary
radius decrease derived from the tectonic framework.

VI. GEOLOGY AND PLANET EVOLUTION
Mercury has heavily cratered upland regions and large
areas of younger smooth plains that surround and fill
impact basins (Fig. 6). Infrared temperature measure-
ments from Mariner 10 indicate that the surface is a
good insulator and, therefore, consists of a porous
cover of fine-grained regolith. Earth-based microwave
measurements indicate that this layer is a few centime-
ters thick and is underlain by a highly compact region
extending to a depth of several meters. Mercury’s
heavily cratered terrain contains large areas of gently
rolling intercrater plains, the major terrain type on the
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planet. Mercury’s surface is also traversed by a unique
system of compressive thrust faults called lobate scarps.
The largest well-preserved structure viewed by Mari-
ner 101is the Calaoris impact basin, which is some 1300
km in diameter. Antipodal to this basin is a large region
of broken-up terrain called the hilly and lineated ter-
rain, probably caused by focused seismic waves from
the Caloris impact.

A. GEOLOGIC SURFACE UNITS

The origin of some of the major terrains and their
inferred geologic history are somewhat uncertain be-
cause of the limited photographic coverage and resolu-
tion, and the poor quality or lack of other remotely
sensed data. In general, the surface of Mercury can be
divided into four major terrains: (1) heavily cratered
regions, (2) intercrater plains, (3) smooth plains, and
(4) hilly and lineated terrain. Other relatively minor
units have been identified, such as ejecta deposits exte-
rior to the Caloris Basin.

1. Impact Craters and Basins

The heavily cratered uplands certainly record the pe-
riod of late heavy meteoroid bombardment that ended

FIGURE 4 Mariner 10 photomosaic together with an accurate
artist’s rendition of the size of Mercury’s core compared to the
silicate portion. The outer part of the core is still in a liquid state.
[From R. G. Strom (1987). “Mercury: The Elusive Planet.” Smith-
sonian Institution Press, Washington, D.C.]
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FIGURE5 Magnetic field lines and a probable magnetopause and
bow shock location for the Mercurian magnetic field. (From Vilas et
al., eds. (1998). In “Mercury.” University of Arizona Press, Tucson.)

about 3.8 billion years ago on the Moon, and presum-
ably at about the same time on Mercury. This period
of late heavy bombardment occurred throughout the
inner solar system and is also recorded by the heavily
cratered regions on the Moon and Mars. The objects
responsible for this bombardment may have been ac-
cretional remnants left over from the formation of the
terrestrial planets and/or residual material left over
from the formation of Uranus and Neptune and in-
jected into the inner planet zone.

In the heavily cratered terrain on Mercury there is
an increasing paucity of craters with decreasing crater
diameter relative to heavily cratered terrain on the
Moon. This paucity of craters is probably due to oblit-
eration of the smaller craters by emplacement of in-
tercrater plains during the period of late heavy bom-
bardment. Below a diameter of about 20 km, the
abundance of craters increases sharply. These craters
may represent secondary impact craters from large
craters or basins, or they could represent a group of
objects called “vulcanoids” that were in long-lived or-
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bits in Mercury’s vicinity. These objects may have been
accretional remnants left over from planet formation,
or they could be fragments resulting from giant im-
pacts that took place on Mercury near the end of its
formation. The crater population superimposed on the
smooth plains within and surrounding the Caloris Ba-
sin shows the same size distribution as the lunar high-
lands and the ridged plains of Mars over the same
diameter range but at a much lower crater density.
This suggests that, unlike the lunar maria, the Caloris
smooth plains formed near the end of late heavy bom-
bardment. [See MARS: SURFACE AND INTERIOR.]

Fresh impact craters on Mercury exhibit similar
morphologies as those on the other terrestrial planets.
Small craters are bowl-shaped, but with increasing size
they develop central peaks, flat floors, and terraces on
their inner walls. The transition from simple (bowl-
shaped) to complex (central peak and terraces) craters
occurs at about 10 km. At diameters between about
130 to 310 km, Mercurian craters have an interior
concentric ring, and at diameters larger than about 300
km, they may have multiple inner rings. The freshest
craters have extensive ray systems, some of which ex-
tend for distances over 1000 km. For a given rim diam-
eter, the radial extent of Mercurian continuous ejecta
is uniformly smaller by a factor of about 0.65 than that
for the Moon. Furthermore, the maximum density of
secondary impact craters occurs closer to the crater
rim than for similar-sized lunar craters: the maximum
density occurs at about 1.5 crater radii from the rim
of Mercurian primaries, whereas on the Moon the
maximum density occurs at about 2-2.5 crater radii.
All of these differences are probably due to the larger
surface gravity of Mercury (3.70 m/s?) compared to
the Moon (1.62 m/s?).

Twenty-two multiring basins have been recognized
on the part of Mercury viewed by Mariner 10. How-
ever, high-resolution radar images of the side not
viewed by Mariner 10 show several large circular fea-
tures about 1000 km in diameter that may be impact
basins. Based on ring tectonic theory, and the pattern
and extent of grabens on the floor of Caloris, it is
estimated that Mercury’s lithosphere was thicker
(>100 km) than the Moon’s (25 to >75 km depending
on location) at the end of late heavy bombardment.
The 1300-km-diameter Caloris impact basin is the
largest well-preserved impact structure (Fig. 7), al-

FIGURE 6 (a) Mercury as viewed by Mariner 10 on its first ap-
proach in March, 1974. (b) Mercury’s opposite hemisphere viewed
by Mariner 10 as it left the planet on the first encounter, and (c) the
southern hemisphere viewed on the second encounter in September,
1974. (Courtesy of NASA.)
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FIGURE 7 Photomosaic of the 1300-km-diameter Caloris impact basin showing the highly ridged and fractured nature of its floor. (Courtesy

of NASA.)

though the much more degraded Borealis Basin is
larger (1530 km). The floor structure of the Caloris
Basin is like no other basin floor structure in the solar
system. It consists of closely spaced ridges and troughs
arranged in both concentric and radial patterns (Figs.
8a and 8b). The ridges are probably caused by com-
pression, whereas the troughs are probably tensional
graben that post date the ridges. This pattern may
have been caused by subsidence and subsequent uplift
of the basin floor. However, Earth-based radar obser-
vations indicate that the smooth plains surrounding
the Caloris Basin are as much a 2.5 km lower than the
surrounding terrain. This suggests than the crust has

been depressed by the weight of the smooth plains.
Such a load could have induced concentric graben for-
mation within the basin.

2. Hilly and Lineated Terrain

Directly opposite the Caloris Basin on the other side of
Mercury (the antipodal point of Caloris) is the unusual
hilly and lineated terrain that disrupts preexisting land-
forms, particularly crater rims (Figs. 9a and 9b). The
Hills are 5 to 10 km wide and about 0.1 to 1.8 km
high. Linear depressions that are probably tensional
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FIGURE 8 Map of the (a) fractures and (b) ridges on the floor of the Caloris Basin. The irregular continuous line follows the main rim
of the basin, and the dash-dot line to the northeast of the main ring is a faint outer ring. The floor fractures and ridges have both radial and
concentric components. [From R. G. Strom et al. (1975). J. Geophys. Res. 80, 2478-2507.]

fault troughs form a roughly orthogonal pattern.
Stratigraphic relationships suggest that the age of this
terrain is the same as that of the Caloris Basin. Similar,
but smaller, terrains occur at the antipodes of the Im-
brium and Orientale impact basins on the Moon. The
hilly and lineated terrain is thought to be the result of
seismic waves generated by the Caloris impact and
focused at the antipodal region (Fig. 10). Computer
simulations of shock wave propagation indicate that
focused seismic waves from an impact of this size can
cause vertical ground motions of about 1 km or more
and tensile failure to depths of tens of kilometers below
the antipode. Although the lunar Imbrium Basin (1400
km diameter) is larger than the Caloris Basin, the dis-
rupted terrain at its antipode is much smaller than that
at the Caloris antipode. The larger disrupted terrain
on Mercury may be the result of enhanced seismic
wave focusing as a result of the large iron core.

