





"The fabric of the world has its center everywhere
and its circumference nowhere."

—Cardinal Nicolas of Cusa, fifteenth century

The attempt to understand the origin of the universe is the
greatest challenge confronting the physical sciences. Armed
with new concepts, scientists are rising to meet that
challenge, although they know that success may be far away.
Yet when the origin of the universe is understood, it will
open a new vision of reality at the threshold of our
imagination, a comprehensive vision that is beautiful,
wonderful, and filled with the mystery of existence. It will be
our intellectual gift to our progeny and our tribute to the
scientific heroes who began this great adventure of the
human mind, never to see it completed.

—From Perfect Symmetry
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In the beginning God created the heavens and the earth.
The earth was without form and void and darkness was

upon the face of the deep; and the spirit of God was
moving over the face of the waters.

—Genesis
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Foreword

The children's books that were my first contact with the
universe opened my imagination to thoughts of voyages to
the moon, planets and stars. When I was older, however, 1
visited the Fels Planetarium in Philadelphia and the Hayden
Planetarium in New York, and that simple, self-centered
perception was shattered. The drama and power of the
dynamic universe overwhelmed me. 1 learned that single
galaxies contain more stars than all the human beings who
have ever lived, and I saw projections of clusters of such
galaxies moving in the void of space like schools of fish
swimming in the sea. The reality of the immensity and
duration of the universe caused a kind of "existential shock"
that shook the foundations of my being. Everything 1 had
experienced or known seemed insignificant placed in that
vast ocean of existence.

While my sense of awe at the size and splendor of the
universe is a feeling that has never quite left me, reflecting
back on my childhood experience I see that the universe
provided a screen upon which I could project my feelings
about the immensity of existence; that external ocean
mirrored the one within me. Later, as I pursued the study of
theoretical physics at Princeton and Stanford Universities,
my attitude toward the universe altered. The universe
became less a screen for the projection of my feelings and
more a puzzle challenging me as a scientist, a puzzle which
left scattered, complex clues to its solution. The universe, in
spite of its size, is a physical entity governed by the laws of
space, time and matter. Someday (and that day is not

x1il
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yet here) physicists may know the laws that describe the
creation of the universe and its subsequent evolution. The
logical account of the foundations of physical existence will
then be complete.

As we embark on the study of the universe, it is worth
reminding ourselves that not so long ago, at the beginning of
this century, physicists were puzzled by the properties of
atoms. Atoms were so small (a few eminent scientists even
doubted their existence) and behaved in such sporadic,
uncontrollable ways that some people thought they lay
beyond the power of scientific comprehension. Yet after
major experimental and theoretical discoveries, physicists in
the 1920s invented the quantum theory which explicated the
weird world of the atom. New and unfamiliar physical
concepts were incorporated into the quantum theory,
concepts that have survived to the present day.

Similarly, as physicists attempt to comprehend the origin
and evolution of the universe, they will certainly need to
invent new and unfamiliar concepts. Scientists do not yet
understand the fundamental laws that describe the very
origin of the universe, at least not as well as they understand
the laws describing atoms. But many scientists today are
excited because such an understanding is currently in the
making, a result of the intellectual synthesis of two scientific
disciplines: quantum theory, which specifies the laws of the
smallest things—the quantum particles—and cosmology,
which specifies the laws that govern the largest thing—the
entire universe.

A major reason for the growing intimacy between quantum
physics and cosmology is the success of the "big bang”
theory of the early universe. According to this theory, if we
imagine going backward in time then we would see the
universe contract, the galaxies move closer together until
they meld into a hot, uniform gas of all the constituents of
matter—the quantum particles—interacting at enormous
energy. Elucidating the properties of such a gas of hot,
interacting quantum particles is the purview of modern
quantum theory. Physicists estimate that the high
temperatures and high energies among the quantum
particles eventually encountered in the early universe are
physically unique—they become so high that they cannot be
reproduced in laboratories here on earth. Hence the only
possible "laboratory” that can test theories of quantum-
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particle interactions at ultrahigh energies is the universe
itself.

Another reason for the growing intimacy between quantum
theory and astronomy is that astronomers are now observing
exotic objects like neutron stars, consisting of matter
compressed to enormous densities, and possibly black holes,
in which the very fabric of space and time undergoes
unusual distortions. Like the early universe, these strange
objects present extreme physical conditions that cannot be
reproduced here on earth. Since it is the properties of space,
time and matter, especially under extreme conditions, that
physicists endeavor to understand, these new objects
provide vyet additional extraterrestrial laboratories for
testing physical laws.

Were I to summarize the optimistic theme of this book in a
single sentence, that sentence would be "From microcosm to
macrocosm, from its origin to its end, the universe is
described by physical laws comprehensible to the human
mind."

I believe that physicists will someday soon understand the
basic laws of the quantum creation of the universe (most
probably out of nothing whatsoever) as well as
astrophysicists now understand the interiors of stars. The
universe, whose very mention invokes a sense of
transcendence, will be comprehended as subject to natural
laws like all other material things. In spite of its immensity
and age, the universe will never seem the same.

