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Preface

“Everything flows and nothing stays.”

—Heraclitus, a Greek philosopher of twenty-five centuries ago

WHEN CONSCIOUSNESS DAWNED among the ancestors of our civilization,
men and women perceived two things. They noted themselves, and
they noted their environment. They wondered who they were and
whence they came. They longed for an understanding of the starry
points of light in the nighttime sky, of the surrounding plants and ani-
mals, of the air, land, and sea. They contemplated their origin and their
destiny.

Thousands of years ago, all these basic queries were treated as sec-
ondary, for the primary concern seemed well in hand: Earth was pre-
sumed to be the stable hub of the Universe. After all, the Sun, Moon,
and stars all appear to revolve around our planet. It was natural to con-
clude, not knowing otherwise, that home and selves were special. This
centrality led to a feeling of security or at least contentment—a belief
that the origin, maintenance, and fate of the Universe were governed by
something more than natural, something supernatural.

The ancients thought deeply and well, but not much more. Logic
was paramount; empiricism less so. Their efforts nonetheless produced
such notable endeavors as myth, religion, and philosophy.

Eventually, yet only a few hundred years ago, the idea of Earth’s cen-
trality and the reliance on supernatural beings were shattered. During
the Renaissance, humans began to inquire more critically about them-
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selves and the Universe. They realized that thinking about Nature was
no longer sufficient. Looking at it was also necessary. Experiments be-
came a central part of the process of inquiry. To be effective, ideas had
to be tested experimentally, either to refine them if data favored them
or to reject them if they did not. The “scientific method” was born—
probably the most powerful technique ever conceived for the advance-
ment of factual information. Modern science had arrived.

Today, all natural scientists throughout the world employ the scien-
tific method. Normally it works like this: First, gather some data by ob-
serving an object or event, then propose an idea to explain the data, and
finally test the idea by experimenting with Nature. Those ideas that pass
the tests are selected, accumulated, and conveyed, while those that don’t
are discarded—a little like the evolutionary events described in this book.
In that way, by means of a selective editing or pruning of ideas, scientists
discriminate between sense and nonsense. We gain an ever-better ap-
proximation of reality. Not that science claims to reveal the truth—
whatever that is—just to gain an increasingly accurate model of Nature.

Despite an emphasis on objectivity, some subjectivity does affect the
modern scientific enterprise, for this is work done by human beings
with strong emotions and personal values. Yet, with the test of time and
repeated observations, objectivity eventually emerges and then domi-
nates, enabling us to reach conclusions free of the biased viewpoint of
any one scientist, institution, or culture. As a rational investigative ap-
proach used to formulate descriptions of natural phenomena, the sci-
entific method is designed to yield a reasonably objective consensus on
the nature, contents, and workings of the Universe.

People today still query along the same lines as did the ancients. We
ask the same fundamental questions: Who are we? Where did we come
from? What is the origin of all things? But our attempts to answer them
are now aided by the intricate tools of modern technology: astronomi-
cal telescopes to improve our vision of the macroscopic realm of stars
and galaxies; biological microscopes to display up close the minute
world of cells and molecules; particle accelerators to probe the sub-
atomic domain of nuclei and quarks; robotic spacecraft to gather facts
unavailable from our vantage point on Earth; powerful computers to
keep pace with the prodigious flow of new data, tentative ideas, and ex-
perimental tests.

We live in an age of technology—a time of rapid intellectual ad-
vancement unprecedented in history. And even though technology
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threatens to overwhelm us—perhaps even replace us—that same tech-
nology now provides us with a remarkable, yet still growing, under-
standing of ourselves and our richly endowed Universe.

Of all the scientific achievements since Renaissance times, one discov-
ery stands out most boldly: Our planet seems neither central nor spe-
cial. Use of the scientific method has demonstrated that as living crea-
tures, we inhabit no unique place in the cosmos. Research, especially
within the past few decades, strongly implies that we live on an ordinary
rock called Earth, one planet orbiting an average star called the Sun, one
star in the suburbs of a much larger swarm of stars called the Milky Way,
one galaxy among billions of others spread throughout an observable
abyss called the Universe.

Now, at the beginning of a new millennium, modern science is help-
ing us construct a truly big picture. We are coming to appreciate how
all objects—from quark to quasar, from microbe to mind—are inter-
related. We are attempting to decipher the scenario of cosmic evolution:
a grand synthesis of many varied changes in the assembly and compo-
sition of radiation, matter, and life throughout the history of the Uni-
verse. These are the changes, operating across almost incomprehensible
domains of space and nearly inconceivable durations of time, that have
given rise to our galaxy, our star, our planet, and ourselves.

To be sure, change is ubiquitous in Nature. Some of that change is
subtle, such as when our Sun shines daily or Earth’s continents drift
slowly. Other change is more dramatic, such as when massive stars ex-
plode catastrophically as supernovae or when landmasses fault suddenly
as quakes and volcanoes. Regardless of whether Nature is examined
macroscopically with a telescope, microscopically with an accelerator,
or mesoscopically with our own eyes, we see change. Thus, we give this
process of universal change a more elegant name—cosmic evolution,
which includes all aspects of evolution: particulate, galactic, stellar,
planetary, chemical, biological, and cultural.

Emerging now is a unified worldview of the cosmos, including our-
selves as sentient beings, based upon the time-honored concept of
change. Change—to make different the form, nature, and content of
something—has been the hallmark in the origin, evolution, and fate
of all things, animate or inanimate. From galaxies to snowflakes, from
stars and planets to life itself, we are beginning to identify an underly-
ing pattern penetrating the fabric of all the natural sciences—a sweep-
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ingly encompassing view along the “arrow of time” of the formation,
structure, and function of all objects in our multitudinous Universe.
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.. a sweepingly encompassing view along the “arrow of time” . . .

Heraclitus of old Greece had it correct: Everything flows; nothing is
permanent except change. It’s perhaps the best observation anyone ever
made, minus the devilish details. Today, some twenty-five centuries later,
scientific researchers are steadily discovering many of those details—and
the results are both insightful and unifying, even awesome. We now have
a reasonably good understanding not only of how countless stars were
born and have died to create the matter composing our world but also
how life has come to exist as a natural consequence of the evolution of
matter. We can reliably trace a thread of knowledge linking the evolu-
tion of primal energy into elementary particles, the evolution of those
particles into atoms, in turn of those atoms into stars and galaxies, the
evolution of stars into heavy elements, and of those elements into the
molecular building blocks of life, and furthermore the evolution of those
molecules into life itself, of advanced life-forms into intelligence, and of
intelligent life into cultured and technological civilization.

To answer the fundamental questions of who we are and whence we
came, we need to probe far back into the past—beyond our birth dates
some tens of years ago, beyond Renaissance times centuries ago, beyond
the onset of civilization some ten thousand years ago, beyond our an-
cestral hominids who emerged from the forests several million years
ago, even beyond the time when multicellular life began to flourish on
our planet about a billion years ago, some million millennia before now.



PREFACE  xiil

To appreciate our deep origins in a cosmic-evolutionary setting, we
must broaden our horizons, expand our minds, and visualize what it
was like long, long ago. Go back, for instance, five billion years, when
there was no life on Earth, indeed no planet Earth itself. Nor were there
a Sun, a Moon, or a Solar System. These objects were only then form-
ing out of a giant, swirling gas cloud near one edge of a vast galaxy of
older stars that had already existed in one form or another for a long
time before that.

Modern science now combines a wide variety of curricula—physics,
astronomy, geology, chemistry, biology, anthropology, among others—
in an interdisciplinary attempt to address the two most fundamental is-
sues of all: the origin of matter and the origin of life. If we can decipher
the scenario of cosmic evolution, then perhaps we can determine pre-
cisely who we are, specifically how life originated on this planet, and,
incredibly enough, how living organisms managed to invade the land,
generate language, create culture, devise science, explore space, and
even study themselves.

As sentient beings, we humans now reflect back on the matter of the
Universe that gave us life. And what we find is a natural history, a uni-
versal history, a rich and abiding story of our origins that is nothing less
than an epic of creation as understood by modern science—a coherent
weltgeschichte that people of all cultures can adopt as currently true as
truth can be.

These writings concern all these things: space and time, matter and life,
and the energy exchanges that infuse them. We herein explore our cos-
mos, our planet, ourselves. We summarize where science stands today
regarding answers to some of the time-honored philosophical ques-
tions: Who really are we? Where and when indeed did we come from?
How did everything around us—the air, the land, the sea, the stars—
originate? What is the source of the order, form, and structure charac-
terizing all material things? How do we, as intelligent beings, relate to
the rest of the Universe? In short, what are our origin and our destiny?
What are the origins and destinies of Earth, the Sun, the Universe?
Written for eclectic individuals having a broad interest in Nature,
this book explains valid contemporary science in a mostly nontechnical
manner. Accuracy has not been sacrificed, however, and a feeling for the
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frontiers of science has been included. Even so, readers must recognize
that answers to some of the most basic queries are not yet entirely clear.
Even among colleagues, scientists are often unable to provide precise
and complete solutions for great and profound questions. Only within
the past few decades have we gained the technological expertise needed
to transfer these issues from the realm of philosophy to that of science.

DA X RS
SN

... sentient beings . . . now reflect back on the matter of the Universe that gave us life

Researchers now sense that the cutting edge of knowledge resembles
a thinning haze rather than a sharp boundary. The research front re-
sembles the “fog of war,” meaning that scientific work is rarely crystal
clear in real time, while the work is underway; rather, the intellectual
landscape is often revealed only later, after the subjective confusion has
abated and a certain objective reality has emerged. That’s because the
enterprise of science is now advancing rapidly, acquiring new informa-
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tion at a phenomenal rate, and requiring novel interdisciplinary ven-
tures to sort it out. Less than a hundred years ago, we didn't understand
how stars shine, how heredity works, that the Universe is filled with
galaxies, or even that it had a definite beginning. Furthermore, much of
science “as a work in progress” involves the human condition, which en-
sures many false starts and occasional botched logic among the many
valid, proven ideas. As a fair assessment, we might say that a pencil
sketch of the answers to some of the most basic questions is now at
hand, but that many specifics are yet wanting.

In a descriptive and illustrative way, then, we probe here the essential
nature of the cosmos. These pages render the prevailing scientific view
that the atoms in our bodies relate to the Universe in general. We elu-
cidate the modern paradigm of cosmic evolution—an astrobiology, a
cosmogenesis, a whole new scientific philosophy—whereby changes,
both gradual or episodic and generative or developmental, in the com-
position and structure of matter have given rise to galaxies, stars, plan-
ets, and life. We attempt to synthesize the essential ingredients of astro-
physics and biochemistry, for these two subjects, more than any others,
are greatly affecting our philosophical conceptions of ourselves as
human beings and of our place in the Universe.

In short, this book presents the broadest view of the biggest picture.
It analyzes, using the best science available, some of the most funda-
mental questions of all—neither the most relevant nor the most practi-
cal questions, perhaps, for twenty-first-century society, but deeply fun-
damental ones. We develop an appreciation for our rich universal
heritage, for an expansive perspective like no other. We seek to know the
nature and behavior of radiation, matter, and life on the grandest scale
of all. And in deciphering the fabric of Nature, we discover that tech-
nological humans now reside at the dawn of a whole new era.

This book is an extensive rewrite of an earlier one, Cosmic Dawn: The
Origins of Matter and Life, that I authored some twenty-five years ago.
That original book, based on an interdisciplinary course that I cocre-
ated at Harvard University in the 1970s (and that I still teach there), was
wonderfully received by both students and public alike. Even colleagues
uncharacteristically acknowledged it, despite its popularized account,
awarding it several literary prizes. Yet much has occurred in the world
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of science in the intervening decades. Researchers around the globe
have acquired vast amounts of new observational data and have gained
more theoretical insight into many aspects of cosmic evolution. The in-
tellectual framework has remained much the same, but the details have
become richly enhanced.