3. Intercrater Plains

Mercury’s two plains units have been interpreted as
either impact basin ejecta or lava plains. The older
intercrater plains are the most extensive terrain on
Mercury (Figs. 11 and 12). They both partially fill and
are superimposed by craters in the heavily cratered
uplands. Furthermore, they have probably been re-
sponsible for obliterating a significant number of cra-
ters as evidenced by the paucity of craters less than
about 40 km diameter compared to the highlands of
the Moon. Therefore, intercrater plains were emplaced
over a range of ages contemporaneous with the period
of late heavy bombardment. There are no definitive
features diagnostic of their origin. Because intercrater
plains were emplaced during the period of late heavy
bombardment, they are probably extensively brecci-
ated and do not retain any signature of their original
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FIGURE9 () A portion of the hilly and lineated terrain antipodal to the Caloris impact basin. The image is 543 km across. (b) Detail of
the hilly and lineated terrain. The largest crater in (b) is 31 km in diameter. (Courtesy of NASA.)

surface morphology. Although no landforms diagnos-
tic of volcanic activity have been discovered, there are
also no obvious source basins to provide ballistically
emplaced ejecta. The global distribution of intercrater
plains and the lack of source basins for ejecta deposits
are indirect evidence for a volcanic origin. Additional
evidence for a volcanic origin are recent Mariner 10
enhanced color images showing color boundaries that
coincide with geologic unit boundaries of some in-
tercrater plains (Fig. 13). If intercrater plains are volca-
nic, then they are probably lava flows erupted from
fissures early in Mercurian history. Crater densities on
intercrater plains indicate ages between about 4 and
4.2 billion years.

4. Smooth Plains

The younger smooth plains cover almost 40% of the
total area imaged by Mariner 10. About 90% of the

regional exposures of smooth plains are associated with
large impact basins, but they also fill smaller basins
and large craters. The largest occurrence of smooth
plains fills and surrounds the Caloris Basin (see Fig.
7) and occupies a large circular area in the north polar
region that is probably an old impact basin (Borealis
Basin). They are similar in morphology and mode of
occurrence to the lunar maria. Craters within the Bore-
alis, Goethe, Tolstoy, and other basins have been
flooded by smooth plains, indicating that the plains
are younger than the basins (Fig. 14). This is supported
by the fact that the density of craters superimposed
on the smooth plains that surround the Caloris Basin is
substantially less than that of all major basins, including
Caloris. Furthermore, several irregular rimless depres-
sions that are probably of volcanic origin occur in
smooth plains on the floors of the Caloris and the
Tolstoy basins. The smooth plains’ youth relative to
the basins they occupy, their great areal extent, and
other stratigraphic relationships suggest that they are
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FIGURE 9 (continued)

volcanic deposits erupted relatively late in Mercurian
history. Mariner 10 enhanced color images show that
the boundary of smooth plains within the Tolstoy Ba-
sin is also a color boundary, further strengthening the
volcanic interpretation for the smooth plains. Based
on the shape and density of the size/frequency distribu-
tion of superimposed craters, the smooth plains proba-
bly formed near the end of late heavy bombardment.
They may have an average age of about 3.8 billion
years as indicated by crater densities. If so, they are,
in general, older than the lava deposits that constitute
the lunar maria.

T'wo large radar-bright anomalies have been identi-
fied on the unimaged side of Mercury. One of these
is similar to the radar signature of a fresh impact crater,
but the other has a radar signature that is quite different
from fresh impact craters on the Moon and Mercury. It
has a structureless radar-bright halo (500 km diameter)
and a radar-dark center (70 km diameter), which is
similar to the radar signatures of large shield volcanoes
on Venus and Mars. If this radar feature is indeed
a shield volcano, then the geologic history, internal

processes, and thermal history are much more dissimi-
lar to those of the Moon than previously believed,
because processes producing shield volcanoes did not
occur on the Moon.

B. SURFACE COMPOSITION

Very little is known about the surface composition
of Mercury. If the plains units (intercrater and
smooth) are lava flows, then they must have been
very fluid with viscosities similar to those of fluid
flood basalts on the Moon, Mars, Venus, and Earth.
The photometric characteristics are very similar to
those of the Moon. However, at comparable phase
angles and wavelengths in the visible part of the
spectrum, Mercury appears to have systematically
higher albedos than the Moon. Mercurian normal
albedos range from 0.09 to 0.36 at 5° phase angle.
The higher albedos are usually associated with rayed
craters. However, the highest albedo (0.36) on Mari-
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FIGURE 10 Diagrammatic representation of the formation of the
hilly and lineated terrain by focused seismic waves from the Caloris
impact. [From Schultz, P., and Gault, D. (1975). The Moon 12,
pp 159-177.]
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ner 10 images is not associated with a bright rayed
crater: it is a floor deposit in Tyagaraja Crater at
3° north latitude and 149° longitude. Whereas the
lunar highlands/mare albedo ratio is almost a factor
of 2 on the Moon, it is only a factor of 1.4 on
Mercury. Furthermore, at ultraviolet wavelengths (58
to 166 nm), Mercury’s albedo is about 65% lower
than the Moon’s at comparable wavelengths. These
differences in albedo suggest that there are systematic
differences in the surface composition between the
two bodies.

Recalibration and color ratioing of Mariner 10
images have been used to derive the FeO abundance,
the opaque mineral content, and the soil maturity
over the region viewed by Mariner 10. The probably
volcanic smooth plains have a FeO content of <6
wt%, which is similar to that of the rest of the
planet imaged by Mariner 10. Therefore, the surface
of Mercury, may have a more homogeneous distribu-
tion of elements affecting color (e.g., more alkali
plagioclase) than does the Moon. At least the smooth
plains may be low iron or alkali basalts. Since the
iron content of lavas is thought to be representative
of their mantle source regions, it is estimated that
Mercury’s mantle has about the same FeO content

FIGURE 11  View of the intercrater plains surrounding clusters of craters in the mercurian highlands. Rodin, the large double-ring crater

in the foreground, is about 250 km in diameter. (Courtesy of NASA.)
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FIGURE 12 High-resolution view of the intercrater plains. The chains and clusters of small craters are secondaries from younger craters.
The 90-km-diameter crater in the upper right-hand corner has been embayed by intercrater plains. The lobate scarp that diagonally crosses

the image is a thrust fault. (Courtesy of NASA.)

FIGURE 13  Enhanced color mosaic of a portion of the incoming
side of Mercury as viewed by Mariner 10. The orange area at F has
a sharp boundary that coincides with an intercrater plains boundary.
The relatively dark blue unit at D is consistent with enhanced tita-
nium content. The bright red unit at B may represent primitive
crustal material, and Kuiper crater at K shows a yellowish color
representing fresh material excavated from a subsurface unit that
may have an unusual composition. (Courtesy of Mark Robinson,
Northwestern University, Evanston, I11.)

(<6 wt%) as the crust, indicating that Mercury is
highly reduced with most of the iron in the core.
In contrast, the estimated FeO contents of the mantle
of the bulk Moon is 11.4%, of Venus and the Earth
8%, and of Mars ~18%.

There are some dark blue, low-albedo, and high-
opaque mineral regions with diffuse boundaries that
may be associated with fractures (see Fig. 13). These
areas could be more mafic volcanic pyroclastic depos-
its. The bright rayed craters on Mercury have a very
low opaque mineral index, which may indicate that the
craters have excavated into an anorthositic crust. Color
ratios of lunar and Mercurian crater rays also suggest
that the surface of Mercury is low in Ti*", Fe’*, and
metallic iron compared to the surface of the Moon.
"This is consistent with Mercury’s lower ultraviolet re-
flectivity and smaller albedo contrast. Earth-based
microwave and mid-infrared observations also indi-
cate that Mercury’s surface has less FeO plus TiO,,
and at least as much feldspar as the lunar highlands.
This has been interpreted as indicating that Mercury’s
surface is largely devoid of basalt, but it could also
mean that the basalts just have a low iron content
or are fluid alkali basalts. A comparison of Mercury’s
spectra with laboratory spectra of albite (NaAlSi;Oy)
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FIGURE 14 Photomosaic of the Borealis Basin showing numerous craters (arrows) that have been flooded by smooth plains. The largest

crater is the Goethe basin, 340 km in diameter. (Courtesy of NASA.)

and anorthite (CaAl,S1,0g) appears to show a spectral
position intermediate between these minerals. This
suggests that Mercury’s surface may be rich in labra-
dorite or bytownite [(Na,Ca)(ALSi)AISi,Og]. It has
been suggested that eruption of highly differentiated
basaltic magma may have produced alkaline lavas.
On Earth there are low-viscosity alkali basalts that
could produce the type of volcanic morphology repre-
sented by Mercury’s plains. Mercury could be the
only body in the inner solar system that has not
experienced substantial high-iron basaltic volcanism
and, therefore, may have undergone a crustal petro-
logic evolution different from that of other terres-
trial planets.