Such a fulfillment of the program of the natural sciences will
have a profound impact on human thinking. As knowledge
of our universe matures, that ancient awestruck feeling of
wonder at its size and duration seems inappropriate, a
sensibility left over from an earlier age. Thousands of years
ago, many people perceived the sun as a divine presence;
today many people perceive the universe as essentially
beyond human comprehension. But just as the sun is now
understood in terms of astrophvsical processes, so too will
the universe be similarly understood. In the past, myths and
the religious creation stories shaped the values of people
who believed in them; likewise the emergent scientific
cosmology will shape the values of those who accept it.
Through the agency of scientific discovery the external
order of the universe influences our consciousness and
values.
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This book is divided into four parts. The first part,
"Herschel's Garden," gives the reader an overview of the
dynamic universe discovered by astronomers—the stars,
white dwarfs, neutron stars, black holes, interstellar gas and
dust, quasars, galaxies, their distribution in space as clusters
and superclusters of galaxies, and the cosmos as a whole.
From this part of the book the reader should derive a sense
not only of the size of the universe and our knowledge of its
inhabitants but also of the puzzles confronting modern
astronomy such as how stars are born and galaxies are
evolving. I discuss some suggested solutions to these and
other astronomical puzzles to which we can hope to achieve
a final resolution as new observational data are acquired.
Today, the search into the universe continues with
instruments like satellites and radio telescopes, a search
manifesting, in the words of the American astronomer
Edwin Hubble, an "urge... older than history."

While the first part of the book describes the universe
observed in space, the following two parts of the book
describe a conceptual exploration of the universe in time.
The second part, "The Early Universe,” describes the
remarkable picture of the universe when it was only seconds
and minutes old—the "hot big bang,” a theory that came
about by the application of the laws of quantum-particle
physics to the entire universe. Without using complicated
mathematics I describe the basic framework for thinking
about the quantum particles—die discipline known as
"relativistic quantum-field theory"—and how it applies to
the study of the early universe. Amazingly, physicists
understand the universe better when it was seconds and
minutes old than for either earlier or later times because
when it was seconds old the universe was a uniform, rather
simple, gas of quantum particles, whose properties are
known. The early universe is better understood than the
weather is today.

But the very success of the hot-big-bang theory gives
physicists the confidence to press onward and conceptually
explore the universe before the first nanosecond (one-
billionth of a second) to the very origin of the universe. The
third part of the book, "Wild Ideas," leaves the secure
territory explored by astronomical observation and by high-
energy laboratory experiments and speculates about the
nature of that universe before the first nanosecond. I
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discuss "wild ideas” in the conceptual repertoire of
theoretical physicists that might explicate the dynamics of
the very early universe, ideas such as GUTs—grand unified
theories—magnetic monopoles, supersymmetry and the
world of many extra dimensions. If these ideas are correct—
and many physicists think they are—then an amazing
picture of the very early universe results.

The universe begins in a very hot state of utmost simplicity
and symmetry and as it expands and cools its perfect
symmetry is broken, giving rise to the complexity we see
today. Our universe today is the frozen, asymmetric remnant
of its earliest hot state, much as complex crystals of water
are frozen out of a uniform gas of water vapor. I describe the
inflationary universe—a conjectured pre—big-bang epoch of
the universe, which may explain some puzzling features of
the contemporary universe, such as its uniformity and age,
as well as provide an explanation for the origin of the
galaxies. The penultimate chapter of this third part of the
book—as far as speculation is concerned— describes some
recent mathematical models for the very origin of the
universe—how the fabric of space, time and matter can be
created out of absolutely nothing. What could have more
perfect symmetry than absolute nothingness? For the first
time in history, scientists have constructed mathematical
models that account for the very creation of the universe out
of nothing.

There is a short fourth part, "Reflections,” which expresses
my opinions and attitudes (not that the other parts of the
book do not contain many of my opinions or intellectual
biases as a theoretical physicist). Here the reader will find a
chapter developing the metaphor of the universe as a cosmic
computer for which the quantum particles are the
"hardware,” the laws of physics the "software" and the
evolution of the universe is the execution of the program. In
a Final chapter called "First-Person Science,” I explore the
thoughts and feelings that a few People have had about the
meaning of our strangely coherent universe.

New York, New York Felton, California 1984



[This page was intentionally left blank]



One

Herschel’s
Garden

The most beautiful and deepest experience a man can
have is the sense of the mysterious. It is the underlying
principle of religion as well as of all serious endeavour
in art and in science. He who never had this experience
seems to me, if not dead, then at least blind. The sense
that behind anything that can be experienced there is a
something that our mind cannot grasp and whose beauty
and sublimity reaches us only indirectly and as feeble
reflexion, this is RELIGIOUSNESS. In this sense I am
religious. To me it suffices to wonder at these secrets
and to attempt humbly to grasp with my mind a mere
image of the lofty structure of all that there is.

—Albert Einstein, 1932



Herschel’s Garden

There are two kinds of happiness or contentment for
which we mortals are adapted; the first we experience in
thinking and the other in feeling. The first is the purest
and most unmixed. Let a man once know what sort of a
being he is; how great the being which brought him into
existence, how utterly transitory is everything in the
material world, and let him realize this without passion
in a quiet philosophical temper, and 1 maintain that then
he is happy; as happy indeed as it is possible for him to
be.

—William Herschel,
from a letter to his brother Jacob

William Herschel, the greatest astronomer of the eighteenth
century, began his career as a teenage oboist in the
Hanoverian Foot Guards in a part of Germany then under
the dominion of George II of England. Born in 1738, he
wanted to become a professional musician and composer.
However, at about the time of the battle of Astenbeck he was
"so near to the field of action as to be within reach of
gunshot.” His father advised him to flee. To avoid the draft
into regular military service, he left at age nineteen with his
brother Jacob for England, where he pursued his career in
music. In 1766, he was appointed organist at the

3



4 PERFECT SYMMETRY

Octagon Chapel in the resort town of Bath, where he also
played in the Pump Room orchestra.