Astronomers now have intricate models of the early Universe and of
the galaxies that formed long ago but have not yet solved some of the
most formidable cosmological puzzles. Biologists now better under-
stand the rate and tempo of life’s evolution while reaffirming the essence
of neo-Darwinism, yet they still debate the mechanisms of change that
might supplement the principle of natural selection. Environmentalists
have greatly improved their ability to monitor Earth’s biosphere yet are
unable to predict the adverse long-term trends in climatic change.
Chemists now more accurately simulate conditions that likely gave rise
to the origin of life, geologists build exquisite maps of Earth’s interior
to aid comparative planetology, and anthropologists have accumulated
a wealth of bones and artifacts from which to unravel our human
past—but problems remain everywhere among those devilish details.

Of equal importance to those advances made in the particular disci-
plines, science during the past decade has also become more interdisci-
plinary. Highly focused researchers now talk to colleagues across spe-
cialized boundaries—astronomers to paleontologists, cosmologists to
particle physicists, biologists to mathematicians, neurologists to com-
puter scientists. The breakdown of academic barriers is long overdue, as
“thinking out of the box” is increasingly valued today. And with many
fields now moving from reductionist to integrationist approaches,
multidisciplinarity is in vogue for the twenty-first century. We are en-
tering an age of synthesis, when the drive toward unification is once
again at the fore.

That said, my attempted unification concerns what is empirically ob-
served “out the window” in Nature—mainly, detectable things in the
world around us, such as atoms, stars, plants, and animals. I see no ev-
idence for cosmic strings, eleven dimensions, or multiple universes. Nor
do I feel the need to embrace anthropic reasoning. The weak anthropic
principle—that sentient beings eventually emerge in the Universe—
is hardly more than cosmic evolution at work, whereas the strong
principle—that the Universe is made for us—seems nothing more than
teleology at play. Rather than appealing to Providence or “multiverses”
to justify the numerical values of some physical constants (such as the
speed of light or the charge of an electron), I prefer to reason that when
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the laws of science become sufficiently robust, we shall naturally un-
derstand the apparent “fine-tuning” of Nature. It's much akin to math-
ematics, when considering the value of T. Who would have thought, a
priori, that the ratio of a circle’s circumference to its diameter would
have the odd value of 3.14159 . . . 2 Why isnt it just 3, or 3.1, or some
other crisp number, rather than such a peculiar value that runs on ad in-
finitum? We now understand enough mathematics to realize that this is
simply the way geometry scales; there is nothing mystical about a per-
fect circle—yet it surely is fine-tuned, and if it were not it wouldn’t be
a circle. Circles exist as gracefully rounded curves closed upon them-
selves because T has the odd value it does. Likewise, ordered systems in
Nature, including life, likely exist because the physical constants have
their decidedly odd values.

Gratifyingly, the concept of pervasive change on all scales remains
much as [ initially envisioned in Cosmic Dawn. If anything, the story of
cosmic evolution has been strengthened by advances in nonequilibrium
thermodynamics, a frontier subject that models the flow of energy
through open, complex structures—whether those structures are galax-
ies, stars, planets, or life. To be sure, a great deal of new meat has been
placed on the bones of the skeletal structure first outlined more than
two decades ago.

Much revising, updating, and enlarging has gone into this new book.
While still preserving the broad scope, chronological sequence, and lit-
erary style that made the original book accessible to a wide audience, I
have:

* overhauled completely the science content, bringing everything up
to date and thus bolstering the scenario of cosmic evolution with the
latest scientific findings;

* supplemented the pencil-sketch drawings of the central ideas with
two dozen photographs that provide much observational evidence
for those ideas;

* reorganized entirely the chapters on chemical and biological evolu-
tion to give each more coverage and to incorporate recent scientific
advances;

* provided a glossary of key terms, which are especially helpful for such
a wide-ranging, interdisciplinary subject that crosses so many scien-
tific boundaries.
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To make the scenario of cosmic evolution readable for a general audi-
ence, | have avoided referring in the text to any living authorities. To
cite each of the specialist researchers now contributing to the subject
would detract from the clarity of the concepts stressed throughout; the
apportionment of credit to individuals is less important than the big
picture granted by the sweep of the subject writ large. Suffice it to say
that the narrative described here is based on countless scientific results
advanced by legions of specialists working across the entire spectrum of
human knowledge. The bibliography at the end of the book, which
may be consulted for further reading, lists a sampling of many fine
works that I found useful while synthesizing this survey from big bang
to humankind.

Many colleagues have helped mold my views on the grand themes
and intricate details of cosmic evolution; some of them have influenced
the way I teach, write, and research this highly inclusive subject. I remain
especially indebted to George Field and the late Harlow Shapley, both
former directors of the Harvard College Observatory—the first for in-
viting me to join him in exploring this interdisciplinary subject at the
start of my professional career a quarter-century ago, and the second
for inspirationally paving the way in cross-boundary teaching and re-
search (which he called “cosmography”) more than a half-century ago. I
am grateful to my wife, Lola, who, in drawing all the freehand illustra-
tions in this work, has beautifully combined the thought-provoking aes-
thetics of an artist with the technical accuracy of a scientist. Michael
Haskell, Robin Smith, Fred Spier, and an anonymous reviewer offered
close reading of the manuscript that improved its content and style.
Above all, I thank the nearly four thousand students who have taken my
course on cosmic evolution during the past generation and who, by em-
bracing its only prerequisite—“persistent curiosity”—have helped crys-
tallize my thoughts and insights on this powerful worldview for the
twenty-first century.
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EXPLORING THE ENTIRE UNIVERSE requires big thinking. And there are
hardly bigger ideas than cosmological ones. Cosmology is the study of
the structure, evolution, and destiny of the Universe—the totality of all
known or supposed objects and phenomena, formerly existing, now
present, or to come, taken as a whole. Here we strive to gain an appre-
ciation for the properties of the Universe in bulk: its matter and energy,
its size and scale, perhaps something about its origin and fate.

Cosmic issues elicit grand perspective, and rightly so. Compared to
the whole Universe truly writ large, its smaller contents such as planets
and stars—even galaxies, to a certain extent—become nearly inconse-
quential. To the cosmologist, planets are hardly relevant, stars only
point sources of hydrogen consumption, and galaxies mere details in
the much broader context of all space.

Time also shrinks in significance when compared to eternity. Reck-
oning change on human scales pales in comparison to all change on the
cosmological stage. Durations of a thousand years seem like nothing, a
million years a mere wink of an eye in the cosmic scheme of things.
Even a billion years is a rather short interval in the context of all time.

To appreciate cosmology, we must broaden our view and expand our
minds to include all of space and all of time. If we have ever wanted to
think big, now is the time!
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At the outset, take note: Thousands, millions, billions, and even trillions
can be used easily in words. Not only are these enormous numbers, but
the differences among them are also large. For example, one thousand is
familiar enough to understand well; at the rate of one number per sec-
ond, we could count to a thousand in about fifteen minutes. By contrast,
to reach a million surprisingly requires more than two weeks, counting
at the rate of one number per second, sixteen hours a day (allowing eight
hours a day for rest). And a count from one to a billion, at the same rate
of one number per second for much of each day, would take some fifty
years. Internalize that fact: nearly an entire human lifetime is needed just
to count to a billion!

Here, we shall routinely consider time intervals spanning millions
and billions of not merely seconds but rather whole years. And we shall
discuss objects housing trillions upon trillions of atoms, even trillions
of whole stars. Hence, we must become accustomed to gargantuan
numbers of things, enormous domains of space, and extremely long du-
rations of time. Recognize especially that a million is much larger than
a thousand, and a billion, much, much larger still.

Viewing the Universe from our vantage point at Earth, we see an abun-
dance and variety of objects and phenomena. Among them are gassy
nebulosities glowing with colorful light, explosive stars ejecting matter
and energy, and powerful galaxies spinning in the depths of space.
Through a telescope on a dark, moonless night, celestial objects present
superb examples of astronomical architecture—real jewels of the night.
But astronomical bodies are more than works of art, more than objects
of elegance. Each is a rich repository of light illuminating a material as-
pect of our Universe. To the cosmic evolutionist, planets, stars, nebulae,
novae, galaxies, and all the rest are of vital significance if we are to real-
ize our human place in the big picture. This intellectual placement of
humankind in the wider cosmos will emerge later in this book; for now,
we focus on the grand issues addressed by the cosmologist.

Light is only one type of radiation—namely, that type to which our
human eyes are sensitive. As light enters our eye, the cornea and lens
focus it onto the retina, whereupon small chemical reactions triggered
by the incoming light send electrical impulses to the brain, producing
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the sensation of sight. By contrast, radio, infrared, and ultraviolet
waves, as well as X rays and gamma rays, are all invisible radiation, and
each goes undetected by human eyes. But regardless of the type, radia-
tion is energy, that physical property best characterizing (and driving)
change. Radiation is also information—a primitive form of informa-
tion that moves from one point to another, such as from a star to our
eyes. It is only by means of such one-way information flows that we can
hope to fathom the depths of space.

Practitioners of astrophysics acquire information about cosmic ob-
jects by interpreting their emitted radiation. We say “astrophysics” be-
cause that word best defines the basis on which the interpretations are
made. These days, the emphasis is on physics: “astro” is a mere prefix.
The space scientist of today who doesn’t have a firm grounding in physics
is hardly a space scientist at all. Gone are the romantic evenings when in-
dividual astronomers made fundamental discoveries by peering through
long telescopes and marveling at the sights; gone also are the thick cata-
log tabulations and stacks of exposed photographic plates. The modern
astrophysicist wants to know more than just where objects are or what
their brightness and colors may be. Contemporary astronomy has be-
come more of an applied physics than the classical astronomy of old.

Astrophysicists are driven more than most by a need to understand
how Nature functions. We not only want to perceive what lurks beyond
the range of human eyesight, what the Universe “looks” like in the in-
visible domain—which is, by the way, where most matter radiates. We
also seek to know how the myriad celestial objects came to be, how they
operate in detail, sow matter and radiation interact, and especially how
energy guides the ceaseless changes among all known cosmic systems.
We are intellectually transitioning from addressing only what questions
to the more penetrating how questions.

In a way, astronomers and astrophysicists have been commissioned
by society to keep an eye on the Universe. Our job is to inventory the
cosmos, to seek a complete account of the state and nature of all the dif-
ferent types of matter beyond planet Earth. Likewise, the newly emerg-
ing field of “astrobiology” seeks to inventory life in the Universe, al-
though thus far life on Earth is our only confirmed example. In contrast
to the abundant databases of modern astrophysics, astrobiology is a
subject for which there are as yet no data. If and when life is found else-
where beyond Earth, the interpretive emphasis will be on the biology in
a cosmic setting.
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Note the essential difference between the majority of scientists, who
study terrestrial matter in laboratories on Earth, and astroscientists,
who investigate remote, alien matter far from our home planet. On
Earth, scientists can control their experiments as an aid to discovering
a wealth of properties among terrestrial matter. They can both tangibly
manipulate the matter under scrutiny and tinker with the experimental
equipment used to inspect it. In the case of a new rocky ore, for ex-
ample, laboratory scientists could examine its properties by sampling a
variety of rocks, each having a different size, shape, or composition.
They could probe the ore in many ways—vigorously heating it or cryo-
genically cooling it, even subjecting it to varying amounts of electricity
and magnetism. Or they could just hit it with a hammer, which geolo-
gists often do. All the while, researchers would learn a great deal about
the rock by testing its responses to many environmental changes. In
short, the medium in which a terrestrial experiment operates can be in-
tentionally altered in various ways in order to enhance the study of a
piece of local matter.