C. TECTONIC FRAMEWORK

No other planet or satellite in the solar system has a
tectonic framework like Mercury’s, which consists of a
system of compressive thrust faults called lobate scarps

(Figs. 15 and 16). Individual scarps vary in length from
about 20 km to over 500 km, and have heights from
a few 100 m to about 3 km. They have a random spatial
and azimuthal distribution over the imaged half of the
planet and presumably occur on a global scale. Thus,
at least in its latest history, Mercury was subjected to
global compressive stresses. The only occurrences of
features indicative of tensile stresses are localized frac-
tures associated with the floor of the Caloris Basin and
atits antipode, both of which are the direct or indirect
result of the Caloris impact. No lobate scarps have
been embayed by intercrater plains and they transect
fresh as well as degraded craters. Few craters are super-
imposed on the scarps. Therefore, the system of thrust
faults appears to postdate the formation of intercrater
plains and formed relatively late in Mercurian history.
This tectonic framework was probably caused by
crustal shortening resulting from a decrease in the
planet radius due to cooling of the planet. The amount
of radius decrease is estimated to have been about 2
km based on the number of faults, their length, an
average height of 1 km, a fault plane inclination of 25°,
and extrapolated over the entire planet.
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FIGURE 15 Photomosaic of Discovery scarp. This lobate scarp
is a thrust fault over 2 km high and 500 km long. It cuts across two
craters that are 55 and 35 km in diameter. (Courtesy of NASA.)

Also, there is apparently a system of structural linea-
ments consisting of ridges, troughs, and linear crater
rims that have at least three preferred orientations
trending in northeast, northwest, and north—south di-
rections. The Moon also shows a similar lineament
system. The Mercurian system has been attributed to
modifications of ancient linear crustal joints formed in
response to stresses induced by tidal spindown.

D. THERMAL HISTORY

All thermal history models of planets depend on com-
positional assumptions, such as the abundance of ura-
nium, thorium, and potassium in the planet. Since our
knowledge of the composition of Mercury is so poor,
these models can provide only a general idea of the
thermal history for certain starting assumptions. Nev-
ertheless, they are useful in providing insights into
possible modes and consequences of thermal evolution.
Starting from initially molten conditions for Mercury,
thermal history models with from 0.2 to 5% sulfur in
the core indicate that the total amount of planetary
radius decrease due to cooling is from about 6 to 10
km depending on the amount of sulfur (Fig. 17). About
6 km of this contraction is solely due to mantle cooling
during about the first billion years before the start of
inner core formation. The amount of radius decrease
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FIGURE 16  The 130-km-long Vostok scarp transects two craters
80 and 65 km in diameter. The northwest rim of the lower crater
(Guido d’Arezzo) has been offset about 10 km by thrusting of the
eastern part of the crater over the western part. (Courtesy of NASA.)
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FIGURE 17 (a) A thermal history model for inner core radius as
a function of time for three values of initial core sulfur content. The
solid, dotted, and dashed lines are for sulfur contents of 0.2%, 1%,
and 5%, respectively. (b) Model of the decrease in Mercury’s radius
due to mantle cooling and inner core growth for three values of
initial core sulfur content as in (a). (From Vilas et al., eds. (1998).
In “Mercury.” University of Arizona Press, Tucson.)

due to inner core formation alone is negligible for 5%
sulfur and about 4 km for 0.2% sulfur.

If the 2-km-radius decrease inferred from the thrust
faults was due solely to cooling and solidification of
the inner core, then the core sulfur abundance is proba-
bly 2 to 3% and the present outer fluid core is about
500 or 600 km thick. In this case, inner core formation
began about 3 billion years ago and, therefore, after
the period of late heavy bombardment. This would
imply that the observed tectonic framework began at
about the same time, and that smooth and intercrater
plains were emplaced before this event. Indeed, the
geologic evidence indicates that at least the observed
tectonic framework began to form relatively late in
Mercury’s history; certainly after intercrater plains for-
mation and possibly after smooth plains formation.
However, under initially molten conditions, the ther-
mal history models indicate that the lithosphere has
always been in compression, and that as much as a 6-
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km-radius decrease occurred before inner core forma-
tion due to cooling of the mantle alone. If the smooth
and intercrater plains are volcanic flows, then they had
to have some way to easily reach the surface to form
such extensive deposits. Early lithospheric compressive
stresses would make it difficult for lavas to reach the
surface, but the lithosphere may have been relatively
thin at this time (<50 km). Large impacts would be
expected to strongly fracture it, possibly providing
egress for lavas to reach the surface and bury compres-
sive structures. However, there is no geologic evidence
for early compressive stresses, and one might expect
that at least some thrust faults from this era would be
partially preserved. Possibly there are some on the
unimaged half of Mercury.

Other thermal history models with initially cool
conditions, iron uniformly distributed throughout the
planet, and heating by the decay of chondritic abun-
dances of uranium and thorium indicate that core for-
mation began 1.2 billion years after accretion and was
complete by 1.8 billion years. This leads to extensive
planetary melting and expansion that would fracture a
thin lithosphere, providing egress for lavas (intercrater
plains) to reach the surface. However, these events
occur too late in history to account for the inferred
surface ages, and the model does not account for the
large iron core of Mercury. Furthermore, it is doubtful
that Mercury formed in an initially cool condition.

E. GEOLOGIC HISTORY

Mercury’s earliest history is very uncertain. If a portion
of the mantle was stripped away, as invoked by most
scenarios to explain its high mean density, then Mercu-
ry’s earliest recorded surface history began after core
formation and a possible mantle-stripping event (see
Section VII). The earliest events are the formation of
intercrater plains (=4 billion years ago) during the
period of late heavy bombardment. These plains may
have been erupted through fractures caused by large
impacts in a thin lithosphere. Near the end of late
heavy bombardment, the Caloris Basin was formed by
a large impact that caused the hilly and lineated terrain
from seismic waves focused at the antipodal region.
Further eruption of lava within and surrounding the
Caloris and other large basins formed the smooth
plains about 3.8 billion years ago. The system of thrust
faults formed after the intercrater plains, but how soon
after is not known. If the observed thrust faults resulted
only from core cooling, then they may have begun after
smooth plains formation and resulted in an inferred 2-
km decrease in Mercury’s radius. As the core continued
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to cool and the lithosphere thickened, compressive
stresses closed off the magma sources and volcanism
ceased near the end of late heavy bombardment. All
of Mercury’s volcanic events probably took place very
early in its history, perhaps in the first 700 to 800
million years. Since that time, only occasional impacts
of comets and asteroids have occurred. Today the
planet may still be contracting as the present fluid
outer core continues to cool.

I, R

The origin of Mercury and how it acquired such a
large fraction of iron compared to the other terrestrial
planets are not well determined. Chemical equilibrium
condensation models for Mercury’s present position
in the innermost part of the solar nebula cannot ac-
count for the large fraction of iron that must be present
to explain its high density. Although these early models
are probably inaccurate, revised models that take into
account material supplied from feeding zones in more
distant regions of the inner solar system only resultin a
mean uncompressed density of about 4.2 g/cm’, rather
than the observed 5.3 g/cm’. Furthermore, at Mercu-
ry’s present distance, the models predict the almost
complete absence of sulfur (100 parts per trillion of
FeS), which is apparently required to account for the
presently molten outer core. Other volatile elements
and compounds, such as water, should also be severely
depleted (<1 part per billion of hydrogen). [See THE
ORIGIN OF THE SOLAR SYSTEM.]