Not until he was thirty-five did Herschel's interest in
astronomy begin. In Bath he bought many books on
astronomy. Aided by his sister, Caroline, and brother
Alexander, he made a fine reflecting telescope using a
foundry he built in his house. No doubt his skill with
musical instruments served him well in the construction of
the precision instrument. Training this telescope at the sky,
he discovered a new planet—Uranus—which he at first
thought was a comet. Since ancient times the only known
planets had been the six observable by the unaided eye. No
one had anticipated an additional planet, and the shock of
this discovery made Herschel and his telescope instantly
famous. Not at a loss to express his gratitude to his adopted
country, he called the new planet Georgium Sidus (George's
Star) in honor of King George III, but later the name was
changed. Herschel was elected to the Royal Society of
London, George III became his patron and his career in
astronomy was launched.

Herschel's entry into astronomy was not unusual—many
great observational astronomers began their careers in
different professions with only an ancillary interest in
astronomy. But after making the major astronomical
discovery of a strange new planet, Herschel found it difficult
to resist the urge to continue exploring the universe. The
passion for science and the passion for music are driven by
the same desire: to realize beauty in one's vision of the
world.

Herschel's accomplishments in astronomy are all the more
remarkable in retrospect; indeed, many of his observations
and insights could not be fully appreciated until the
twentieth century. He realized, for example, that because of
the finite velocity of light we see distant celestial objects as
they were in the past. As we look into the depths of the
universe, we look at the way it was millions and billions of
years ago when the light we are now receiving was first
emitted. Remarkably, the universe contains the record of its
past the way that sedimentary layers of rock contain the
geological record of the earth's past. And that fact opened
the window to the evolutionary view of the universe held
today.
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Herschel became obsessed with the problems of
determining the structure of the Milky Way and locating the
position of our sun within it. He was even convinced that
some nebulae were both external to the Milky Way and
similar to it—thus anticipating the "island universe"” theory
of galaxies. Because it was impossible to estimate distances
to the stars with the techniques available to Herschel, his
picture of the Milky Way galaxy was quantitatively wrong.
Much to his credit as a scientist, but to his personal
disappointment, he later abandoned his picture of the Milky
Way as a large disk (which is in fact correct) when he
realized that his observational methods were inadequate for
the task of accurately establishing its shape. But he was the
first to show that the Milky Way stars are not symmetrically
arranged about the sun—an important fact substantiated by
modern observations. He thus destroyed forever the idea of
the heavens as a celestial sphere surrounding the sun. In
spite of subsequent speculations, no further progress on this
problem was made until Harlow Shapley, the American
astronomer, published his studies on the shape of the Milky
Way some 140 years later.

On the day of his election to the Royal Society, Herschel was
sent a copy of the new catalogue of 103 nebulae published
by Charles Messier and Pierre Mechain by his friend Dr. W.
Watson, Jr. He immediately began to train his wonderful
telescope upon these strange objects, hoping to discover a
few more that might have been missed.

Instead, he discovered two thousand new nebulae and
began a list of his own. This was the beginning of a new
catalogue (to which his son, John, added the many more
nebulae he observed in the southern hemisphere some
years later) and formed the foundation of all the modern
catalogues of galaxies.

Herschel also discovered many double-star systems— two
stars in orbit about each other—and showed that they obey
Newton's law of gravitation. Today we know that about half
of all observable stars are members of such binary systems.
Herschel's discovery that Newton's law applies to the
movement of faraway stars, and not just to the movement of
planets about the sun, was pivotal. He also showed that the
sun, rather than being fixed in space,
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actually moves, in this case toward the star Lambda
Herculis—a revolutionary idea comparable to Copernicus’
declaration that the earth moves about the sun. Like many
of his contemporaries, Herschel thought the moon, the
planets and the sun were inhabited (he thought there was a
cool surface under the sun's hot atmosphere). Perhaps no
person before or since has spent so much time looking
through a telescope.

Herschel made a great conceptual shift in astronomy.
Previously people shared a Newtonian, mechanical view of
the stars as subject only to the force of gravity. But Herschel,
thoroughly in tune with our modern view, suggested that
other dynamic processes were shaping the universe. In the
baroque style of his time, he writes about the possibility of
old stars colliding to form new ones:

If it were not perhaps too hazardous to pursue a former surmise of a
renewal in what I figuratively call the Laboratories of the Universe,
the stars forming these extraordinary nebulae, by some decay or
waste of nature, being no longer fit for their former purposes, and
having their projectile forces, if any such they had, retarded in each
other's atmosphere, may rush at last together, and either in
succession, or by one general tremendous shock, unite into a new
body. Perhaps the extraordinary and sudden blaze of a new star in
Cassiopeia's chair, in 1572, might possibly be of such a nature.