Distant matter far beyond our planet, however, cannot be so mas-
saged, not even with the very best tools of modern civilization. Remote
extraterrestrial environments can be neither controlled nor manipu-
lated. For the most part, astronomers are restricted to working with in-
tangible radiation emitted by cosmic matter—radiation occasionally
intercepted by human eyes or detected by earthly instruments, signals
momentarily captured while traveling from faraway objects to faded
oblivion elsewhere in the dim recesses of the Universe.

Technological advances have recently provided a few exceptions to
these statements, enabling space scientists to perform guided experi-
ments on a handful of specimens from nearby extraterrestrial regions:
interplanetary meteorites discovered buried in Earth’s crust and espe-
cially its icy polar caps, lunar rocks retrieved from our dead neighbor via
the American and Russian space programs, and Martian soil examined
by robot spacecraft now parked on the plains of that alien planet. Yet it’s
likely to be centuries before our descendants gain the means to conduct
hands-on exploration of matter beyond our own Solar System. For now
and for a good long time to come, the bulk of cosmic matter must be
inventoried and analyzed by extracting information veiled within natu-
rally emitted radiation that just happens to be captured by equipment
on or near Earth.

For the time being at least, radiation is the only means whereby we
know of the existence of virtually any celestial object.
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A further restriction comes to mind when contemplating distant extra-
terrestrial matter. Not only are we prohibited from studying celestial
objects at their present locations in space, but we are also denied the
chance to examine them now in time. The reason is that radiation does
not travel infinitely fast; it moves at a finite speed—the velocity of light.
Consequently, it takes time—often lots of time—for light or any type
of radiation to travel through the vast expanses of space separating ob-
jects in the Universe. Yet most people don't realize the long time inter-
vals needed even for light to traverse the great realms beyond our home
in space.

The bright red star in the northern winter constellation Orion pro-
vides a classic example. Betelgeuse is known to be a bit more than four
hundred light-years away—a terribly long range given that a light-year
is the distance traveled by light in a full year at the fastest velocity
known. One light-year equals about ten trillion kilometers, or six tril-
lion miles; even a light-day measures some thirty billion kilometers. So
radiation is fast, there is no doubt—which makes the distance to this
relatively nearby star all the more impressive. To be sure, Betelgeuse’s ra-
diation takes more than four centuries to travel to Earth. Since nothing
known surpasses the velocity of light, its radiation simply could not get
here any quicker. Expressed another way, the light we see while looking
at Betelgeuse tonight left that star before the invention of the telescope.
It has been cruising through the near void of outer space ever since.

The nearest spiral galaxy, called Andromeda for short, provides an
even more dramatic example of light’s finite speed. It, too, can be seen
with the naked eye as a fuzzy “cotton ball” just south of the bright, sharp
stars of the big-W constellation Cassiopeia in the northern summer sky.
Roughly two-and-a-half million light-years distant, this galaxy’s radia-
tion takes some twenty-five thousand centuries to reach us—meaning
that Andromeda’s light left that galaxy well before Homo sapiens
emerged on planet Earth. And yet it’s the nearest major galaxy to us!

Radiation from distant objects, therefore, harbors clues to the past—
but not to the present. The farther an object is from Earth, the longer
its light takes to reach us. In the case of the truly remote galaxies, some
of which are billions of light-years away, radiation left those objects well
before Earth or the Sun even formed. In fact, radiation now reaching us
from the most distant cosmic objects was launched in earlier epochs of
the Universe, when none of the familiar stars and planets yet existed.

By collecting radiation, astronomers can learn what the conditions
were like long ago when distant objects emitted their light. The light it-
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Evidence of extraterrestrial objects.

A typical galaxy is a collection of a couple hundred billion stars, each separated by vast regions of
nearly empty space. Shown here face-on is the Whirlpool Galaxy, a lens-shaped colossal spiral roughly
thirty million light-years away. It measures about a hundred thousand light-years across, or a thou-
sand quadrillion kilometers. Our Sun is a rather undistinguished star near the edge of another such
galaxy, called the Milky Way. Source: Space Telescope Science Institute.

self resembles a letter mailed some time earlier; the letter’s contents
grow no older while being delivered, thus bringing to the recipient in-
formation about the time when the letter was written. Likewise, light
embodies data about earlier times when the light was launched; the
light itself does not age. Deciphering the information within that radi-
ation, we can not only determine the general conditions in the Universe
before the dawn of the Sun and Earth, but we can also specify values for
the two most important factors—temperature and density—character-
izing the Universe in some of those ancient times.
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Our perspective of the Universe is delayed. We see the Universe as it
was, not as it is. Even more useful than the wish of many philosophers
that light speed be infinite so as to reveal the whole Universe presently,
is the fact that precisely because light speed is finite we can discover a
fascinating record of many past events, including perhaps knowledge of
our own cosmic origins.

Astronomers, then, are the ultimate historians; our telescopes, effec-
tively time machines. We go all the way back (or nearly so) into “deep
time,” indeed times much, much earlier than those studied by scholars
traditionally called historians—before Rome, before Egypt, to be sure
well before any recorded history. Looking out from Earth, we see a “big
history” of the Universe arrayed before us, including epochs early
enough to reveal ways and means that may have led to our being. Much
like anthropologists who sift through ancient rubble for bones and ar-
tifacts containing hints and clues about the origin and evolution of
human culture, astrophysicists dissect radiation only now arriving at
Earth, seeking to interpret its embedded information about the origin
and evolution of matter itself.

Looking out in space is equivalent to probing back in time.

So never forget the cosmologists’ dictum: Looking out in space is
equivalent to probing back in time. We do not perceive the Universe as it
is now; rather, we see it progressively younger the farther out we probe.
Since our field of view extends for billions of light-years into space, we
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necessarily explore billions of years earlier in time. By examining deep
space and capturing radiation from the most distant objects, researchers
gain an increasingly better picture of what the Universe was like long
ago, including near the time when time itself began. This is the task be-
fore us—to construct a chronological narrative that relates, using the
best science available, how all things came to be.

Cosmic activity permeates the Universe, yet so does quiescence. Per-
spective often determines which dominates. Surveyed casually, celestial
objects usually display stability. Yet higher resolution often reveals some
violence. Generally, the larger the perspective, the more stable things
seem. For example, that our Earth is ruptured by quakes and volcanoes
is obvious to those of us who live on it and witness its daily activity up
close, but our planet appears tranquil when viewed from afar in those
striking lunar earthrise photos taken by the Apollo astronauts. Likewise,
telescopic studies of our Sun show it to be peppered with bright flares,
dark spots, and surface explosions, as are presumably all stars; yet to the
naked eye, the Sun and most stars assume a rather peaceful, steady pose.

We might then expect that while pockets of violence will be surely
tucked here and there throughout the fabric of the Universe, the largest
possible, cosmic perspective would display perfect quiescence. Not so,
however. In bulk, the Universe is not calm and stable. Surprisingly, the
whole Universe in toto displays much dynamism.

Knowing, then, that the Universe harbors a certain verve, we might
further expect the largest material structures—among them the galax-
ies—to have random, disordered motions, some hurtling one way and
some others another. Chaotic motions of fireflies trapped in a jar come
to mind, or the nearly scattered motions of skaters in a hockey rink. For
the Universe, however, these are not good analogies. Our expectations
are wrong again, for the galaxies are not moving chaotically. The Uni-
verse is indeed active, but in an awesomely ordered fashion.

For well more than half a century now, scientists have realized that
galaxies have some definite organized movement in space—a universal
traffic pattern of sorts. Surprisingly, virtually all the galaxies are steadily
receding, propelled away from us as though we had a kind of cosmic
plague. (Only a few nearby galaxies, including neighboring Androm-

eda, are known to have a component of their velocity toward us, but
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that’s due to the random, small-scale motions that all galaxies display in
addition to their more directed, large-scale recession—like confused
fireflies in a jar that has been heaved away, which s a good analogy.)
What's more, the galaxies are also receding in a grand overall manner.
Each one drifts away at a velocity proportional to its distance from
Earth. This is a fact of great significance: the greater the distance of an
object from us, the faster that object recedes. These two quantities—
velocity and distance—are highly correlated.

Astronomers know this because the galaxies’ light is red shifted—
that is, stretched to longer wavelengths because of the Doppler effect.
Just as sound waves from a police car’s siren seem to produce a higher
pitch when the vehicle approaches and a lower pitch while moving
away, so light waves from an approaching object are squeezed to shorter
wavelengths—toward blue—and stretched to longer wavelengths—
toward red—as it recedes. The extent of the shift, which occurs in light
much as it does in sound, reveals how fast the object is traveling. To be
sure, the Doppler effect is also used to spot speeders on the highway and
to measure the speed of a fastball at the park.

Now, if we think about it for a moment, the entire pattern of distant
objects receding more rapidly than nearby ones implies that an “explo-
sion” must have occurred at some time in the past. Visualizing the past
by mentally reversing the outward flow of galaxies, we reason that all
such galaxies were once members of a smaller, more compact, and hot-
ter Universe. The more distant an object is from us, the more forcefully
it—or whatever preceded it—must have been initially expelled; their
greater distances result directly from their greater velocities. In other
words, the faster-moving galaxies are by now farther away because of
their high velocities. This is precisely the flight pattern of shrapnel frag-
ments when a conventional bomb explodes. The galaxies are simply the
debris of a primeval “explosion,” a cosmic bomb whose die was cast
long ago.

The word explosion is in quotes above because, technically, most as-
tronomers don't like that description. Since there was no preexisting
space, nor any matter per se at the start, that word can be misleading.
Yet if we keep this bomblike interpretation in mind as merely artistic li-
cense—here with energy initially expelled into time, rather than matter
into space—then the analogy serves a useful purpose.

This implied, titanic event is commonly known as the “big bang,” a
derisive term introduced by skeptics who decades ago preferred a more
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steady, less violent Universe. But the term has stuck and is now syn-
onymous with the standard model of cosmology—a widely accepted
description of macroscopic phenomena on the largest scales. Note again
and despite the word “bang” that the primordial matter did not actu-
ally explode into any already existing space, nor are the galaxies now
moving through space or rushing into “empty space” beyond. Rather,
owing to the initial conditions at the moment of the big bang, space it-
self began expanding at high speed, much like a crumpled fabric rapidly
unraveling. The galaxies now seen are part of that expanding fabric of
space, or perhaps more like raisins in a baking bread, and are basically
“along for the ride.”

Recessional motions of the galaxies virtually prove that the whole
Universe itself is in motion. On the largest scale of all, the Universe is
active and by no means a pillar of stability. Instead, much like every-
thing within it, the Universe changes with time—in short, evolves.

Be assured that neither Earth nor the Solar System nor individual
galaxies are physically ballooning in size. Planets, stars, and galaxies are
all gravitationally bound, intact systems. Only the largest framework of
the Universe—the ever-increasing distances separating galaxies and es-
pecially clusters of galaxies—manifests cosmic expansion.

Astronomers, philosophers, theologians, as well as people from all seg-
ments of society would like to know if the Universe will continue to ex-
pand forever or whether its expansion will someday stop. It’s the destiny
issue, hereby scientifically stated: If the Universe eternally expands,
unimaginable amounts of time would be available for the continued
evolution of matter and life. By contrast, if the Universe embodies
enough matter, the combined pull of gravity could conceivably bring
the expansion to a halt and even reverse it into contraction.

.. will the Universe continue to expand in this way forever?



PROLOGUE 11

Several questions come to mind: How long has the Universe been
expanding? How much more time will elapse before it ceases expand-
ing? If the Universe does start to contract, what will happen upon its
eventual collapse? Will the Universe simply end as a small, dense point
much like that from which it began? Or will it perhaps bounce and
begin expanding anew? If the Universe has rebounded in this way be-
fore, we may well inhabit a cyclically expanding and contracting Uni-
verse—one having a continuous cycle of birth, death, and rebirth,
though neither a true beginning nor an ultimate end.