Three hypotheses have been put forward to explain
the discrepancy between the predicted and observed
iron abundance. One (selective accretion) involves an
enrichment of iron due to mechanical and dynamical
accretion processes in the innermost part of the solar
system, whereas the other two (postaccretion vaporiza-
tion and giant impact) invoke removal of a large
fraction of the silicate mantle from a once larger proto-
Mercury. In the selective accretion model, the differ-
ential response of iron and silicates to impact fragmen-
tation and aerodynamic sorting leads to iron enrich-
ment owing to the higher gas density and shorter
dynamical time scales in the innermost part of the solar
nebula. In this model, the removal process for silicate
from Mercury’s present position is more effective than
that for iron, leading to iron enrichment. The postac-
cretion vaporization hypothesis proposes that intense
bombardment by solar electromagnetic and corpuscu-
lar radiation in the earliest phases of the Sun’s evolu-
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FIGURE 18 Possible bulk composition of the silicate mantle for
the three models of Mercury’s origin: selective accretion (SA), post-
accretion vaporization (V), and giant impact (GI). The composition
is parameterized for the FeO content, the alkali content (soda plus
potash), and the refractory oxide content (calcium plus aluminum
plus titanium oxides). The modifying effects of late infall of 0 to
5% of average chondritic meteorite material on several regolith
compositions are indicated by arrows labeled 0 to 5. (From Vilas et
al., eds. (1998). In “Mercury.” University of Arizona Press, Tucson.)

tion vaporized and drove off much of the silicate frac-
tion of Mercury, leaving the core intact. In the giant
impact hypotheses, a planet-sized object impacts Mer-
cury and essentially blasts away much of the planet’s
silicate mantle, leaving the core largely intact. [See
THE SUN; PLANETARY IMPACTS.]

Discriminating between these models is difficult,
but may be possible from the chemical composition of
the silicate mantle (Fig. 18). For the selective accretion
model, Mercury’s silicate portion should contain about
3.6 to 4.5% alumina, about 1% alkali oxides (Na and
K), and between 0.5 and 6% FeO. Postaccretion vapor-
ization should lead to very severe depletion of alkali
oxides (~0%) and FeO (<0.1%) and extreme enrich-
ment of refractory oxides (~40%). If a giant impact
stripped away the crust and upper mantle late in accre-
tion, then alkali oxides may be depleted (0.01 to 0.1%),
with refractory oxides between about 0.1 to 1% and
FeO between 0.5 and 6%. Unfortunately, our current
knowledge of Mercury’s silicate composition is ex-
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Computer simulation of a large, off-axis, 35-km/s impact with Mercury. In this simulation, the mantle separates from the
core. A portion of the mantle must reaccrete to form the present-day Mercury. [from W. Benz et al. (1988). Icarus, 74, 516-528.]
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tremely poor, but near and mid-infrared spectroscopic
measurements favor low FeO and alkali-bearing feld-
spars. If the tenuous atmosphere of sodium and potas-
sium is being outgassed from the interior, as seems
possible from recent observations, then the postaccre-
tion vaporization model may be unlikely. Deciding
between the other two models is not possible with our
current state of ignorance about the silicate composi-
tion. Since the selective accretion hypothesis requires
Mercury to have formed near its present position, then
sulfur should be nearly absent unless the solar nebula
temperatures in this region were considerably lower
than predicted by the chemical equilibrium condensa-
tion model.

Support for the giantimpact hypotheses comes from
three-dimensional computer simulations of terrestrial
planet formation for several starting conditions. Since
these simulations are by nature stochastic, a range of
outcomes is possible. They suggest, however, that sig-
nificant fractions of the terrestrial planets may have
accreted from material formed in widely separated
parts of the inner solar system. The simulations indi-
cate that during its accretion, Mercury may have expe-
rienced large excursions in its semimajor axis. These
semimajor axis excursions may have ranged from as
much as 0.4 to 1.4 AU owing to energetic impacts
during accretion (Fig. 19). Consequently, Mercury
could have accumulated material originally formed
over the entire terrestrial planet range of heliocentric
distances. About half of Mercury’s mass could have
accumulated at distances between about 0.8 and 1.2
AU (Fig. 20). If so, then Mercury may have acquired
its sulfur from material that formed in regions of the
solar nebula where sulfur was stable. Plausible models
estimate FeS contents of 0.1 to 3%. However, the
most extreme models of accretional mixing result in
homogenizing the entire terrestrial planet region, con-
trary to the observed large systematic density differ-
ences. [See PLANETARY IMPACTS.]

The simulations also indicate that by-products of
terrestrial planet formation are planet-sized objects up
to three times the mass of Mars that become perturbed
into eccentric orbits (mean e ~0.15 or larger) and
eventually collide with the terrestrial planets during
their final stages of growth. The final growth and giant
impacts occur within the first 50 million years of solar
system history. Such large impacts may have resulted in
certain unusual characteristics of the terrestrial planets,
such as the slow retrograde rotation of Venus, the
origin of the Moon, the Martian crustal dichotomy,
and Mercury’s large iron core.

In computer simulations where proto-Mercury was
2.25 times the present mass of Mercury with an uncom-
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pressed density of about 4 g/cm’, nearly central colli-
sions of large projectiles with iron cores impacting at
20 km/s, or noncentral collisions at 35 km/s, resulted
in a large silicate loss and little iron loss (Fig. 21). In
the former case, although a large portion of Mercury’s
iron core is lost, an equally large part of the impactor’s
iron core is retained, resulting in about the original
core size. At Mercury’s present distance from the Sun,
the ejected material reaccretes back into Mercury if
the fragment sizes of the ejected material are greater
than a few centimeters. However, if the ejected mate-
rial is in the vapor phase or fine-grained (=1 cm), then
it will be drawn into the Sun by the Poynting—
Robertson effect in a time shorter than the expected
collision time with Mercury (about 10° years). The
proportion of fine-grained to large-grained material
ejected from such an impact is uncertain. Therefore,
it is not known if a large impact at Mercury’s present
distance would exclude enough mantle material to ac-
count for its large iron core. However, the disruption
event need not have occurred at Mercury’s present
distance from the Sun; it could have occurred at a
much greater distance (e.g., >0.8 AU; see Fig. 19). In
this case, the ejected mantle material would be mostly
swept up by the larger terrestrial planets, particularly
Earth and Venus.

I NSO

Mercury is the least known of all the terrestrial planets,
but it is probably the only planet that holds the key
to understanding details of the origin and evolution
of all of these bodies. Because only half of the planet
has been imaged at relatively low resolution, and be-
cause of the poor characterization of its magnetic field
and almost complete ignorance of its silicate composi-
tion, there is little hope of deciding between competing
hypotheses of its origin and evolution until more de-
tailed information is obtained. A Mercury orbiter with
a suitable complement of instruments could provide
the data required to resolve these problems.
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GLOSSARY

Adiabat: Process ocurring without exchange of
heat with the surroundings. In an atmosphere,
an adiabatic temperature gradient (about —10 K/
km for Venus) is commonly found in regions of
rapid vertical motion.

Bar: Unit of pressure, equal to 10° dynes/cm?
or 10° pascals; the standard sea-level pressure
of the Earth’s atmosphere is 1.013 bars.

Catalytic cycle: Series of chemical reactions
facilitated by a substance that remains un-
changed.

Greenhouse effect: Heating of a planetary sur-
face above the temperature that it would have in
the absence of an atmosphere. The atmosphere
transmits solar radiation in the visible, but im-
pedes the escape of thermal infrared energy,
thus creating the increased temperature.

Hydrostatic equation: Relationship that says
pressure is equal to the weight of gas or liquid
above the level of interest.

K or kelvin: Unit of absolute temperature; the
freezing and boiling points of water are 273.16
K and 373.16 K, respectively.

Langmuir probe: Instrument used to measure
electron and ion densities; the external sensor is
usually a stiff wire; the current is measured as
different voltages are applied.

Optical depth: Number of mean free paths for

scattering or absorption; after an optical depth
7, radiation is reduced by a factor e™".
Refraction: Bending of a light ray as it traverses
a boundary, for example, between air and glass
or between space and an atmosphere.
Retrograde: Rotating clockwise viewed from
the north, in the opposite sense to the orbital
motions of the planets.