Herschel appreciated the vast variety of the heavens— even
in his time, when the observed universe was far simpler
than what we behold today. He saw the universe as a
changing, evolving place and said that examining the stars
was like examining a large garden in which some plants are
old, others young, some are being born, others are dying.
Although we may not see an individual plant growing, we do
see lots of examples of that plant in all stages of its life, and
that observation gives us a clue to understanding its growth.
Likewise, the astronomer sees an evolutionary continuum in
the development of stars, and perhaps in galaxies and
clusters of galaxies, and that is his clue to the dynamics of
change in the universe. Herschel wrote:
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This method of viewing the heavens seems to throw them into a new
kind of light. They are now seen to resemble a luxuriant garden,
which contains the greatest variety of productions, in different
flourishing beds; and one advantage we may at least reap from it is,
that we can, as it were extend the range of our experience to an
immense duration. For, to continue the simile I have borrowed from
the vegetable kingdom, is it not almost the same thing, whether we
live successively to witness the germination, blooming, foliage,
fecundity, fading, withering and corruption of a plant, or whether a
vast number of specimens, selected from every stage through which
the plant passes in the course of its existence, be brought at once to
our view?

The dynamic universe is Herschel's garden. We might press
his analogy further. Botanists once studied plants only as
isolated organisms. But as the life of plants became better
understood, botanists realized that far from existing
independently, each plant depends upon an ecological
network, a complex environment, for its life.

Likewise with planets, stars and galaxies. While
astronomers can study them independently, it is becoming
clear that there is a complex interplay between and among
all the objects we observe in the heavens. For example, the
atoms of planets and the atoms in our bodies consist of
many heavy chemical elements that were cooked up out of
lighter elements in the nuclear furnaces of stars long ago.
The rate at which new stars are born in the arms of a spiral
galaxy influences the dynamics of the whole galaxy, which
in turn influences star formation. Like life in a garden, life in
the universe depends on a complex relation of parts to the
whole. To see this relation, let us wander into Herschel's
"luxuriant garden" and get a quick overview of what is there.
The heavens are alive with a great variety of celestial
objects. Besides billions of stars similar to our sun,
astronomers have discovered lots of very different kinds of
stars. Among these is Betelgeuse, the "red supergiant” star
in the constellation of Orion, a star so swollen it occupies a
space as large as the earth's orbit. Because Betelgeuse is so
large and so relatively near, it is the first star to have its
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disk resolved —we can actually see it as a circular disk, not a
point of light, by using an optical viewing technique called
speckle interferometry.

Astronomers have also discovered stars at the very end of
their lives, white dwarfs and neutron stars. Eventually the
sun will turn into a red giant and then, in turn, into a white
dwarf, a tiny star shining with the last reserves of its energy.
Stars more massive than the sun eventually undergo a more
dramatic fate. Some such stars explode in a "supernova,”
releasing in a single second the equivalent of all the energy
our sun will have released in its entire lifetime of billions of
years. The "new star in Cassiopeia's chair, in 1572," to which
Herschel referred was the first observation of a supernova
explosion in the West. The remnant of this explosion is a
tiny neutron star consisting of matter compacted down to
the density of an atomic nucleus—several tons per cubic
centimeter. Lots of refuse matter from this explosion is
spilled out into space, contributing heavy elements to the
interstellar gas. This matter eventually finds its way into
making new stars in a gigantic recycling process. Although
no one has actually seen a new star being made,
astronomers know that birthplaces of stars are the dense
gaseous nebulae such as the Orion nebula in the arms of our
spiral galaxy.

Imagine flying out of the solar system, beyond the Milky
Way, and looking back. What would we see? First, we would
behold within the disk shape the great beautiful spiral arms
of our galaxy, which contains new stars (like our sun) and
lots of interstellar gas and dust. Farther away, we would see
the arms twisting around and embracing a "central bulge,”
roughly spherical in shape, made of older stars and
harboring in its core sources of immense energy—perhaps a
gigantic black hole. And finally, looking above and below the
plane of the disk, we would see the galaxy's "halo," at least
as large as the disk and roughly spherical in shape,
consisting of about a hundred sparsely distributed "globular
clusters” of old stars gravitationally bound to each other and
in orbit about the galaxy itself. What we could see of our
galaxy would be only part of the story. There are other
invisible components as well—infrared radiation, X rays,
magnetic fields and subatomic particles. We now know that
the galaxy is surrounded by a corona
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of hot gas and that most of the mass of a galaxy may be in
the form of dark matter, not the visible stars and gas. Our
galaxy is a complex dynamic entity we are only beginning to
understand.

If we look at our galaxy from a yet wider and farther
perspective, we see that it is adorned with smaller satellite
galaxies—the seven "dwarf galaxies" and Leo I and II, other
small galaxies—in orbit about it. In addition to these dwarf
galaxies, sparse in stars and roughly spherical in shape, we
would see lying close to our galaxy the Large and Small
Magellanic Clouds, which are small, irregularly shaped
galaxies. The Large Magellanic Cloud is being torn apart by
gravitational tidal interactions with our galaxy. The evidence
for this is the existence of the Magellanic Stream—a giant
stream of gas connecting our galaxy with the Magellanic
Cloud.

Taking in a still larger volume, we would see our neighbor
the Andromeda Galaxy, another spiral similar to the Milky
Way, with its own group of smaller satellite galaxies in orbit
about it. There are other galaxies in our local group, all of
them in the suburbs of a disk-shaped cluster of galaxies—
the Virgo "supergalaxy.” The Virgo cluster is but one of
many such groups of galaxies. Clusters of galaxies tend to
group into "superclusters” of galaxies. The visible universe
contains at least 100 billion galaxies—a number beyond our
everyday comprehension.