... orwill it contract to a virtual point and end?

These are the basic large-scale fates of the Universe in bulk: It can ex-
pand forever. It can expand and then contract to a virtual point and
end. Or it can cyclically expand and contract indefinitely. Each model
represents a hypothesis—a theory based on available data and awaiting
further tests. But unless we take that final step in the scientific method
and put the models to the experimental test, we cannot know which
one, if any, is correct.

We also welcome more information about the nature of the primeval
event that triggered the expanding pattern in the first place. What was
the original, primordial state that gave rise to the energy that would
later help form galaxies, stars, planets, and life? Can we really expect to
probe all the way back in time? After more than ten thousand years of
civilization, indeed after many cultures had eatlier invented their own
worldviews based on beliefs and thoughts, modern science now seems
ready to provide some data-driven insight into the origin of all things.

As tricky a task as this may seem, several cosmological models are
now being subjected to observational tests by today’s astrophysicists.
We live at a remarkable time when truly fundamental issues can be ad-
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dressed, if not yet solved, by observational means. Our experiments, to-
gether with the theories underlying them, seek direct answers to many
of the above questions. Even a superficial understanding of the current
status of the solutions, though, requires a deep appreciation for the na-
ture of space and time on the grandest scale. And to gain this apprecia-
tion, we need a tool of deep and powerful insight—Einstein’s theory of
relativity.

Some people become hot, bothered, and tense upon hearing the word
“relativity.” This subject is surrounded by a mystique implying that only
geniuses can understand it—and that might well be true at the mathe-
matical level. But, conceptually, relativity theory is relatively simple. Its
foundations are clear and explicit, provided we are willing to forgo com-
mon sense and human intuition. Indeed, that’s the key: to put aside our
everyday, Newtonian (even Aristotelian) ways of reasoning and adopt a
broader, innovative stance that allows for unorthodox thinking,.

Relativity is simple in its symmetry, its beauty, its elegant ways of de-
scribing grandiose aspects of the Universe. Sure, it employs higher
mathematics—advanced calculus and beyond—to quantify its applica-
tion to the real Universe, yet everyone should strive to gain at least a
nonmathematical feeling for some of the underlying concepts of rela-
tivity theory. In this way, we shall be better positioned to appreciate, al-
beit only qualitatively, some of the weird physical effects encountered
while modeling the Universe, exploring the bizarre black holes, and
even contemplating the origin of all things.

Relativity theory has two principal tenets, both enunciated in 1905
by the German-Swiss-American physicist Albert Einstein. Together
they lead to the famous E = mc? equation, where £, m, and ¢ are sym-
bols representing energy, mass, and the speed of light, respectively. The
first tenet is straightforward: Nature’s laws are the same everywhere and
for all observers. Regardless of where a person is, or how fast a person
may be moving, the basic physical laws are invariant.

The second tenet of relativity is a little more subtle: there is a fourth
dimension—time—which in every way is equivalent to the usual three
spatial dimensions. In other words, by using the three well-known di-
mensions of space, an object’s position can be generally described as ei-
ther right or left, either up or down, and either in or out. Three di-
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mensions are sufficient to describe where any object is in space. A fourth
dimension of time is necessary to describe when—either past or fu-
ture—an object exists in that space. By coupling time together with the
three dimensions of space, Einstein was able to reconcile previous in-
consistencies in Isaac Newton’s post-Renaissance view of our world by
arguing that the velocity of light is an absolute constant number at all
times and to all observers, regardless of when, where, or how radiation
is measured. Space and time are in fact so thoroughly intertwined
within Einstein’s view of the Universe that he urged us to regard these
two quantities not as space and time but as one—spacetime.

Many important consequences of relativity theory can be qualitatively
explained only by analogy. Here is one of them: Suppose we are in an
elevator that has no windows. As it rises, we feel the floor pushing, es-
pecially on our feet. It’s easy to attribute this pushing sensation to the
upward acceleration of the elevator. Now, imagine such a windowless
elevator in outer space far from Earth. Normally, we would experience
the weightlessness made familiar by watching astronauts floating
around where there are no net forces. But if we did experience a sensa-
tion of pushing on our bodies, we could draw one of two conclusions:
Perhaps the elevator is accelerating upward in the absence of gravity,
thus pinning us to the floor. Or maybe the elevator is at rest in the pres-
ence of gravity, which is pulling us from below. There is no way to tell
which of these explanations is correct without performing an experi-
ment—that is, without observing objects outside the hypothetical ele-
vator. In either case, pendulum clocks swing normally, released stones
fall just as Galileo taught us, water pours from a glass in customary fash-
ion, and so on. If we did build a window to look out, we would have no
trouble establishing whether the elevator is really at rest or really accel-
erating. Relative to the Universe outside the elevator, it’s easy to assess
the real status of that elevator.

The important point is that the effect of gravity on an object and the
effect of acceleration on that object are indistinguishable. Physicists call
this keystone of relativity theory the “Principle of Equivalence”: The
pull of gravity and the acceleration of objects through spacetime can be
viewed as conceptually and (almost) mathematically equivalent. Con-
sequently, Einstein postulated as unnecessary the Newtonian view of
gravity as a force that pulls. Not only is that view obsolete, but New-
ton’s theory is today known to be less accurate than Einstein’s.
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Let’s briefly examine how the notion of an accelerated object can re-
place the commonsense idea of gravity. The upshot s this: Einstein’s the-
ory of relativity allows us to inquire how it is that matter, which
conventionally gives rise to Newton’s theory of gravity, alters the nature
of spacetime. Bypassing the details, matter effectively shapes the geom-
etry of spacetime. Put another way, mass is said to “curve” or “warp”
spacetime.

Ordinary Euclidean geometry—the type learned in high school—
holds valid when the extent of curvature is zero, that is, when spacetime
is flat. Even when that curvature is slight, Euclidean geometry of flat
space is approximately correct. At any one location on Earth’s surface,
for instance, an architect can design a building, or a contractor build
one, using the procedures laid down twenty-five centuries ago by the
Greek mathematician Euclid. However, although terrestrially familiar
flat-space geometry is used regularly in our daily tasks, it’s not ab-
solutely correct. Earth, after all, is not flat; it’s curved. On the surface of
a sphere, flat Euclidean geometry works satisfactorily at any small lo-
cality, but that’s because it’s nearly impossible to perceive our planets
curvature from any single place on its surface. Once the curvature of
Earth becomes discernable, as in the case of intercontinental aircraft or
shipboard navigation, for example, a more sophisticated geometry must
be used—a curved-space geometry.

Thus, in the absence of matter, the curvature of spacetime is zero, the
appropriate flexure is flat, and objects move undeflected in straight
lines. Newtonian dynamics and Euclidean geometry are fine, for all
practical purposes, wherever spacetime is unappreciably curved. To be
sure, flat space isn't entirely hypothetical, since beyond the reaches of
galaxies very little matter presumably exists. As noted later in this pro-
logue, the Universe itself, on average and in sum, may well be flat.

On the other hand, the geometry of spacetime is strongly warped
near massive objects. It’s not the object or the surface of the object that
is warped, just the near-void of spacetime in which the object exists.
The larger the amount of matter at any given location, the larger the ex-
tent of curvature or the warp of spacetime there. Furthermore, far from
a massive object, the warp lessens. As with gravity, the extent of curva-
ture depends upon both the amount of matter and the distance from
that matter. But, since this newer notion of warped spacetime is more
accurate than the older, traditional idea of gravity, the universal world-
view of Newton must be replaced by that of Einstein.
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No one ever said that relativity wasn’t strange. How can a curve re-
place a force? The answer is that the topography of spacetime influences
celestial travelers in their choice of routes, much as Newton imagined
gravity to hold an object in its path. Just as a pinball cannot traverse a
straight path once shot along the inside of a bowl, so the shape of space
causes objects to follow curved paths (called geodesics). Any object
whose motion changes direction, even though its speed remains steady,
is said to be accelerated. Earth, for example, accelerates while orbiting
the Sun—not because of gravity, as Newton maintained, but because of
the curvature of spacetime, as Einstein preferred.

To see this, consider another analogy—not an example, an analogy.
Imagine a pool table with a playing surface made of a thin rubber sheet,
rather than the usual felt-covered slate. Such a rubber sheet would be-
come distorted if a large weight were placed on it. A heavy rock, for in-
stance, would cause the sheet to sag or warp. The otherwise flat rubber
sheet would become curved, especially near the rock. The heavier the
rock, the greater the curvature. Trying to play billiards, we would
quickly find that balls passing near the rock are deflected by the curva-
ture of the tabletop.

In much the same way, both matter and radiation are deflected by the
curvature of spacetime near massive objects. For example, Earth is de-
flected from a straight-line path by the slight spacetime curvature cre-
ated by our Sun. The extent of the deflection is large enough to cause
our planet to circle the Sun repeatedly. Likewise, the Moon or a base-
ball responds to the spacetime curvature created by Earth and they, too,
move along a curved path. The deflection of the distant Moon is slight,
causing it to orbit Earth endlessly. The deflection of a small baseball is
much larger, causing it to return to Earth’s surface.
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... the geometry of spacetime is strongly warped near massive objects.
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The commonsense notion of gravity, then, is just a convenient word
for the natural behavior of objects responding to the curvature of space-
time. Accordingly, we can use a knowledge of spacetime to predict the
motions of objects traveling through space and time. More appropri-
ately, we can turn the problem around: by studying the accelerated mo-
tions of objects, we can learn something about the geometry of space-
time near those objects.

And so it is with the whole Universe. When seeking the size, shape,
and structure of the entire Universe—the biggest picture of all—we
need to consider, in principle, the net effect of spacetime curvature
caused by each and every massive object in the cosmos. By studying the
motions of representative pieces of matter within the Universe, we can
discover much about the curvature of the whole Universe. In practice,
it’s a lot more difficult.

By infusing relativity’s basic tenets into a full-blown, mathematical
treatment of Einstein’s theory, researchers have learned to map various
ways that matter warps spacetime. This is the area where relativity the-
ory becomes notoriously complex; here, theorists scamper away, leaving
us in an imponderable dust. Our gleanings from their labored calcula-
tions can only be appreciative. The results, in a nutshell, are the so-
called Einstein field equations—a dozen or so equations that must be
solved simultaneously to determine how the Universe is grandly struc-
tured, namely, how spacetime is curved by all the matter present. On
the one hand, these equations are nearly intractable to solve quantita-
tively, yet on the other hand, they contain remarkable symmetry quali-
tatively. Much like works of art, they often inspire a sense of wonder, a
certain awe. Their complexity arises largely because, in addition to the
field equations specifying the shape of the Universe, astrophysicists
using relativity must also solve several geodesic (geometrical) equations
to determine how it is that any individual object behaves dynamically
at any given place among all the other matter in the Universe. The bot-
tom line of much technicality is this: matter determines how space is
curved, and space determines how matter moves.

To illustrate further the curvature of spacetime, ponder the following
hypothetical example. Imagine two planets, each inhabited by equally
advanced technological civilizations capable of launching identical
rockets. Earth can be one and the less massive planet Mars the other.
For the sake of discussion, let’s assume that these rockets can achieve
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only a fixed amount of thrust at launch, after which they glide freely
through space. When the rockets are launched from both planets, the
shapes of their paths differ. In the Newtonian view of space, the rocket
paths are determined by the gravitational interaction between the
rocket and each planet. In the Einsteinian view of spacetime, these tra-
jectories are determined by the response of the rocket to the spacetime
warp produced by each planet.