Scale height: Heightrange over which pressure
falls by 1/e = 0.368; equal to kT/mg, where k is
Boltzmann’s constant, T is temperature, mis the
mean mass of the gas, and g is the acceleration
of gravity.

Sidereal: Relative to the stars (rather than the
Sun).

Stratosphere, mesosphere: Region (also called
middle atmospheres) whose temperature is con-
trolled by radiative balance. On Earth it extends
from about 10 to 95 km, and on Venus from 65
to 95 km.

Thermosphere, exosphere: QOuter parts of an
atmosphere, heated by ionizing radiation and
cooled by conduction. The exosphere is essen-
tially isothermal and is also characterized by very
long mean free paths.

Troposphere: Lowestregion of an atmosphere,
dominated by vertical mixing and often pos-
sessing clouds. On Earth it extends to 14 km
(equatorial) and 9 km (polar), and on Venus to
65 km.
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FIGURE 1 Two images of the cloud top region obtained from Pioneer Venus Orbiter 5 hours apart on May 28, 1990. The small but
distinct westward movement of the large-scale cloud patterns can be seen. The original images have been processed to enhance the contrast
and remove the limb darkening (which makes the edges considerably darker than the center). (Courtesy of Dr. L. Travis.)

enus possesses a dense, hot atmosphere, primarily

of carbon dioxide, with a pressure of 93 bars and

a globally uniform temperature of 740 K at the
surface. The surface is totally hidden at visible wave-
lengths by a cloud deck (really a deep haze) of concen-
trated sulfuric acid droplets that extends from 50 km
altitude to a poorly defined top at 65 km (Fig. 1 and
also Fig. 8). The clouds are thus located in the top
part of the troposphere, which extends from 0 to 65
km. The middle atmosphere (stratosphere and meso-
sphere) extends from 65 to about 95 km, and the upper
atmosphere (thermosphere and exosphere) from 95 km
up. Although the rotation period of the solid planet is
243 Earth days (sidereal), the atmosphere in the cloud
region rotates in about 4 days, and the upper atmo-
sphere in about 6 days, all in the same retrograde di-
rection.

. INTRODUCTION

A. HISTORY

The study of Venus by Earth-based telescopes has
been frustrated by the complete cloud cover. The
presence of CO, was established in 1932, as soon

as infrared-sensitive photographic plates could be
applied to the problem. But establishment of the
abundance was impossible because there was no way
to determine the path length of the light as it
scattered among the cloud particles. Moreover, it
was assumed that nitrogen would also be abundant,
as it is on Earth, and this gas cannot be detected
in the spectral range available from the ground.
Careful observation of the feeble patterns detectable
in blue and near-ultraviolet images was able to estab-
lish the presence of the 4-day rotation at the cloud
tops. These patterns are shown in the much more
recent spacecraft images of Fig. 1. Radio astronomers,
observing Venus’s emission at the microwave wave-
length of 3.15 cm, discovered in 1958 that it appears
to be much hotter than expected, and this was
confirmed by later results at other wavelengths. The
most likely suggested explanation was that the radia-
tion came from a hot surface, warmed by an extreme
version of the greenhouse effect; but the required
warming is so extreme that other hypotheses were
debated. Spacecraft measurements, as will be de-
scribed, finally settled the issue in favor of the
greenhouse effect and showed that the pressure at
the mean surface is 93 bars.

A large number of spacecraft experiments on 22
missions have been devoted to study of the atmosphere;
it is better explored than that of any planet other than
the Earth. United States missions, starting in 1962,
were the flybys Mariner 2, 5, and 10 (which went on



VENUS: ATMOSPHERE

to Mercury); Pioneer Venus Multiprobe and Orbiter
in 1978; the radar mapper Magellan; and the Jupiter-
bound Galileo. Successful Soviet ones were Venera
4—14, which included entry and descent probes as well
as flybys or orbiters, Venera 15 and 16, which were
radar mappers, and Vega I and 2, which dropped both
probes and balloon-borne payloads on their way to
Halley’s Comet. Early missions were devoted to recon-
naissance, in particular to confirmation of the high
surface pressure and temperature inferred from the
microwave radio measurements. [See PLANETARY EX-
PLORATION MISSIONS.]

"The composition of the clouds was another impor-
tant question, but it was actually answered first from
analysis of ground-based observations of the polariza-
tion of light reflected from the planet. Although such
measurements were first made in the 1930s, the com-
puters and programs to carry out the analysis did not
exist until the middle 1970s. This analysis pinned down
the refractive index and showed that the particles are
spherical; these two properties eventually led to the
identification of supercooled droplets of concentrated
sulfuric acid (H,SO,). Measurements from the Pioneer
Venus probes confirmed this composition and gave
much greater detail on the sizes and layering of the
haze.

B. MEASURING TECHNIQUES

Three principal techniques can be applied from Earth:
spectroscopy, radiometry, and imaging. They can be
used over a wide variety of wavelengths, from the ultra-
violet to the shortest part of the radio spectrum. Spec-
troscopy, as mentioned earlier, was first applied in 1932
and led to the discovery of CO,. Little more was done
until the middle 1960s, when traces of water vapor
were found and a tight upper limit was set on the
amount of O,. The development of Fourier spectros-
copy permitted an extension further into the infrared,
where CO, HCI, and HF were observed. Radiometry,
and especially polarimetry, eventually led to the identi-
fication of the substance of the cloud particles. After
the near-infrared “windows” were identified (see Sec-
tion I, D), starting in 1983, spectroscopy of deeper
parts of the atmosphere provided important further
information. Visual studies, followed more recently by
photography and infrared imaging, disclosed the 4-
day rotation of the cloud tops and the 6-day period
of a deeper region. Similar remarks apply to radio
astronomical studies. Radiometry gave the data that
finally led to the establishment of the high surface
temperature, and millimeter-wave spectroscopy has
led to the interesting results on CO discussed in Sec-
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tion III, D. Until the early 1990s, all ground-based
radio work used radiation from the whole disk, but
modest spatial resolution is beginning to be available
by interferometry (the technique of combining the
signals from several antennas).

Many of the same techniques have been applied
from flyby and orbiting spacecraft, but an important
addition is the radio occultation experiment, which
tracks the effect of the atmosphere on the telemetry
carrier as the spacecraft disappears behind the atmo-
sphere or reappears from behind it. On Venus, the
regions observed in this way are the ionosphere and
the neutral atmosphere from about 34 to 90 km. At
greater depths, the refraction of the waves by the atmo-
sphere is so great that the beam strikes the surface
and never reappears. In addition to carrying several
instruments for remote sensing, Pioneer Venus Or-
biter (1978-1992) actually penetrated the upper atmo-
sphere once per orbit, and took advantage of this by
carrying a suite of instruments to make measurements
in situ. Two mass spectrometers measured individual
gases and positive ions; a Langmuir probe and a re-
tarding potential analyzer measured electron and ion
densities, temperatures, and velocities; and a fifth in-
strument measured plasma waves. Higher-energy ions
and electrons, both near the planet and in the solar
wind, were measured by a plasma analyzer, and impor-
tant auxiliary information was provided by a magne-
tometer. In addition, the atmospheric drag on the
spacecraft gave an excellent measure of the density as
a function of height.

A large number of probes have descended part
or all the way through the atmosphere, and the Vega
balloons carried out measurements in the middle
of the cloud region. All of them have carried an
“atmospheric structure” package measuring pressure,
temperature, and acceleration; height was obtained
on the early Venera probes by radar, and on all
probes by integration of the hydrostatic equation.
Gas analyzers have increased in sophistication from
the simple chemical cells on Venera 4 to mass
spectrometers and gas chromatographs on later Soviet
and U.S. missions. In some, cases, however, there
are suspicions that the composition was significantly
altered in passage through the sampling inlets, espe-
cially below 40 km, where the temperature is high.
A variety of instruments have measured the clouds
and their optical properties. Radiometers observed
the loss of solar energy through the atmosphere,
and others have observed the thermal infrared fluxes.
Winds were obtained by tracking the horizontal drifts
of the probes as they descended, and the balloons
as they floated. Veneras 11-14 carried radio receivers
to seek evidence of lightning activity.
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TABLE I
Composition of the Venus Atmosphere
Mole Mole
fraction fraction at

Species at 70 km 40 km

% Cco, 96.5 96.5
N, 3.5 3.5

ppm? He ~12 ~12
Ne 7 7
Ar 70 70
Kr ~0.2 ~0.2
CcO 5170 45
H,O =1 45
SO, 0.05 ~100
H.S ? 1
CcoS 0.25
HCI 0.4 0.5
HF 0.005 0.005
0O, <0.1 0-20

% D/H 1.6 1.6

* Parts per million.