Nature has been generous to astronomers, offering an
abundance of different stars and galaxies at all stages of
their lives to look at. Because of that abundance,
astronomers can put together a picture of a dynamic
universe, plotting the lives of stars and the evolution of
galaxies, even though no changes can be detected over a
human life span.

Although nature has been generous in offering a variety of
stars and galaxies, it has been even more generous in the
allotment of space. Even astronomers are amazed at the size
of the universe once they pause to reflect upon the meaning
of the distances they are calculating. In spite of their vast
numbers, stars do not begin to crowd each other because of
the vastness of the space around them. If the sun were
shrunk to the size of a pea, its nearest



10 PERFECT SYMMETRY

neighbor, Proxima Centauri, the binary partner of Alpha
Centauri, would be about 90 miles away, and its next-
nearest neighbor, Barnard's star, would be about 125 miles
distant. That leaves lots of elbow room for stars. By contrast,
if our entire Milky Way galaxy were shrunk to the size of a
pea, its own nearest neighbor, the Andromeda galaxy, would
be only 4 inches away. This is still lots of room—but galaxies
do collide from time to time, especially in the dense clusters
of galaxies like the Coma cluster where they are more
crowded together.

Herschel's garden—the universe—is far larger than he could
have imagined. Exotic new celestial objects recently
discovered by astronomers would have excited him as they
now excite us. The universe turns out to be far more
peculiar than anyone could have imagined. Herschel's
scientific progeny, extending consciousness to the ends of
space and time, have created a new vision of reality.

Today scientists confront the universe as a puzzle with
scattered clues to its solution. Challenging as it is, many
believe that they will solve it someday. That day may be
closer than many people think.

The first part of this book surveys the territory explored by
astronomers, leading to the discovery of the modern
universe itself. I organize this survey chapter by chapter,
first exploring the stars, then moving on to galaxies, clusters
and superclusters of galaxies and finally, to the immensity of
the universe as a whole. As astronomers take in greater
distance scales, they are also looking further into the past—a
progression deeper into the universe roughly in step with
the development of increasingly powerful instruments for
astronomical exploration. I emphasize the most recent
astronomical discoveries, but these revelations will be
placed in the historical context of the great steps that went
before.

Let us now look more closely at the objects in Herschel's
garden—the stars, gas and galaxies—in order to know them
as a good gardener knows his plants. Let us have a good
look, for this beautiful garden is evolving, never again to be
the same.



The Birth and Life
of Stars

A scientist commonly professes to base his beliefs on
observations, not theories.... I have never come across
anyone who carries this profession into practice....
observation is not sufficient... theory has an important
share in determining belief.

—Arthur S. Eddington,
The Expanding Universe, 1933

Stars are born, they live and they die. Filling the night sky
like beacons in an ocean of darkness, they have guided our
thoughts over the millennia to the secure harbor of reason.
It was in the attempt to understand the motion of stars and
planets that the human mind first grasped the idea of
natural law. But the stars are more than objects for scientific
investigation. Like the sun and the moon, they are
embedded in our unconsciousness—we sense their presence
even if we do not see them.

Arrayed in an apparently random pattern in the sky, the
stars provide a perfect screen for the projection of our
feelings. In that pattern, ancient priests and poets saw the
figures of myth and nature; the stars were gods—archetypes

11
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of permanence in an impermanent world. Compared with
human life or the life of nations and empires, stars appear to
live forever, indifferent to the passions of our existence. Yet
somehow we feel that in spite of the immense distances
which separate us from all stars save our sun, the destiny of
humanity is profoundly intertwined with them. We hope
that life on earth may share in the permanence of the stars,
the galaxies and the universe itself. Whether that hoped-for
permanence is no more than a projection upon the heavens
of our modern myth of progress and therefore, like the
ancient projections of the figures of myth, also an illusion,
time will tell. The stars, like the gods they once represented,
continue to play with our deepest feelings. But what are
stars?

In this chapter, we will be taking an overview of what
astrophysicists have learned about the birth and life of stars,
with special emphasis on the most recent Findings. The
following chapter is devoted to describing the spectacular
death of stars. Although we examine stars as if they were
individuals, it is important to bear in mind that they are
members of a larger society—the galaxy—which nurtures
them in their birth, is the province of their life and receives
their remains upon death. Stars may not exist outside of
galaxies; such a lethal separation of the part from the whole
would violate some principle of cosmic togetherness.

For a long time, people puzzling over the stars tried to
understand how they gave off their light in terms of familiar
physical processes, such as a burning fire. Centuries ago,
Nicolas of Cusa and other philosophers speculated that the
stars were but distant suns. If other stars were comparable
to the sun, then the light and heat radiated by all the stars
were very great indeed. What could fuel such immense
radiations? No processes ever seen on earth could explain
how stars burned. Not until Einstein, in the first decade of
this century, showed that matter and energy are
interconvertible and experimental physicists explored the
atomic nucleus was an explanation possible.