Consider first a typical path of the rocket launched from the more
massive Earth. The initial kick is chosen in this case to be large enough
to place the rocket into an elliptical orbit. Like gravity, whose strength
decreases with increasing distance from a massive object, the curvature
of spacetime is also greater close to the massive planet. The rocket ac-
cordingly speeds up (or accelerates) when close by and slows down (or
decelerates) when far away. General relativity thus agrees with the laws
of planetary motion empirically discovered a few centuries ago by the
German astronomer Johannes Kepler. Relativity maintains that the
rocket accelerates near massive objects, owing to the greater degree of
spacetime curvature there.

The ellipse, a “closed” geometric path, is only one possible type of
motion. It is a trajectory of minimum energy, so labeled because a
rocket in such an orbit doesn’t have enough energy to escape the planet’s
influence. It keeps orbiting endlessly like an artificial satellite.

Rockets can have other paths as well. Consider the trajectory taken
by an identical rocket launched from the less-massive-planet Mars. The
same thrust used to launch the Earth rocket into elliptical orbit is now
great enough to propel the rocket entirely away from Mars. Less energy
is used in the launch from Mars than in the one from Earth, and thus
more energy can be imparted to the motion of the rocket. The rocket
escapes the influence of Mars because, as a Newtonian classicist would
say, Mars has less gravitational pull than Earth. By contrast, Einsteinian
relativists claim that such a rocket escapes Mars because the less-massive
Mars warps spacetime less than does Earth. The two views—Newton-
ian and Einsteinian—predict virtually identical paths for the rocket as
it recedes toward regions of spacetime progressively less curved by Mars.

The resultant path away from Mars is called a hyperbolic trajectory.
This is the type of flight path taken by robot spacecraft that have been
exploring other planets of our Solar System in recent years. Its geome-
try is said to be “open,” in contrast to the closed, elliptical path around
Earth. Any object traveling along such a hyperbolic path has more en-
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ergy than one on an elliptical trek, either because the initial kick needed
to achieve a hyperbolic trajectory was large or because the mass of the
parent object from which the launch was made is small. In this partic-
ular example, the rockets are identical, so the increased energy of the hy-
perbolic case results from the relatively small mass of Mars.

... trajectories are determined by the response of the rocket to the spacetime warp of each planet.

Even while receding far from its parent planet, a rocket is still af-
fected by the pull of gravity or the warp of spacetime created by the
mass of that planet. Although large only in the immediate vicinity of
the planet itself, Mars’ influence over the rocket never diminishes to
zero. Mathematical analyses predict that, in the idealized absence of all
other astronomical objects, such a hyperbolically launched rocket
should approach infinity—that is, withdraw from Mars indefinitely.

The hyperbolic path contrasts slightly with another type of trajectory
conceivably taken by an escaping rocket. A third geometrical path, also
open in form and called a parabola, is one taken by a rocket from some
hypothetical planet having a mass between that of Earth and Mars. The
parabolic path closely mimics the hyperbolic one in that they both ap-
proach infinity, though they differ a little in energy content. Mathe-
maticians distinguish between the two open paths by saying that a par-
abolically moving rocket will have a velocity of zero when it gets to
infinity—and will then stopl—whereas its hyperbolic counterpart will
theoretically reach infinity with some finite velocity—and move beyond!
The academic language of mathematics notwithstanding, we realize that
in actuality no object can ever really reach infinity, thus this is tanta-
mount to saying that the rocket will continue to recede forevermore.

The above cases conveniently describe the motion of any object in
terms of its energy content and its response to the curvature of space-
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time. Actually, the intermediate case of the parabolic path is a very spe-
cial, precisely balanced one for which the net energy is zero and the
overall geometry of space is flat, and Euclid would have loved it. These
cases will be useful analogies when later considering the essentials of
cosmology, for then the “object” will be the entire Universe itself.

Einstein, as the originator of relativity, clearly had an advantage in ini-
tially using his equations to deduce the nature and structure of the Uni-
verse; he knew them better than anyone else. His equations predicted
in 1917 that the curvature of the entire Universe must indeed be large
owing to all the matter contained within it. The flat geometry of Euclid
just didnt seem to work when examining the bulk properties of the
whole Universe. Unfortunately, Einstein’s most popular solution—one
of many possible at the time—can be cast only in terms of nearly
unimaginable four-dimensional spacetime. It’s quite imaginable math-
ematically, but it’s tricky verbally. Even if we suspect now, nearly a cen-
tury later, that the Universe in toto is not very curved (and in fact may
be flat, on average), what follows is useful conceptually.

... athree-dimensional analogue of Einstein’s four-dimensional Universe.

To visualize the essence of this solution, we employ another analogy.
Since no one has ever built a viewable model of anything in four di-
mensions, in this analogy we suppress one of those four dimensions. For
sake of argument, imagine consolidating the three dimensions of space
into only two dimensions. Then, with time as the remaining dimen-
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sion, we can construct a three-dimensional analogue of Einstein’s four-
dimensional Universe. That analogue is a sphere, sometimes colloqui-
ally termed “Einstein’s curveball.” Here, all of space is taken to be spread
on the surface of this sphere. The other dimension—time—is repre-
sented by the radius, or depth, of the sphere.

To counter an oft-misunderstood aspect of this analogy, note that the
Universe and all its contents are 7oz envisioned to be scattered inside the
sphere. Rather, they are distributed just on its surface. All three dimen-
sions of space are warped—in this special case, into a perfect sphere.
Thus, all the galaxies, stars, planets, and people, and even all the radia-
tion reside only on the surface of the sphere of this model Universe.

Note also that since the radius of this model sphere represents time,
this spherical analogue grows with time. After all, the galaxies are ob-
served to be receding; the Universe is expanding. As time marches on,
the radius of the sphere increases and so does its surface area. In this
way, our three-dimensional analogue mimics cosmic expansion.

Actually, Einstein didn’t know in 1917 that the Universe is expanding,.
Astronomers, notably Edwin Hubble and his American colleagues,
didn’t establish that until the 1930s. Einstein’s own equations had al-
lowed cosmic expansion (or contraction), but he didn’t believe it. He
was probably fooled by the then still-popular Aristotelian philosophy
that few things change (and nothing at all beyond the Moon). So he tin-
kered with his equations, introduced an additional factor that offset the
predicted expansion, and thereby forced his Universe models to remain
static. Einstein later came to think that he was wrong in doing this, call-
ing this “cosmological constant” the biggest mistake of his career. But
now, in the early twenty-first century, this poorly understood factor has
again become fashionable, suggesting that Einstein may well have been
onto something truly fundamental, yet truly odd, that no one has yet
deciphered. We shall return to discuss the implications of the cosmo-
logical constant later in this prologue.

Even if not a good model for the Universe, this spherical analogue
enabled Einstein and colleague relativists to uncover many telling fea-
tures of curved spacetime. One of their most important findings is
known as the cosmological principle—the notion that all observers per-
ceive the Universe in roughly the same way regardless of their actual lo-
cations. To be sure, all our large-scale studies to date strongly imply that
the Universe is homogeneous (the same everywhere) and isotropic (the
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same in all directions). Excluding directions obscured by our Milky
Way and considering realms beyond a billion light-years away (closer
than which cosmic structure is seen), the contents of the Universe look
virtually identical. On the grandest scales of all, then, the Universe
seems smooth, and even a bit boring.

To grasp the essence of the cosmological principle, consider a sphere
again. It can be any sphere, so let it be Earth. Imagine ourselves at some
desolate location on Earth’s surface, perhaps in the midst of the Pacific
Ocean. To validate this analogy, we must confine ourselves to two di-
mensions of space; we can look east or west and north or south but not
up or down—the life of a fictional “flatlander.” Perceiving our sur-
roundings, we note a very definite horizon everywhere. The surface ap-
pears flat and pretty much identical in all directions. Accordingly, we
might get the impression of being at the center of something. But we're
not really at the center of Earth’s surface at all. The surface of a sphere
has no center. Such is the cosmological principle: there is no preferred,
special, or central location on the surface of any sphere.

Likewise, regardless of our position in the real, four-dimensional
Universe, we observe roughly the same spread of galaxies as would be
noted by any other observer from any other vantage point in the Uni-
verse. Despite our observation that galaxies literally surround us in the
sky, this need not mean that we reside at the center of the Universe. In
fact, if our spherical analogy is valid, then the Universe has no center.
Nor does it have any edge or boundary. The case of a flatlander roam-
ing on the surface of a three-dimensional sphere is completely analo-
gous to a space traveler voyaging through the real four-dimensional
Universe. Neither ever reaches a boundary or an edge. Proceeding far
enough in a single direction on the surface of the sphere, the traveler (or
any radiation) would eventually return to the starting point, just as
Magellan’s crew proved long ago by circumnavigating planet Earth. In
much the same way, if four-dimensional spacetime is structured ac-
cording to this spherical analogue, an astronaut could be launched in
one direction, only to return at some future date from the opposite di-
rection. Einstein’s curveball, indeed.

Today, we realize that the Universe is not static. The recessional motions
of the galaxies make its expansion indisputable. Following the lead of
the Russian meteorologist Alexander Friedmann and the Belgian priest
Georges Lemaitre from the 1920s, modern relativists seek more realistic
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models of the Universe, especially ones that take account of the mea-
sured rate of cosmic expansion. In this way, observations of galaxy re-
cession become a boundary condition, or demanding constraint, on
any plausible model of the Universe, helping refine our twenty-first-
century view of the big picture.

The cosmological principle is valid even though the Universe is ex-
panding. Like that of any static sphere, the surface of an expanding
sphere has no center, edge, or boundary. To see this, imagine a sphere
again, though now one that can swell like a balloon. For example, visu-
alize the entire Earth to be expanding, causing the surface area of our
planet to increase as time advances. Standing on such a hypothetically
expanding “Earth,” we would see familiar objects moving away. Surface
objects all around—whether trees, homes, or mountains—would ap-
pear to recede. Now, more than ever, we may want to conclude that our
position is special—that we exist at the center of some explosion. But
we do not. Our position is no more special than anyone else’s on the
sphere’s surface. In fact, everyone everywhere on an expanding surface
would observe their surroundings to be receding. Who is correct, then?
Everyone is correct. Recessional motions are observed from any and all
positions on the surface of an expanding sphere.

Another popular way of visualizing the same concept is to tape small
coins onto the surface of a balloon. The coins are meant to represent the
galaxies, and the balloon the “fabric” of space itself. As the balloon in-
flates, space expands and all the coins recede from one another (though
the coins themselves do not expand). Regardless of which galaxy we in-
habit, we would see all the other galaxies receding (though the galaxies
themselves, held together by gravity, are also not expanding). The galax-
ies would appear to recede for any and all observers in the Universe.
Nothing is special or peculiar about the fact that all the galaxies are re-
ceding from us. Such, again, is the cosmological principle: no observer
anywhere in the Universe has a privileged position.

And so it is in the real, four-dimensional Universe. Although the
galaxies recede from us, this is not a peculiarity of our vantage point. All
observers everywhere in the Universe witness essentially the same sort
of galaxy recession. Neither we nor anyone else reside at the center of
the expanding Universe. There is no center in space—no position on the
sky that we can ever hope to identify as the location from which the cos-
mic expansion began.

Do note that all these analogies have their shortcomings and this one
is no different. The issue here is that we must imagine the balloon,



PROLOGUE 23

whose surface is a two-dimensional analogue of space, expanding into a
third dimension. That might suggest that, in the real world of three spa-
tial dimensions, the Universe is expanding into some additional spatial
realm—which, as noted earlier, is wrong. In our analogy, that balloon
is properly visualized as expanding into time—namely, into the future.
As best we can tell, even if higher dimensions of space do exist, they are
irrelevant to the macroscopic models of the Universe discussed here.