C. COMPOSITION

The fact that carbon dioxide is indeed the major gas
was established by a simple chemical analyzer on the
Venera 4 entry probe. The mole fraction was found
to be about 97%, in reasonable agreement with the
currently accepted value shown in Table I. The next
most abundant gas is nitrogen; though it is only 3.5%
of the total, the absolute quantity is about three times
that in the Earth’s atmosphere. The temperature pro-
file is illustrated in Fig. 2, along with a sketch of the
cloud layers.

Many of the strange properties of the atmosphere
can be traced to an extreme scarcity of water and its
vapor and the total absence of liquid water. On Earth,
carbon dioxide and sulfuric, hydrochloric, and hydro-
fluoric acids are all carried down by precipitation, a
process that is absent in the hot, dry lower atmosphere
of Venus. All of them then react and are incorporated
in geological deposits; the best estimates of the total
amount of carbonate rocks in the Earth give a quantity
of CO, almost equal to that seen in the atmosphere
of Venus. Free oxygen is undetectable at the Venus
cloud tops; one molecule in ten million could have
been seen. There is, of course, plenty of oxygen in
carbon dioxide, and dissociation by sunlight liberates
it in copious quantities. It is readily detected (as is CO)
by spacecraft instruments orbiting through the upper
atmosphere, but is removed before it can reach the
cloud level. Small quantities of O, are also found below
the clouds, probably liberated by the thermal decom-
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position of the cloud particles. All of these lines of
evidence point to the action of a strong mechanism in
the middle atmosphere that converts O, and CO back
into CO,. The observed HCI molecules are the key;
they too are broken apart by solar radiation, and the
free chlorine atoms enter a catalytic cycle that does
the job. This chemistry is closely coupled to the sulfur
chemistry (see Section IV) that maintains the clouds.

Carbon dioxide, aided by the other molecules listed
in Table I, makes the lower atmosphere opaque to
thermal (infrared) radiation; it is this opacity that
makes the extreme greenhouse effect possible. Only a
few percent of the incident solar energy reaches the
surface, but this is enough. Venus is a remarkable and
extreme example of the large climatic effects that can
be produced by seemingly small causes. One chlorine
atom in two and a half million can completely eliminate
free oxygen from the middle atmosphere, and ozone
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FIGURE 2 Temperature profiles from the surface to 200 km
altitude, obtained by different experiments on the Pioneer Venus
Orbiter and Probes. ONMS, orbiter neutral mass spectrometer;
OAD, orbiter atmospheric drag; BNMS, bus neutral mass spectrom-
eter. The cloud region with its three layers has been sketched in.
[From D. M. Hunten et al. (eds.) (1984). “Venus.” Univ. of Arizona
Press, Tucson.]
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has no hope of surviving in significant quantities. The
temperature increase caused by the greenhouse effect
is almost 500° C. The idea that the 30° seen on Earth
could become 32° or 33° if its atmospheric content of
CO; should double seems entirely probable to experts
on Venus’s atmosphere, and so does significant loss of
ozone from release of chlorinated refrigerants. It thus
seems that the obvious differences between Earth and
Venus are all traceable to the differences in their en-
dowments of water (vapor or liquid). Although origin
and evolution are discussed in Section VI, a short pre-
view is given here. It is plausible that both planets
started out with similar quantities, but that the greater
solar flux at Venus caused all its water to evaporate
(a “runaway greenhouse”). Solar ultraviolet photons
could then dissociate it into hydrogen (which escaped)
and oxygen (which reacted with surface materials).
Strong evidence in favor of this scenario is the extreme
enhancement of heavy hydrogen (deuterium, or D),
almost exactly 100 times more abundant relative to H
than it is on Earth. Such a fractionation is expected
because the escape of H is much easier than that of
D. [See THE EARTH AS A PLANET: ATMOSPHERES
AND OCEANS.]

D. NEAR-INFRARED SOUNDING

Study of the atmosphere below the clouds was revital-
ized in 1988 by the discovery of several narrow spectral
windows in the near infrared, where the radiation from
deep layers can be detected from above (Fig. 3). The
two most prominent ones are at 1.74 and 2.3 um (Fig.
4), and others are at 1.10, 1.18, 1.27, and 1.31 wm. As
we have seen, at microwave radio wavelengths, radia-
tion from the actual surface can escape to space. At
other infrared wavelengths, the emission from the
night side is characteristic of the temperature of the
cloud tops, about 240 K. In the windows, the bright-
ness, and therefore the temperature of the emitting
region, is considerably higher. Images taken in a win-
dow reveal horizontally banded structures that appear
to be silhouettes of the lowest part of the cloud (around
50 km) against the hotter atmosphere below (see Fig. 3
and Section IV). [See INFRARED VIEWS OF THE SOLAR
SYSTEM FrROM SPACE.]

Numerous absorption lines and bands allow infer-
ences about the composition to levels all the way to
the surface. One such spectrum is shown in Fig. 4.
Each “window” allows the composition to be obtained
at a different level; this is particularly important for
water vapor, discussed in the next section. The mea-
surement of carbonyl sulfide (COS) shown in Table I
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was obtained by this analysis. This gas has resisted all
attempts to measure it from entry probes, even though
it has long been expected to be present. Other gases
include CO, HF, HCI, and light and heavy water vapor,
all in good agreement with prior results. These results
are also included in Table I.

1. LOWER ATMOSPHERE

A. TEMPERATURES

It is convenient to regard the lower atmosphere as
extending from the surface to about 65 km, the level
of the visible cloud tops and also of the tropopause.
This region has been measured in detail by many de-
scent probes, with results in close agreement, and also
by radio occultation. The temperature profile (see Fig.
2)is close to the adiabat, becoming noticeably less steep
above the tropopause. As on Earth, the tropopause is
a few kilometers lower at high latitudes than near the
equator. The high surface temperature is maintained
by the greenhouse effect, driven by the few percent of
solar energy that reaches the surface. Converted to
thermal infrared, this energy leaks out very slowly be-
cause of the opacity of the atmospheric gases at such
long wavelengths. The molecules principally responsi-
ble are CO;, SO,, H,0, and perhaps others. Quantita-
tive calculations have shown that the greenhouse
mechanism is adequate, and that the observed solar
and infrared net fluxes can be reproduced. These mod-
els treat the temperatures as globally uniform, so that
they can be restricted to considering vertical heat trans-
port only.

The surface temperature is remarkably uniform
with both latitude and longitude, largely because of a
very long radiative time constant. A very slow atmo-
spheric circulation is therefore adequate, but the details
of how the nonuniform solar heating is converted to
a uniform surface temperature are not understood.
The “runaway greenhouse” that may have operated
early in the history of the planet is discussed in Sec-
tion VL

B. WATER VAPOR

Table I shows rather uncertain quantities of H,O, but
there is no doubt that there is a major difference in
the mole fractions below and above the clouds. This
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FIGURE 3 Near-infrared images (2.36 um) of the night side combined into maps for (above) December 31 to January 7, 1991, and (below)
February 7 to 15, 1991. Bright areas are thinner parts of the cloud through which thermal radiation from deeper layers can shine. [From D.