Physicists, inspired by these new discoveries, suggested that
the spontaneous emission of quantum particles from the
atomic nucleus known as radioactivity represented such a
transformation of matter into energy, but no de-
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tailed explanation of that process existed. Some of these
ideas were taken up by Arthur S. Eddington, the English
astronomer, in his influential book The Internal Constitution
of Stars, published in 1926. Here, with great effect, he
applied the newly discovered laws of atomic physics to the
interiors of stars and outlined the central problems
confronting astrophysicists, the scientists who study the
physics of stars. The main problem was to find the source of
stellar energy. Eddington boldly insisted that only subatomic
nuclear processes could do the job. In his book he wrote,
"The measurement of liberation of subatomic energy is one
of the commonest astronomical observations; and unless the
arguments of this book are entirely fallacious we have fair
knowledge of the conditions of density and temperature of
the matter which is liberating it."

According to Eddington's calculations, the center of a star
like the sun had a temperature of 40 million Kelvin— very
hot indeed. (More recent calculations indicate a temperature
closer to 14 million Kelvin.) Since temperature in ordinary
stars measures the energy of motion of microscopic
particles, we would conclude that in the center of a star,
atomic nuclei like that of the hydrogen nucleus, a single
proton, would be very energetic; they would be moving
extremely rapidly, and smashing into one another all the
time. But the physicists of 1926 believed that if atomic nuclei
got close to one another, they would repel each other. They
would not fuse to form a heavier nucleus and liberate the
needed nuclear energy. Even at the high temperature at the
center of a star, the repulsive barrier preventing the contact
was too high to surmount. Yet Eddington continued to insist
that nuclear processes were responsible for a star's energy.
The breakthrough came in 1928 with the invention of the
new quantum theory and the discovery by George Gamow,
R. W. Gurney and E. U. Condon of what it implied—that
particles did not have to surmount the repulsive energy
barrier but could tunnel right under it. The energy required
of nuclear particles to tunnel under the repulsive barrier
was far less than that needed to surmount it. Now
Eddington's guess could be made to work. In 1929, the
physicists Robert d'Atkinson and Fritz Houtermans showed
how this "tunneling effect" could
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explain the energy production of stars by nuclear fusion.
Yet, the precise nuclear reactions that might occur in the
core of a star (consisting mostly of hydrogen and helium
nuclei flying about) remained unknown. How, in detail,
could the hydrogen nuclei fuse to eventually form the
heavier nucleus of helium—a process called nuclear
burning? In 1938, Hans Bethe in the United States and,
independently, Carl Friedrich von Weizsacker in Germany
mathematically deduced the first of two nuclear reactions—
the "carbon cycle"—which answered this question. They
showed how, beginning with just hydrogen nuclei and a
carbon nucleus as a catalytic agent, one could burn the
hydrogen into helium, liberating immense energy. Bethe
and Charles Critchfield demonstrated yet another way that
hydrogen could burn into helium without the necessity of a
carbon catalyst—the "proton-proton chain,” also suggested
by von Weizsacker—and Bethe went on to prove that this
reaction and the carbon cycle were the only possible ones.
But, in spite of the discovery of the mechanisms of nuclear
burning for the energy release in stars, scientists found it
was a long and arduous task to show how this process in fact
accounts for the observed properties of stars.

In the 1950s, computer modeling of stars began in earnest,
and this provided a new method that would reveal the
complex astrophysical consequences of elementary physical
laws. The knowledge gleaned from the study of nuclear
explosions at the Los Alamos Scientific Laboratory helped
astrophysicists struggling to understand nuclear processes
inside stars. They could now program on a computer the
equations that described the interior of stars—the
temperature and pressure, the complex nuclear reactions.
Astrophysicists made great progress. In 1955, Fred Hoyle
and Martin Schwarzschild made a breakthrough by using
computer simulations of the evolution of an ordinary star to
show how it turned into a bloated red giant star.

By and large, mathematical computer modeling of stars has
been remarkably successful; today we have the makings of a
theory of stars in good agreement with astronomical
observation. Astrophysicists understand the major aspects
of the evolution of stars from birth to death.
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The theory is far from complete; there are gaps, problems,
observational puzzles. Yet the major successes are ground
for optimism that a reasonably complete theory of stars and
stellar evolution may be completed within this century.
Some may even say it is already at hand. Stars are very
complex entities, and scientists are still discovering new
features of them—but they are small details compared with
the major features already known and understood. Still, one
cannot be satisfied until even the most bizarre behavior of
stars is unraveled, and that may take more time.

During the last few decades, astrophysicists have discovered
more about stars than was known in previous centuries,
discoveries that were prompted by several major scientific
advances, some of which have already been alluded to. First,
the technology involved in astronomical observation made
great strides. Sensitive electronic detectors that can "see”
very faint objects; the advent of artificial satellites; the birth
of X-ray astronomy and new optical, infrared and radio
telescopes and their associated electronic systems have
vastly improved observational capabilities. Second, the
emergence of the quantum theory of atoms, the theoretical
and experimental understanding of nuclear physics and
plasma physics—the study of electrically neutral gases of
charged particles—provided the theoretical foundations for
modern astrophysics. Confident that they understood the
laws of the microcosmic world of atomic and subatomic
particles, scientists went on to build mathematical models of
macrocosmic objects like stars. Third, high-speed computers
enabled astrophysicists to solve the mathematical equations
that describe the many interactions which take place in a
star and allowed the observational astronomers to do
massive data processing. Without such computers, it would
be difficult for astrophysicists to check their theories against
observations or for astronomers to process the data from
their instruments.