Surprisingly, there sa center in #me—at least in our analogy. This is the
origin of time, and it corresponds in our three-dimensional spherical
analogue to a sphere having zero radius. In other words, at the begin-
ning of the Universe, the three-dimensional sphere was a point. This
marked the beginning of time, the moment of the big bang. It’s proper
to think of it as the edge of time. But there’s no edge in space.

Basic and profound queries come fluxing forward: When did the
sphere have zero radius—a mere point? That is, how long ago were all
the contents of the Universe squashed into a single speck? Fundamen-
tally put, when did time begin?

To appreciate answers to these questions, imagine that time can be
reversed. Not that we have any evidence that time actually does reverse,
or flow backward; rather, this is another mental exercise to visualize
when all the galaxies in space (or all the coins on our analogous balloon)
were effectively piled one upon another. To do this, we imagine revers-
ing the expansion of the Universe by contracting it backward at the
same rate as we currently observe it expanding forward. The galaxies
would come together, eventually touch, and finally mix. If we can esti-
mate how long it would take for the whole Universe to shrink back to
its starting point, we shall then have a measure of the time it did take to
reach its present state—the age of the Universe.

The answer, as best we can determine, is about fourteen billion years.
Thus, the singular, compact region of space often associated with the
origin of the Universe must have existed about fourteen billion years
ago. Alternatively stated, fourteen billion years have passed since the ex-
panding debris of universal matter raced out to the places where they
are now observed.

The issue of absolute ages of cosmic systems as well as their relative
timescales is an important one in cosmic evolution. For the cosmic-
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evolutionary narrative to hold, all those ages must be consistent, each
arranged sequentially along the arrow of time. Here, we intentionally
become a bit more technical, mainly to give those readers who wish it a
slightly deeper treatment of the central topic of time.

The age of the Universe has been a particularly vexing quandary for
decades. Teams of researchers joust in heated argument, and not with
just a little acrimony. Clear-cut biases are evident and reputations of
some astronomers are on the line. The media, too, has caught on, view-
ing this issue as another kind of “Hubble wars” while claiming, often
wrongly, all sorts of dire consequences for big bang cosmology. Yet long-
standing problems of age among principal systems—cosmos, stars,
life—have plagued science off and on for well more than a century.

In two paragraphs, here is a statement of today’s concern: The sim-
plest analysis of a uniformly expanding Universe implies an age of some
fifteen billion years. This is based on a so-called Hubble constant of
twenty kilometers per second per million light-years, our best current
value specifying the rate at which the Universe expands. (In units more
commonly used by astronomers, this number is nearly seventy kilome-
ters per second per million parsecs; there are 3.26 light-years in a parsec,
a dreadful unit that does nothing but help keep the beginners out.)
That is, for each additional million light-years of distance, the galaxies
seem to recede with an added twenty kilometers per second, in accord
with the established finding that distances and velocities of galaxies are
well correlated. However, this age is correct only if the cosmic density
is much lower than the “critical density” of a marginally bound Uni-
verse whose space balloons to infinity—namely, a Universe containing
little or no matter. (Mathematicians say that such a Universe has a “tra-
jectory” that will then stop at infinity, but since nothing can actually
reach infinity, this is tantamount to the Universe expanding forever,
much like the analogy of a rocket escaping its parent planet.) If the Uni-
verse does have matter (and of course it does) and if its density does
equal the critical value (which many astronomers favor), then the Uni-
verse might ordinarily be expected to decelerate with time, owing to the
mutual gravitational attraction of matter everywhere, making the true
age less than fifteen billion years. This is one of the more famous Ein-
stein solutions to his field equations, for which the Universe’s age, using
today’s value of Hubble’s constant, would be more like ten billion years.

By contrast, key parts of the Universe—namely, some of its stars—
seem older than ten billion years. These are the ancient stars of the glob-
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ular clusters (which we shall meet later in the Stellar Epoch), tight-knit
groups of typically hundreds of thousands of stars that are strewn
throughout the halos of galaxies and are probably as old as the galaxies
themselves (a topic soon discussed in the Galactic Epoch). Astronomers
estimate such stellar ages based on the rates at which stars undergo nu-
clear fusion—in particular, according to the theory of stellar evolution
that specifies when mature, normal stars begin changing into swollen,
red-giant stars. Many globular clusters were examined for this color
change during the past few decades and most of them imply ages in the
range of twelve to sixteen billion years. Hence, the paradox at hand: at
face value, some stars seem older than the Universe itself—a possible in-
consistency of timescales and a clear embarrassment to astronomy if not
resolved.

Actually, this problem is not really a new one. Debate has swirled
around it in one form or another for well more than a century. For ex-
ample, in the mid-nineteenth century, when the pioneers of geochro-
nology sought to assess the age of Earth on grounds other than religion
or philosophy, they essentially made two assumptions: Earth probably
formed at the same time as the Sun, and the Sun shone by the burning
of some known chemical, like the wood or coal commonly used during
the Industrial Revolution. The answer they got for the age of the Sun,
and hence the age of Earth, was a few thousand years, a value less than
that of recorded history. So an age controversy developed, not so much
heated as merely amusing to most theologians of the time who thought
poorly of science: How could Earth be younger than the duration of
human existence?

The first assumption of early Victorian science was a good one—we
do now judge the births of Earth and the Sun to have been contempora-
neous, as noted later in the Planetary Epoch. But the second one was most
definitely not—the Sun is assuredly not made of wood or coal! Physicists
such as Lord Kelvin of Britain and Hermann von Helmholtz of Germany
later revised these calculations in the late nineteenth century, taking the
Sun to be made of an incandescent liquid mass (such as gasoline or
kerosene) and allowing for some energy generation via gravitational in-
fall (including meteors crashing into the Sun). Yet they were unable to in-
crease the age estimate for the Sun to much more than a hundred million
years—a value surely older than recorded history but still much less than
that then needed by the British naturalist Charles Darwin to explain the
fossil record in terms of biological evolution by natural selection. Long-
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dead life-forms seemed at the time to be at least several hundred million
years old, and we now realize they are even older, as noted in the Biolog-
ical Epoch. Kelvin got similarly low values for Earth’s age when trying to
estimate the rate at which our planet cooled, largely because he over-
looked the poor thermal conductivity of the rocky interior—all of which
put geological evolution into conflict with biological evolution. Thus,
the age controversy continued, dominating scientific circles about a hun-
dred years ago, some of the debate (then as now) being quite vehement:
How could life on Earth be older than the planet itself?

These early age discrepancies eventually went away. As radioactivity
became better understood, mainly by the French scientists Henri Bec-
querel and Pierre and Marie Curie around the turn of the twentieth
century, geologists could then measure the age of Earth directly. And
what they found was a planet of a few billion years, fully enough to pro-
vide the long timescales needed to explain Darwin’s fossils. Scientists
now know that biological evolution has occurred for more than three
billion years, yet there is no problem here since modern radioactive
methods currently date Earth at nearly five billion years.

Alas, in the 1930s, a version of this “age-old” problem resurfaced. At
issue were some of the first measurements of the Hubble constant by
Edwin Hubble himself and some of his colleagues. Owing to observa-
tional uncertainties in the brightness of the galaxies and especially to
calibration errors in the analysis of the acquired data, they found a
Hubble constant of more than a hundred kilometers per second per
million light-years. This then implied that the Universe expands much
faster than we now know it does, meaning that the galaxies would have
gotten out to where they are now observed much quicker. In fact,
Hubble’s original analysis implied a Universe age of less than a few bil-
lion years, and suddenly the general problem was back: How could
Earth be older than the Universe?

In turn, this problem gradually faded away as many astronomers un-
dertook, over the course of several decades in the mid-twentieth cen-
tury, better observations and data analyses of the brightness and dis-
tances of the galaxies. By the 1950s, the value of the Hubble constant
had decreased five-fold, and the Universe age consequently lengthened
to at least ten billion years. Hence, the Universe was then safely older
than Earth and the age problem went away again . . . for a while. To be
sure, it has returned in more recent years given the claimed ages of some
globular clusters. By the 1980s and into the 1990s, we had the modern
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version of a recurring age discrepancy, to wit: How could some stars
within the Milky Way be older than the Universe itself? Well, they can't
be. It’s as simple as that. Something is awry—again.

Fortunately, this lingering age controversy seems to be fading away
again, just as better observations and improved models caused similar
glaring contradictions to evaporate throughout the past century. In-
deed, several recent developments favor the dissolution of this problem
altogether. For example, today’s astronomers are converging on a model
Universe that is decidedly “open”—again, like the escaping rocket
whose open-ended geometric path extends forever. In particular, our
best value of the Hubble constant currently seems to be pointing at a
somewhat older cosmic age of about fourteen billion years. What’s
more, recent reanalyses of the globular star clusters, especially based on
data acquired by Europe’s Hipparcos satellite, imply that the globulars
have had their ages previously overestimated by nearly twenty percent.
If confirmed, then the average age of the oldest stars needs to be re-
adjusted downward to ten to twelve billion years, making them safely
younger than the Universe.

We need not be overly concerned about this periodic age controversy,
other than to note it as an active area of research that seeks to specify a
number (the value of Hubble’s constant) to an accuracy of ten percent,
when many other cosmologically significant numbers (such as the cos-
mic density) are known only to within a factor of about ten. Maybe the
universal age will eventually turn out to be twelve, or thirteen, or fifteen
billion years; all arguments presented in this book aim toward a best
current estimate of fourteen billion years. The specific number is not
that important and will not likely be pinned down for many years, if
ever. What is most remarkable is that the ages of the cosmos, stars, and
life now stack up so well chronologically along the arrow of time—and
are indeed consistent with increasing order and rising complexity over
the course of all natural history.

As for the cosmic-evolutionary scenario presented here, our narrative
is hardly affected by this on-again, off-again age controversy—even if it
reemerges. The arrow of time itself can be contracted or expanded, a
lictle like an accordion, in order to match whatever is the true age of the
Universe. The historical sequence of events along the arrow of time is
more important than the magnitude of the arrow itself.
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At the origin of time, the Universe burst forth. Like an inflated balloon,
it flowed out into the future—the Universe expands and the galaxies re-
cede. Initially, it all changed at a rate dependent on the density of mat-
ter contained within it. After all, each clump of matter in the Universe
gravitationally pulls on all the other clumps. Since the gravitational
force is always attractive, it tends to counteract the expansion. So a
tightly packed Universe is expected to cause a strong gravitational
pull and eventually a slowing of the universal expansion. (Notice that
we've returned to the notion of gravity; though warped space is more
correct, the familiar concept of gravity often makes the argument easier
to comprehend.)

At face value, universal expansion is not unlike what happened with
the rockets noted earlier. Each rocket departed from its parent planet at
a rate dependent on that planet’s mass. Mars, for example, pulled on the
launched rocket, but was unable to slow the rocket’s escape; the more
massive Earth exerted an even stronger pull on the rocket and was able
to halt its escape. The parallel between the orbital dynamics of a rocket
and the cosmic dynamics of the Universe is quite a good one. As for rock-
ets, there are two diametrically opposed models of a dynamic, changing
Universe—and one perfectly balanced between the two extremes.

The first model Universe is one that evolves from a powerful initial
“explosion”—again, a bang of some sort at the origin of time. The Uni-
verse then expanded from what must have been an exceedingly dense
primeval clump. As time progressed, space diluted the matter through-
out the Universe, causing its average density to decline. In this first
model, insufficient matter exists to counteract the expansion. Accord-
ingly, the Universe simply expands forever, with the density of matter
thinning eventually to nearly zero. It’s specifically analogous to the
rocket moving away from Mars; this type of Universe has too little mass
ever to halt the matter’s outward motion. Since this model Universe will
theoretically arrive at infinity with some finite (nonzero) velocity, some
astronomers term this case the hyperbolic model of the Universe, for
that is the trajectory such a Universe takes while racing toward infinity.