Crisp et al. (1991). Science 253, 1538-1541.]

is almost certainly because the concentrated sulfuric
acid of the cloud particles is a powerful drying agent
(see Section IV, C). A summary of the many attempts
to measure the abundance below the cloud is given in
Fig. 5. Direct measurements have been made by several
mass spectrometers and gas chromatographs, but the
amounts are so small and the results so divergent that
there remain many questions. Indirect measurements
come from radiation fluxes, which are strongly affected
by the opacity of water vapor. The four Pioneer Venus
probes carried infrared net flux radiometers (points
labeled “7” in Fig. 5), and Veneras 11 and 12 carried
an instrument working with weaker absorptions in the
near infrared (dashed line “2”). A major advantage of
these measurements is that they cannot be affected by
sampling errors, because they relate to the atmosphere
far from the probe. It is likely that many of the diver-
gences are due to the extreme difficulty of measuring
such small quantities of a reactive molecule at the high
temperatures of the lower atmosphere, but some of
the variations may reflect real effects of latitude or
height. Particularly puzzling has been the indication
from the mass spectrometer on the Pioneer Venus
Large Probe that the mole fraction falls off by nearly

a factor of 10 between 10 km altitude and the surface
(Fig. 5, line “1”). It is likely that this resultis incorrect;
it is not supported by remote sensing of this region in
the near-infrared windows.

The ratio of heavy to light hydrogen (D/H) (last
line of Table I) was first measured on ions in the
ionosphere and has been confirmed by the mass spec-
trometer just mentioned and by analysis of spectra
taken from Earth in the near-infrared windows. In
turn, the deuterium provides a valuable signature for
distinguishing Venus water vapor in the mass spec-
trometer from any contaminants carried along from
Earth. The likely enrichment process is discussed in
Section VI.

[II. MIDDLE AND UPPER ATMOSPHERE

A. TEMPERATURES

The middle atmosphere (stratosphere and meso-
sphere) extends from the tropopause at 65 km to the
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FIGURE 4 Near-infrared spectrum in the 2.3-um window (bottom); the spectrum above it was calculated by making use of laboratory data
for the six different molecules shown. [From B. Bézard et al. (1990). Nature 345, 508-511.]

temperature minimum or mesopause at about 95 km
(see Fig. 2). The upper atmosphere lies above this
level. Here, temperatures can no longer be measured
directly, but are inferred from the scale heights of
various gases with use of the hydrostatic equation. On
Earth and most other bodies, this region is called the
“thermosphere” because temperatures in the outer
layer, or “exosphere,” are as high as 1000 K. The
temperature is much more modest on Venus; the exo-
spheric temperature is no more than 350 K on the day
side. The corresponding region on the night side is
sometimes called a “cryosphere” (cold sphere) because
its temperature is not far above 100 K. Measurements
of these temperatures by Pioneer Venus Orbiter are
shown in Fig. 6. The large temperature difference
translates into a pressure difference that drives strong
winds from the day side to the night side, at all levels
above 100 km.

On Earth, the exospheric temperature changes
markedly with solar activity, being perhaps 700 K at
sunspot minimum and 1400 K at maximum. The corre-
sponding change at Venus is much more modest, per-

haps 50 K. Many of these differences are traceable to
the fact that CO,, the principal radiator of heat, is just
a trace constituent of Earth’s atmosphere but is the
major constituent for Venus (and also Mars). Venus’s
slow rotation is responsible for the very cold tempera-
tures on the night side, although the atmosphere does
rotate substantially faster than the solid plane. [See
MARS: ATMOSPHERE AND VOLATIVE HISTORY.]

B. IONOSPHERE

The principal heat source for the thermosphere is the
production of ions and electrons by far-ultraviolet solar
radiation. The most abundant positive ions are O5, O,
and COj. As part of these processes, CO, is dissociated
into CO and O, and N, into N atoms. All of these ions,
molecules, and atoms have been observed or directly in-
ferred (Fig. 7). Some of the O* ions (with an equal num-
ber of electrons) flow around to the night side and help
to maintain a weak ionosphere there. Venus lacks any
detectable magnetic field, and the dayside ionosphere is
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therefore impacted by the solar wind, a tenuous medium
of ions (mostly H") and electrons flowing from the Sun
at about 400 km/sec. Electrical currents are induced in
the ionosphere, and they divert the solar wind flow
around the planet. The boundary between the two me-
dia, called the “ionopause,” is typically atan altitude of a
few hundred kilometers near the subsolar point, flaring
outto perhaps 1000 kmabove the terminators and form-
ing a long, taillike cavity behind the planet. [See So-
LAR WIND.]

C. WINDS

The thermospheric winds carry the photochemical
products O, CO, and N from the day side to the night
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side, where they are almost as abundant as they are on
the day side. However, as Fig. 7 illustrates, all gases
fall off much more rapidly on the night side because
of the low temperature. They descend into the middle
atmosphere in a region perhaps 2000 km in diameter
and generally centered near the equator at 2 Am. local
time. This region can be observed by the emission of
airglow emitted during the recombination of N and
O atoms into NO molecules, which then radiate in
the ultraviolet, and O, molecules, which radiate in the
near infrared. The light gases hydrogen and helium are
also carried along and accumulate over the convergent
point of the flow; for these gases, the peak density is
observed at about 4 A.m. These offsets are the principal
evidence that this part of the atmosphere rotates with
a 6-day period, a rotation that is superposed on the
rapid day-to-night flow.

D. CHEMICAL RECOMBINATION

Oxidation of the CO back to CO, is much slower
than the recombination of O and N atoms, but a very
efficient process is required. This conclusion follows
from Earth-based observations of a microwave (2.6-
mm wavelength) absorption line of CO, from which
a height distribution can be obtained from 80 to 110
km. It is found that the downward-flowing CO is sub-
stantially depleted on the night side below 95 km (as
well as on the day side). The proposed solution involves
reactions of chlorine atoms, as well as residual O atoms
descending from the thermosphere. The chlorine acts
as a catalyst, promoting reactions but not being con-
sumed itself, and the reaction cycle works without the
direct intervention of any solar photons other than the
ones that produced the O atoms and CO molecules
half a world away.

The availability of CI atoms is assured by the ob-
served presence of HCI at the cloud tops (Table I).
On Earth, any HCI emitted into the atmosphere is
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FIGURE 7 Daytime (dashed) and nighttime (solid) number densities of the major gases in the thermosphere obtained by fitting a large
number of measurements by the mass spectrometer on Pioneer Venus Orbiter. [From D. M. Hunten et al. (1984).]

rapidly dissolved in water drops and rained out. Chlo-
rine atoms reach the stratosphere only as components
of molecules, such as the artificial ones CCl,, CF,Cl,,
and CFCI; and the natural one CH;Cl, none of which
dissolve in water. Once they have been mixed to re-
gions above the ozone layer, they are dissociated by
solar ultraviolet photons. Because liquid water is absent
on Venus, the abundance of HCl is large to start with
and it is not kept away from the stratosphere. Here
again the atoms are released by solar ultraviolet. The
chlorine abundance is nearly a thousand times greater
than that on Earth, and Venus is an example and a
warning of what chlorine can do to an atmosphere.
The middle atmosphere is also the seat of important
chemistry involving sulfur, which is discussed in the
next section.

. Cowg o s

A. APPEARANCE AND MOTIONS

The clouds are perhaps the most distinctive feature of
Venus. They do show subtle structure in the blue and
near ultraviolet, illustrated in Fig. 1, which has been

processed to bring out the detail and flattened to re-
move the limb darkening. Although the level shown
in the figure is conventionally called the “cloud top,” it
is not a discrete boundary at all. Similar cloud particles
extend as a haze to much higher altitudes, at least 80
km; the “cloud top” is simply the level at which the
optical depth reaches unity, and the range of visibility
(the horizontal distance within which objects are still
visible) is still several kilometers.

Study of daily images, first from Earth and later
from spacecraft, reveals that the cloud top region is
rotating with a period of about 4 days, corresponding
to an equatorial east—west wind speed of about 100
m/sec. The speed varies somewhat with latitude; in
some years, but not all, the rotation is almost like that
of a solid body. Although there are not nearly as many
near-infrared images like Fig. 3, they show a longer
period consistent with the idea that the silhouettes are
of the lower cloud, where entry probes have measured
wind speeds of 70 to 80 m/sec.