According to astrophysicists, stars are spheres of hot gas,
mostly hydrogen and helium, held together by gravity. Since
gravitational forces increase with mass, the larger the mass
of the star, the greater the force tending to collapse the star.
We can make an analogy between a star and an Olympic
weight lifter who sweats and grunts as he
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holds the barbell over his head, pushing against the force of
gravity. As gravity is tending to collapse the weight on the
weight lifter, he is exerting an equal and opposite pressure
to prevent the collapse. In the case of the weight lifter, that
resisting pressure has its ultimate origin in the chemical
energy being released in his muscles. But in the case of a
star, with its far greater weight to support, where does that
opposing pressure come from?

Pressure, like the pressure of a gas inside a balloon, is the
result of rapidly moving gas particles colliding with each
other or striking a wall. The more rapidly they strike, the
greater the pressure; the greater the pressure, the more the
gas expands, preventing the collapse of the balloon. The
speed of a particle is related to its energy of motion. So the
problem of finding a source for the pressure that opposes
gravitational collapse in a star is the same as finding the
source of heat energy that causes those rapid collisions.
Under normal conditions in a piece of matter, the nuclei of
the atoms—their tiny massive cores—are far apart from each
other. But the center of a star hardly qualifies as a "normal
condition." Indeed, the enormous weight due to the entire
mass of the star upon the core— equivalent to about two
million tons resting on an area the size of a dime—squeezes
the nuclei of the atoms of hydrogen closely together. Besides
being under extreme pressure, the core of a star has a
sufficiently high temperature to ignite the thermonuclear
burning process of hydrogen fusing into helium, a process
that generates heat energy. If the temperature in the core of
a star is insufficient to ignite the nuclear burning process, a
star will not live long—a mere 20 million years.

As a star contracts, about one-half of the gravitational
energy released becomes heat energy, which in turn
supports the star. Hence for the "short term," gravitational
contraction supplies the heat energy. The nuclear burning
in the core is crucial only because the heat it generates can
compensate the heat loss from the surface of the star, and
this halts the contraction for a much longer time. We see
that it is the dynamic balance between gravity, which is
attempting to collapse the star, and the heat this collapse
generates that is responsible for a star's temporary stability.
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Stars are not really stable; they only seem so because they
live so long compared with us. From their birth out of cosmic
gas to their death, their cores are continuously shrinking. To
prevent utter collapse, a star must always find new sources
of energy that give it an extended lease on life. Chemical
sources of energy can keep a star going for only about 20
million years—long compared with a human lifetime but
short in cosmological time. The nuclear burning of hydrogen
can keep a solar-mass star going for billions of years, and
the burning of other elements like helium can extend this
period. During the period of nuclear burning stars seem
stable, but in fact they are still contracting, albeit very
slowly. Ultimately, stars must die because of the relentless
crush of gravity and the finiteness of any source of energy.
How can we visualize stars? We can imagine them to consist
of a series of layers. Deep in the interior, at the center of a
star, is a tiny core, only one-hundredth the size of the full
star. The core, consisting of convective currents of hot
matter, holds the key to a star's life. Not only do the nuclear
reactions in the core provide the heat that prolongs the life
of the star, but in the later stages of the life of a star, they
also cook up new heavy elements essential to the building of
planets and life. Even our bodies are made of star stuff.
Outside the core of some stars is a layer of gas which
transfers the radiant energy from the core to the star's outer
convective layters. This process resembles the heating of
water on a stove, except that it goes on for billions of years.
The nuclear burning in the core is like the flame below the
pot. The water in the pot transfers this heat to its surface,
where the water vaporizes into steam. On the surface of a
star like our sun, solar astronomers find a variety of complex
physical processes not all of which have been understood.
But we know the sun has an "atmosphere” extending far out
beyond its surface and spilling solar material out into deep
space by means of the solar wind. In a sense, the nuclear
processes deep within the core of a star are intimately
connected with regions of deep space.

The same nuclear processes in the core which produce the
energy and pressure to counteract gravity also
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The inside of a star like our sun can be visualized as a series of
layers. The tiny core at the center is the location of the nuclear
burning process. The layer surrounding the core transfers radiation
to the outer convective layers of the star, which then take heat
energy to the surface. Sun spots on the surface are manifestations of
large magnetic fields. A solar corona of hot bright gas, visible during
eclipses, surrounds the sun.

produce photons—particles of light. But a star is opaque and
photons cannot shine directly out of its core. Instead, they
randomly bounce around in the interior of the star in a
drunkard's walk, colliding off atoms of gas. In about 10
million years, photons produced in the core of a star finally
diffuse to the surface—free at last—then travel across
interstellar space and eventually reach our eyes.

Today, we understand the complex processes in the interior
of stars, but in the nineteenth century, before physicists
knew of the existence of nuclear forces, they had difficulty
understanding how stars like the sun could
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release so much energy for such long periods of time.
Hermann von Helmholtz, the nineteenth-century German
physicist, thought the sun got its energy from gravitational
contraction. Lord Kelvin, the English physicist after whom
the absolute temperature scale is named, took up Helmholtz'
suggestion and calculated the sun's age to be a mere 20
million years. This short life for the sun as calculated by
physicists created a terrible puzzle for nineteenth-century
geologists and biologists. From the evidence of fossils buried
in sedimentary rock layers, they concluded the earth was
much, much older than 20 million years. How could the
earth and life on earth be older than the calculated age of
the sun? That is impossible.