A hyperbolic model is said to imply an “open Universe.” It’s open in
the sense that the initial bang was large enough and the contained mat-
ter spread thinly enough to ensure that this type of Universe will never
stop expanding. Although matter everywhere mutually pulls on all
other parts of the Universe, such a Universe will never collapse back on
itself. There’s simply not enough matter.
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Evidence of universal expansion.

Thousands of galaxies, each housing hundreds of billions of stars, can be seen in this optical image.
Covering only one percent of the area subtended by the full Moon, this image resembles a “core sam-
ple” of celestial objects—extending from relatively near Earth to the distant Universe billions of light-
years beyond. Doppler measurements indicate that all these galaxies are receding, all of them par-
taking of a grand expansion that began more than ten billion years ago. Source: Space Telescope Science
Institute.

Of course, the Universe can never really become infinitely large. An
infinite amount of time would be needed to reach infinity. This is just
the mathematician’s way of saying that a hyperbolic, or open, Universe
will expand endlessly. Properly stated, an open Universe approaches
infinity.

Should this model be correct, the galaxies will recede forevermore.
With time, for an observer on Earth, they will fade away toward invis-
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ibility, their radiation weakening with increasing distance. Eventually,
even some of the closest galaxies will be so remote as to be hardly vis-
ible. Someday, all the galaxies might become unobservable; they will be
too distant, their radiation too faint. Our home Milky Way Galaxy will
then be the only object within the observable Universe. All else, even
through the most powerful telescopes, will be dark and quiet. And even
beyond that in time, the Milky Way too will someday peter out as its
fuel supply is consumed, the hydrogen in all its stars totally spent. This
type of Universe and all its contents eventually experience a “cold
death.” The radiation, matter, and life in such a Universe are destined
to freeze.

Quite a different fate awaits the Universe if it has a larger matter den-
sity. As for the open Universe, this model also expands with time from
a superdense original point. But unlike the open Universe, this model
contains enough matter to halt the cosmic expansion before reaching
infinity. That is, after the bang initially pushed out the Universe, the
galaxies lost so much momentum that they will eventually skid to a stop
sometime in the future. Astronomers everywhere—on any planet
within any galaxy—would then announce that the galaxy recession has
ended as their radiation is no longer red shifted. The cosmological prin-
ciple guarantees that this new view will prevail everywhere. The bulk
motion of the Universe, and of all the galaxies within, will be stilled—
at least momentarily.

Cosmic expansion may well stop, but gravitational pull does not.
Gravity is relentless. Accordingly, this type of Universe will necessarily
contract. It cannot stay motionless; nothing fails to change. Astron-
omers will witness the galaxies’ red shift gradually change to a blue shift.
The contraction of this model Universe is a mirror image of its expan-
sion. Not an instantaneous collapse, it’s rather a steady movement to-
ward an ultimate end, requiring just as much time to fall back as it took
to rise up.

This model in many ways resembles the rocket trajectory for which,
in our earlier example, the gravitational pull was great enough to cause
the rocket’s path to become elliptical. Since it has a similar geometrical
pattern, a cosmic model containing enough matter to reverse the ex-
pansion is often called an elliptical Universe. It’s also sometimes termed
a “closed Universe”—closed because it represents a Universe finite in
size and in time. It has a beginning and it has an end.
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The change of density in a closed Universe is interesting—and omi-
nous. From what must have been an enormously high initial value, the
density thins dramatically by the time the Universe stops expanding,
then returns again to a huge value when, at some future epoch, all mat-
ter collapses onto itself. Some astronomers call it the “big crunch.”

The expansion-contraction scenario of a closed Universe has many
fascinating (and dire) implications. Life, in particular, which has evolved
from simplicity to complexity during the expansion, will begin breaking
down into simplicity again while inevitably heading toward its demise
during collapse. Toward the end of the contraction phase, the galaxies
will collide frequently as the total amount of space in which they exist
diminishes—and that means trouble for any life-forms. For just as com-
pressing air in a bicycle pump or rubbing our hands causes heating via
friction, collisions among galaxies will generate heat as well. The entire
Universe will grow progressively denser and hotter as the contraction ap-
proaches the end. Near total collapse, the temperature of the entire Uni-
verse will have become greater than that of a typical star. Everything
everywhere will have become bright—so bright that stars themselves will
cease to shine for want of contrasting darkness. This type of Universe will
then shrink toward the superdense, superhot state of matter similar, if
notidentical, to the one from which it originated. In contrast to the open
Universe that terminates as a frozen cinder, this closed Universe will ex-
perience a “hot death.” Its contents are destined to fry.

Cosmologists are uncertain of the fate of a closed Universe upon reach-
ing this (perhaps infinitely) hot, dense, and small state, known among
scientists as a “singularity.” The Universe might just end. Or it might
bounce—into another cycle of expansion and contraction. Frankly, the
mathematics of singularities have not yet been fathomed; physical laws
there are suspect. This ultimate state of matter poses one of the hardest
problems in all of science. Though they don't like to hear it said out
loud, astrophysicists are experimentally and theoretically ignorant of
the physics of singularities.

Frontier research seeks to understand better the nature of such a sin-
gular state of matter, a topic to which we shall return when examining
the universal origin more closely in the Particle Epoch, and also when
exploring black holes in the Galactic Epoch. For now, suffice it to note
that with both density and temperature increasing as the contraction
nears completion, pressure—the product of density and temperature, at
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least in some classical sense—must increase phenomenally. The ques-
tion as yet unanswered is, Will the Universe just end as a final miniscule
speck, or will this pressure be sufficient to overwhelm the relentless pull
of gravity, thereby pushing the Universe back out into another cycle of
expansion and contraction? In other words, will a closed Universe
bounce?

... acyclic Universe oscillates forever, each expansion a “day,” each contraction a “night.”

A certain aesthetic beauty pervades such a model of a “cyclic Uni-
verse.” Subjectively, in our guts, many researchers prefer it. For starters,
there’s no need for a unique, once-and-for-all-time initial event—
no need for a big bang. Nor does this model embody a definite begin-
ning or a definite end. The cyclic model merely goes through phases—
perhaps an infinite number of them—each initiated by a separate
“bang,” each ending in another “bang,” ad infinitum. Indeed, such a
cyclic Universe would presumably oscillate forever, each expansion a
“day,” each contraction a “night.” But none of these bangs is unique,
none of the origins any more significant than any other. Oscillation
avoids the potential philosophical problem of what preceded a unique
big bang of either a one-cycle closed Universe that has a real beginning
and final end or of an open Universe that expands indefinitely from a
single event without any prospect of ever having an end.

Should the oscillating model be valid, we need not trouble ourselves
with the concept of “existence” before the beginning of time. In this
model, there is no beginning of time, no genuine start to the cosmos;
its contents are endlessly recycled. Such a Universe always was and al-
ways will be.

The above models of the Universe stipulate evolutionary change as
their guiding principle. Each is derivable from Einstein’s general theory
of relativity, and together they are favored, in one form or another
and with modifications, by the majority of today’s cosmologists. How-
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ever, several other Universe models have been proposed over the years.
Most of them do not follow directly from relativity; some don’t even call
for change with time or embrace evolution as their central theme.
Its worth considering one of the more prominent ones, for until a
few decades ago it was favored by leading members of the scientific
community.

The “steady-state” model stipulates not only that the Universe ap-
pears roughly the same to all observers, but also that such a Universe ap-
pears unchanging to all observers for all time. Its fundamental tenet is
embodied within what is sometimes called the perfect cosmological
principle: To any observer at any time, the physical state of the Universe
is much the same. In other words, the average density of the Universe
remains eternally constant. It holds steady.

Initial motivation for a steady-state model was based as much on phi-
losophy as on science. The cyclic Universe aside, many scientists and
philosophers were (and still are) unwilling to concede that nothing
could have existed prior to a unique big bang. Admittedly, it’s chal-
lenging indeed to inquire about time and events preceding the origin of
the Universe. What existed before the big bang? Why was there a big
bang? What or who caused it? These are queries unaddressable within
the realm of modern science. When there are no data or ways to exper-
imentally test ideas, the scientific method is useless. Philosophies, reli-
gions, and cults of all sorts can offer hypotheses to the nth degree, but
science remains mute. The steady-state model avoids these thorny ques-
tions, as does the oscillating model. For them, neither beginning nor
end pertains. The Universe just 7 for all time.

Steady-state cosmologists concede that the Universe is expanding,
for the recession of the galaxies is irrefutable. They nonetheless demand
that the bulk view of the Universe—the average density of matter—
remains constant forever. Accordingly, since the recession of the galax-
ies demonstrates the distances among galaxies to be increasing, the
steady-state model requires the emergence of additional matter. Other-
wise, with the galaxies separating, the average density would inevitably
dilute. Odd as it may seem, the steady-statists proposed that this new
matter is created from nothing. Despite the observed recession of the
galaxies, the creation of additional galaxies in just the right amount can
keep constant the number of galaxies per unit volume, thus preserving
the same universal density forever.

The most vexing problem with the steady-state model is its failure to
specify how the additional matter is created. Nor does it specify where.
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Some researchers theorize its injection in the voids well beyond the
galaxies in intergalactic space, whereas others prefer infusion within
the bright centers of galaxies. Not much new matter is needed to oft-
set the natural thinning as galaxies speed apart. Creation of a single hy-
drogen atom every few years in a volume the size of the New Orleans
Superdome would suffice. Unfortunately, the sudden appearance of
such a minute quantity of matter, either inside or outside galaxies, is
currently quite impossible to detect and therefore to test.

Regardless of where matter is created, the real quandary is about how
is created. The sudden appearance of new matter from absolutely
nothing violates one of the most cherished concepts of modern sci-
ence—the conservation of mass and energy. This widely embraced
principle of physics maintains that the sum of all matter and all energy
is constant in any closed system. Matter can in fact be created from en-
ergy (and energy from matter), but it’s tricky to understand how that
matter can be spontaneously fashioned from nothing at all.

The grand puzzle of the steady-state model, then, is the process of
material creation. Nonetheless, the lure of a Universe that always has ex-
isted and always will exist is strong, for it provides a way to skirt the
need for a unique big bang and all the other awkward questions about
the very start of an evolving Universe. All things considered, the big
bang model is as troubling for a steady-state cosmologist to swallow as
is this continual-creation idea for an evolutionary cosmologist. At any
rate, and mental hang-ups aside, current observations have virtually de-
stroyed any notion of a steady state, while fully embracing dynamism as
key to the most feasible model of the Universe.

How can we distinguish among the various possible models of the Uni-
verse? Are there ways to rule out some of them and thereby converge on
the best model by a process of elimination? Observational tests designed
to answer questions like these have driven us further into the embrace
of evolution as a guiding principle in cosmology—to be sure, evolution
writ large as a unifying theme in all of science.

The steady-state model is widely judged untenable for at least two
reasons. First, the spread of galaxies is not uniform throughout space.
As noted in the Galactic Epoch, active (spasmodic) galaxies at great dis-
tances from Earth far outnumber those nearby; most neighboring, nor-
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mal galaxies (including our Milky Way) are calmer, less active. Had we
lived some ten billion years ago, when active galaxies were presumably
the dominant astronomical objects, our view would have been filled
with other active galaxies—many more than now surround our vantage
point on Earth. The perfect cosmological principle is clearly violated:
the large-scale view of the Universe was not the same eons ago as it is
now; it’s changed.