B. CLOUD LAYERS

Several entry probes have made measurements of cloud
scattering as they descended, but the most detailed
results were obtained from Pioneer Venus and are
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FIGURE 8 Cloud profiles obtained by the particle size spectrometer on Pioneer Venus Large Probe. The three curves indicate different
properties: number of particles per cubic centimeter, extinction coefficient or optical depth per kilometer of height, and mass per cubic

centimeter. [From D. M. Hunten et al. (1984).]

shown in Fig. 8. Three regions (upper, middle, and
lower) can be distinguished in the main cloud, and
there is also a thin haze extending down to 30 km.
Size distributions are shown in Fig. 9; it is these, more
than the gross properties of Fig. 8, that distinguish the
regions. In the upper cloud, the one that can be studied
from Earth or from orbit, most particles (“Mode 1)
are about 1 umin diameter and should really be consid-
ered a haze rather than a cloud; there are also larger
(“Mode 2”) particles with diameters around 2 wm.
The same particles extend throughout the clouds, but
the Mode 2 ones become somewhat larger in the mid-
dle and lower clouds, and a third population (“Mode
3”"), greater than 6 wm in diameter, is also found. The
existence of distinct modes is still not understood; the
optical properties of all three are generally consistent
with sulfuric acid, although there is some suspicion
that the rare Mode 3 particles might be solid crystals.

C. CLOUD CHEMISTRY

A cloud particle of diameter 1 wm has a sedimentation
velocity of 7.5 m/day at 60 km,; this velocity varies as
the square of the size. Though small, these velocities
eventually carry the particles out of the cloud to lower

altitudes and higher temperatures, where they will
evaporate. At still lower heights the hydrated H,SO,
must decompose into H,O, SO,, and oxygen, all of
which are (at least probably) much more abundant
beneath the clouds than above them (Table I). Atmo-
spheric mixing carries these gases back upward. Nearly
all the water vapor is absorbed by the cloud particles.
Above the clouds, solar ultraviolet photons attack the
SO,, starting the process that converts it back to
H,SO,. An important intermediate is the reactive free
radical SO, and probably some elemental sulfur is pro-
duced. Ultraviolet spectra (pertaining to the region
above the clouds) reveal the presence of the small
amounts of SO, shown in Table I, but much less than
has been measured below the clouds.

Sulfuric acid is perfectly colorless in the blue and
near ultraviolet, and the yellow coloration that pro-
vides the contrasts of Fig. 1 must be caused by some-
thing else. Certainly the most likely thing is elemental
sulfur, but yellow compounds are abundant in nature
and the identification remains tentative. The photo-
chemical models do predict production of some sulfur,
but it is a minor by-product and the amount produced
is uncertain. Probably the most likely alternative is
ferric chloride, particularly for the Mode 3 particles
in the lower cloud.
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D. LIGHTNING

Electromagnetic pulses have been observed by the
entry probes Venera 11, 12, 13, and 14, by Pioneer
Venus Orbiter, and by Galileo. For many years it
seemed that the most likely source was lightning,
and many workers are convinced of its reality. How-
ever, some searches for the corresponding optical
flashes have been negative, except for one ambiguous
interval from Venera 9. A recent study from the
Earth does seem to have turned up a few optical
events. The negative results may simply be because
the flashes are too faint, but another concern is that
conditions on Venus do not seem propitious for
large-scale charge separation. On Earth, lightning is
seen during intense precipitation and in volcanic

explosions. In thunderstorms, large drops are efficient
at carrying charge of one sign away from the region
where it is produced, and the gravitational force is
large enough to resist the strong electric fields. This
is not the case for small particles. There does not
seem to be enough cloud mass on Venus to generate
large, precipitating particles, although they are diffi-
cult to detect and may have been missed. As for
volcanic explosions, most of them are driven by
steam; on Venus, water is very scarce, and the 93-
bar surface pressure means that, other things being
equal, any explosion is damped by a factor of 93
compared with Earth. In spite of these concerns,
lightning remains one of the more plausible explana-
tions of the radio bursts, but it is important to
seek others.



158

V. GENERAL CIRCULATION
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Careful tracking of entry probes, notably the four of
Pioneer Venus, has shown that the entire atmosphere
is superrotating, with a speed decreasing smoothly
from the 100 m/sec at the cloud top to near zero at
5-10 km. Winds in the meridional direction are much
slower. Because the density increases by a large factor
over this height range, the angular momentum is a
maximum at 20 km. Small amounts of superrotation
are observed in many atmospheres, especially thermo-
spheres, but they are superposed on a rapid planetary
rotation. (A familiar example is the midlatitude “pre-
vailing westerlies” on the Earth.) In spite of a great
deal of theoretical effort and a number of specific sug-
gestions, there is still no accepted mechanism for the
basic motion of the Venus atmosphere, nor is it given
convincingly in any numerical general circulation
model. What is needed is to convert the slow apparent
motion of the Sun (relative to a fixed point on Venus)
into a much more rapid motion of the atmosphere.
There must also be a slow meridional (north—south)
component, sometimes called a Hadley circulation, to
transport heat from the equatorial to the polar regions.

There are no direct measurements above the cloud
tops, but deductions from temperature measurements
suggest a slowing of the 100 m/sec flow up to perhaps
the 100-km level. At still greater heights the dominant
flow is a rapid day—night one, first suggested on theo-
retical grounds and confirmed by the large observed
temperature difference. But the flow is not quite sym-
metrical; maxima in the hydrogen and helium concen-
trations, and in several airglow phenomena, are sys-
tematically displaced from the expected midnight
location toward morning. Possible explanations are a
wind of around 65 m/sec or a wave-induced drag force
that is stronger at the morning side than the evening.

VI. ORIGIN AND EVOLUTION

It is generally believed that the Sun, the planets, and
their atmospheres condensed, about 4.6 billion years
ago, from a “primitive solar nebula.” The presumed
composition of the nebula was that of the Sun, mostly
hydrogen and helium with a small sprinkling of heavier
elements. It is these impurities that must have con-
densed into dust and ice particles and accreted to form
the planets. Evidently the Jovian planets were also able
to retain a substantial amount of the gas as well, but
the terrestrial planets and many satellites must have
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been made from the solids. [See THE ORIGIN OF THE
SOLAR SYSTEM.]

An intermediate stage in the accretion was the
formation of “planetesimals,” Moon-sized objects
that merged to form the final planets. For the terres-
trial planets (Mercury, Venus, Earth, Moon, and
Mars), the number was probably about 500. These
objects would not remain in near-circular orbits, and
the ones in the inner solar system might end up as
part of any of the terrestrial planets. One would
therefore expect them to begin with similar atmo-
spheric compositions, and indeed those of Venus
and Earth have many interesting resemblances, as
mentioned in Section I. The smaller bodies appear
to have lost all or most of their original gas (or
never possessed much in the first place).

Many of the differences between the atmospheres
of Earth and Venus can be traced to the near-total
lack of water on Venus. These dry conditions have
been attributed to the effects of a runaway greenhouse
followed by massive escape of hydrogen. A runaway
greenhouse might have occurred on Venus because it
receives about twice as much solar heat as the Earth.
If Venus started with a water inventory similar to that
of the Earth, the enhanced heating would have evapo-
rated additional water into the atmosphere. Because
water vapor is an effective greenhouse agent, it would
trap some of the thermal radiation emitted by the
surface and deeper atmosphere, producing an en-
hanced greenhouse warming and raising the humidity
still higher. This feedback may have continued until
the oceans were gone and the atmosphere contained
several hundred bars of steam. (This pressure would
depend on the actual amount of water on primitive
Venus.) Water vapor would probably be the major
atmospheric constituent, extending to high altitudes
where it would be efficiently dissociated into hydrogen
and oxygen by ultraviolet sunlight. Rapid escape of
hydrogen would ensue, accompanied by a much
smaller escape of the heavier deuterium and oxygen.
The oxygen would react with iron in the crust, and also
with any hydrocarbons that might have been present.
Although such a scenario is reasonable, it cannot be
proved to have occurred. The enhanced D/H ratio
certainly points in this general direction, but could
have been produced from a much smaller endowment
of water (as little as 1%) than is in the Earth’s oceans.

It used to be thought that Venus was a near twin
of the Earth, perhaps a little warmer but perhaps able
to sustain Earth-like life. It is still possible that the
large divergences we now see could have arisen from
different evolutionary paths; alternatively, the two
planets may always have been very different.
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