This conflict over the ages of the sun and the earth created a
division among nineteenth-century scientists into
"catastrophists,” who Dbelieved that God periodically
intervened in nature (by, for example, flooding the earth),
and "uniformitarians,” who believed the world evolved
slowly over long periods of time, guided by natural laws.
Lord Kelvin, who vigorously defended his calculation of the
age of the sun, led the attack on the uniformitarian view.
Today, of course, assuming that nuclear energy is the source
of the sun's energy, twentieth-century astrophysicists have
shown that the sun's age is comparable to the 4.5 billion
years now estimated for the age of the earth. It is a
gratifying sequel to the nineteenth-century dispute among
physicists, geologists and biologists that today they all agree
on the chronology for the earth's history—a chronology
measured in billions, not millions, of years.

Stars live a long time. According to astrophysicists, the
lifetime of a star is roughly proportional to the inverse of its
mass squared (more generally, an inverse-power law).
Hence a star ten times as massive as the sun lives only one-
hundredth as long as the estimated 10 billion years of our
sun—a mere 100 million years. A star ninety times more
massive than the sun can live for only a million years—
nothing on the cosmic time scale. This may explain why we
do not see many such supermassive stars—they disappear
very quickly. If stars get more massive than about ninety
times the sun's mass, then the crushing weight of the star
heats up the core to very high temperatures and blows away
the outer layers of the star, reducing
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its mass. Such supermassive stars are thus not stable, so that
ninety solar masses seems to be a maximum mass for a star.

What about the minimum mass of stars—stars much less
massive than the sun? Such stars are hard to see because
low-mass stars are not very hot or very bright. Observational
astronomers have a kind of informal contest to find the least
luminous star—a star that is intrinsically dim, not just dim
because it is very far away. For a while, the record was held
by the star VB10 in the constellation Aquila, but this star
was recently overtaken by star RGO0050-2722 in the
constellation Sculptor.

Looking for the least luminous star is not an idle pastime,
because knowing the lowest stellar luminosity has
considerable importance for the theory of stars. Since the
luminosity of a star is related to its mass, the least luminous
star also has the lowest mass—about 2.3 percent of the sun's
mass for the current record holder. Below a certain mass,
stars will not ignite their nuclear furnaces and cannot burn.
Thus, knowing the lowest mass for a star would provide an
important constraint on theoretical models of the star-
forming process. Without sufficient mass, the gas out of
which stars are formed cannot concentrate sufficiently to
make a star, and it is important to know what the minimum
mass is.

One question that arises if we contemplate low-mass
astronomical objects is Where do stars end and planets
begin? Jupiter, the giant planet of our solar system, has a
mass of only 0.1 percent of the sun's mass—about one-
twentieth the mass of the lowest-mass star. Astrophysicists
believe that the process of making planets, even big planets
like Jupiter, is different from the star-making process.
Planets, according to the most widely held theory, are
supposed to form out of a flattened disk of gas and cosmic
debris surrounding a newly born star. Astrophysicists
suspect that there may not exist objects with masses
between that of the least luminous star and that of large
planets like Jupiter, or perhaps they just haven't found them
yet.

As stars burn away their nuclear fuel, they continually make
adjustments, like the adjustments parents make in clothes
for a growing child. Because of these adjustments, shifts and
movements, stars such as our sun are making
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noise—they have a whole symphony of sounds. What is the
origin of the solar song?

Recall that the light created by nuclear burning in the core
of a star cannot get out right away because the stars are
opaque. Consequently, the light radiation heats up the gas in
the star's outer layers, stirring them up the way the sun
heats the air on a hot day. The hot gases carry their heat to
the surface of the star. All this interior movement of gases
inside a star creates sound waves. These sound waves
bounce around inside the star (it takes one hour for sound to
cross the interior of our sun), which acts like a giant
loudspeaker.

According to some astrophysicists, in our sun this acoustic
energy is dumped into the solar corona—the upper, very hot
atmosphere of the sun. Others, contesting this view, think
that the acoustic energy is dumped into the sun's
chromosphere, its upper layer. The corona is instead heated
by electrical currents generated by the solar magnetic field.
Because the solar corona is not very dense, it cannot radiate
away any extra energy and instead expands, carrying away
the energy like a powerful jet engine blowing away hot
gases. This expanding solar corona is called the "solar
wind," and it stretches out far beyond the earth to the outer
planets. As part of the cosmic recycling system, the solar
wind dumps hundreds of millions of tons of solar material
into outer space each second. By using artificial satellites
that can move through the solar wind and transmit back
data about its activity, scientists hear the creaks, groans,
screams, thunderclaps and drumrolls of our sun's song.

The sun not only sings, it vibrates. By carefully observing
the shape of the sun, scientists observe that it is vibrating in
various frequency modes like a shaking bowl of gelatin.
Some of these vibrating modes are as short as minutes;
others take hours. Such observations of the complicated
external movement of the sun give scientists clues about the
internal motion of the core, which they cannot directly see.
For example, by analyzing the external modes of vibration of
the sun, scientists can determine how fast the core is
rotating relative to the outer layer.

As these discoveries indicate, scientists have learned a great
deal about stars by a close study of our local star, the
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Simple vibrational modes of the sun. Solar astronomers observe
such vibrations, as well as more complex ones, for clues to processes
occurring deep in the interior.

sun. Today we are living in the golden age of solar
astronomy. Almost yearly new and interesting features of
the sun are uncovered. More will be learned in the coming
decade as artificial satellites designed to examine the sun
close up are sent on their maiden journeys. Yet the sun is
only one st