Second, a serendipitous discovery has turned out to be rather fatal for
the steady-state model. Observations made with radio telescopes always
yield a signal, regardless of the time of day or night. Unlike optical ob-
servations that often show a complete void of light toward dark and ob-
scured regions of space, radio receivers never fail to detect some radia-
tion. Sometimes the radio signal is strong, especially when the telescope
is aimed toward an obvious source of radio emission. At other times it’s
weaker, particularly in regions devoid of all known radio sources. Yet,
whenever the accumulated emissions from all known celestial objects
and from all atmospheric and instrumental noise are accounted for, a
minute radio signal always remains—a sort of weak hiss like static on a
home AM radio or the “snow” on an inactive (noncable) television chan-
nel. Never diminishing or intensifying, this weak signal is detectable at
any time of the day, any day of the year, year after year—it’s omnipresent,
apparently inundating all of space. What's more, it’s equally intense in
any direction of the sky—that s, it’s isotropic. The whole Universe is ap-
parently awash in this feeble but persistent radiation.

This ubiquitous radio signal was accidentally detected several de-
cades ago, in the early years of the Space Age, while technicians strug-
gled to improve America’s telephone system. In their data, they unex-
pectedly noticed the bothersome radio hiss that just wouldnt go away.
Unaware that they had detected a signal of cosmological significance,
the researchers sought many different sources for the excess emission,
including atmospheric storms, ground interference, equipment short
circuits, even pigeon droppings left inside their radio antenna! Later,
conversations with theorists enlightened the experimentalists about the
static’s most probable source: the fiery origin of the Universe itself.

This weak, isotropic, radio radiation is widely interpreted as a veri-
table “fossil” of the primeval event that began the universal expansion
long ago. The leftover hiss, often termed the cosmic background radia-
tion, floods every nook and cranny of space, including that surround-
ing us presently. Its existence is fully consistent with any of the evolu-
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Evidence of the big bang.

This map of the entire sky was made by capturing weak, omnipresent radio waves launched from deep
space and displayed here as a flat oval, much as maps of Earth’s surface are often projected as oval
shaped. It reveals that the cosmic background radiation is a little hotter in one direction (upper right)
and a little cooler in the opposite direction. The difference is only a few thousandths of a degree Cel-
sius and is caused by Earth’s motion through space. This radiation is the Doppler-shifted remnant of a
hot and dense Universe shortly after the big bang, but which is now much cooler and thinner some
fourteen billion years later. Source: Cosmic Background Explorer Satellite.

tionary models of the Universe, but there’s no role for it in the now de-
funct steady-state model.

The cosmic background radiation is presumed to be an ancient rem-
nant of the extremely hot early Universe—a Universe that has greatly
cooled during the past fourteen billion years or so. Regardless of
whether the initial event was a unique big bang producing an open and
infinite Universe or a closed and finite one, or even one of several re-
peated bangs of a cyclic Universe, the primeval, seething, dense matter
must have emitted thermal radiation (as elementary particles naturally
released energy while interacting with one another). All objects having
any heat emit such radiation; a very hot piece of metal (a branding iron,
for instance) glows with red- or white-hot brilliance, whereas less-hot
metal (such as a home radiator) feels merely warm to the touch while
emitting less-energetic infrared or radio radiation. In its fiery begin-
nings, the Universe almost certainly launched highly energetic radia-
tion, but with time it expanded, thinned, and cooled, causing its emit-
ted radiation to shift steadily from the lethal, high-energy gamma-ray
and X-ray varieties normally associated with intensely hot matter, down
through the less-energetic ultraviolet, visible, and infrared types, even-
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tually becoming the harmless, lowest-energy radio waves usually re-
leased by relatively cool matter.
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Evolutionary models predict that some fourteen billion years after
the start of all things, the average temperature of the Universe—the
relic of the big bang—should now be quite cold, in fact no more than
about —270 degrees Celsius. That’s far below the zero-degree-Celsius
temperature at which water freezes and only a few degrees above the ab-
solutely coldest value at which all atomic and molecular motions virtu-
ally cease. On the scientific scale, —270 degrees Celsius equals a mere
3 kelvins.

To confirm the theory, astronomers have carefully measured the in-
tensity of this weak isotropic signal at a variety of frequencies up and
down the radio band. All the data collected during the past few decades,
especially those acquired by the Cosmic Background Explorer satellite in
the early 1990s, are indeed consistent with a universal temperature of
approximately 3 kelvins. Furthermore, this oldest fossil really does seem
to pervade the whole Universe, including Earth, your house, or wher-
ever you are now reading this. The amount of cosmic radiation present
at any one time, however, is miniscule, totaling about a billionth of the
power shone by a hundred-watt light bulb.

Existence of the cosmic background radiation, together with the
spread of galaxies in space, discredits the steady-state idea as a viable
model of the Universe. Clearly, the Universe has changed with time; it
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has not been steady at all. The choice of correct Universe type must then
be made from among the evolutionary models. Other data must be ob-
tained to sift through each of them.

The most straightforward way to distinguish between the open and
closed Universe models requires an estimate of the average density of
matter in the cosmos. More than anything else, density is what differ-
entiates the closed model, which has enough matter to halt the expan-
sion before it reaches infinity, from the open model, wherein there sim-
ply isn’t enough to bring it all back.

We would be foolish to try to inventory all the matter in the Uni-
verse. Authors don’t try to count by hand all the words in a written
manuscript; rather, they make an estimate by counting the words on a
single page and then multiplying by the number of pages (or nowadays
let those incredibly fast morons known as computers count all the
words for us). Likewise, astronomers try to measure the amount of mat-
ter within a certain volume of space and then extrapolate that amount
to include the whole Universe. This is tantamount to estimating the
mass density, for density is nothing more than mass per unit volume.

The precise density of matter—known as the “critical density”—
needed to halt the expansion just as the outer limits of the Universe
reach infinity can be computed theoretically. For today’s thinned-out
Universe, the answer is some million million million million million
times less than one gram per cubic centimeter. (A cubic centimeter is
just about the volume contained within a small sewing thimble, and a
gram is about one five-hundredths of a pound. A thimbleful of water
would have a mass of about one gram, the density of that liquid being
one gram per cubic centimeter.) This extraordinarily small density
amounts to a few hydrogen atoms within a volume the size of a typical
household closet. That’s terribly tenuous; in fact, many orders of mag-
nitude thinner than the best vacuum attainable in laboratories on
Earth. But remember, this is an average density of the entire Universe—
calculated by lumping groups of galaxies, where the matter is most
concentrated, together with intergalactic space, where little if any of it
exists.

If the actual density of the Universe is less than this theoretically
computed critical value, then the Universe is destined to expand for-
ever, the hallmark of an open, infinite, hyperbolic model. If, on the
other hand, the actual density exceeds this value, the Universe will
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someday stop expanding and start contracting, the fate of a closed, fi-
nite, elliptical model.

Theory aside, how can we determine the actual density of matter in
the Universe? At first, it would seem simple. Just measure the total mass
of all the visible galaxies residing within some large parcel of space, es-
timate the volume of that space, and compute the average density. Hav-
ing done this many times for many pieces of cosmic real estate, as-
tronomers usually find about ten times less density than the amount
needed to halt the expansion of the Universe. As best we can tell, this
calculation is independent of whether the chosen region contains only
a few galaxies or a rich cluster of them; the resulting density is roughly
the same, within a factor of two or three. Galaxy-counting exercises of
this sort therefore imply that the Universe is open, meaning that it orig-
inated from a unique big bang and will expand forever. Such a Universe
has no end, though it definitely had a beginning.

But—and this is a crucial but—an important caveat deserves men-
tion. All the matter in the Universe is not likely housed exclusively
within the brightly visible galaxies. Observations imply that invisible
matter exists beyond each of them—"“dark matter” sensed only indi-
rectly by means of its gravitational effects mostly outside galaxies. The
extent and amount of this dark matter is presently unclear, but if much
additional matter resides outside the galaxies as within them, then the
universal density would correspondingly increase. Reservoirs of as-yet-
unseen matter skirting the galaxies could reverse the solution to this first
cosmological test, forecasting a closed Universe possibly having an end
as well as a beginning. Whether such a Universe originated from a
unique big bang prior to which nothing at all existed or whether such a
Universe ends for all time without bouncing, cannot be addressed by
this test.

Frankly, that astronomers are deeply puzzled about the nature of this
dark, or hidden, matter is an understatement. We don’t know what it is,
only that it almost surely exists. Nor do we know much about how it’s
distributed in space, but there are some clues. We can only indirectly
infer its effects by two methods, each of which measures the dynamical
behavior of individual galaxies: First, the outer parts of galaxies rotate
faster than expected for the visible matter seen, implying that invisible
(or dark) matter must be present to gravitationally prevent those outer
parts from dispersing. Second, within much larger groups of galaxies,
some galaxies have motions so large that they should have escaped from
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their group long ago—unless, again, some sort of dark matter were
gravitationally binding the groups together.

What is this dark stuff and where is it hiding? For the past few
decades, astronomers have sought unconventional forms of normal, or
“baryonic,” matter, suspecting that they may have overlooked an im-
portant part of their cosmic inventory. (Baryons include the atoms of
which all stars, planets, and life-forms are made—mostly the protons
and neutrons that constitute our tangible world, namely, the basic in-
gredients in the chemist’s periodic table of the elements.) For example,
cold, tenuous matter might be lurking in and amongst the galaxies, but
radio astronomers, whose equipment is most sensitive to this kind of
low-energy gas, have found little of it. Hot, tenuous matter is another
possibility, but X-ray astronomers who are best equipped to detect such
intensely glowing, high-energy gas have also found hardly enough of it
to account for the hidden matter. Dwarf stars that are not only small
but very dim, especially among the rich globular star clusters in the
large, spherical halos of galaxies, are yet another candidate for locales
where matter might have gone unseen, but recent, direct observations
of such clusters have found surprisingly few dwarf stars. Wandering
blobs of compressed matter, either clumps of gas that never achieved of-
ficial stardom or burned-out cores of erstwhile stars—collectively called
massive compact halo objects, or MACHOs for short—were once a
leading possibility, but few of them have been spotted in the halo of our
Milky Way and none at all in distant galaxies. Even black holes, as noted
later in the Stellar Epoch, are not found in great abundance, making
them unlikely places to trap lots of matter that cannot be seen. And so
on, down the list of many candidates for normal matter, none of which
has panned out in recent years, despite direct, exhaustive observational
searches for them.

In contrast, most astronomers are now agreed that the bulk of the
suspected dark matter is probably made of material that is abnormal.
Dark matter is more likely “nonbaryonic,” that is, composed of matter
completely different from atoms as we know them. This type of dark
matter probably exists as exotic subatomic particles, formed in the early
Universe and now moving around sluggishly and elusively. Known as
“cold dark matter,” it also collectively goes by the acronym WIMPs,
which stands for weakly interacting massive particles —weakly inter-
acting since they ostensibly remain aloof from normal matter, yet mas-
sive since they still exert gravity even if they are “dark” and emit no
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light. To solve the dark-matter problem, these putative particles would
have had to survive to the present day in gargantuan quantities and to
pervade virtually every part of the cosmos. Alas, no one has ever seen
such particles directly or even evidenced them indirectly, and no tele-
scope has been built to detect such peculiar stuff. Our best bet to do so
is in the high-energy accelerators where elementary particles can be cre-
ated from packets of energy, as noted in the Particle Epoch, but thus far
no WIMPs have emerged. Whatever the dark matter is, its presence
seems unambiguous. Until its nature and composition are resolved, the
issue of dark matter will remain one of the thorniest challenges in the
world of astronomy.

How much dark matter are we talking about? Some observations
imply that each galaxy could conceivably contain as much as ten times
more dark matter than its luminous material, and the figure for groups
of galaxies might even be higher; astonishingly, perhaps as much as
ninety-five percent of the total mass in the huge galaxy clusters is invis-
ible. Even so, based on the best data available today, most astronomers
now reason that dark matter probably raises the overall cosmic density
to no more than about a third of that critical value needed to collapse
the Universe in some far-future time.

The observed universal density determined by this galaxy-counting
method is thus quite uncertain at present. This test cannot clearly dis-
tinguish between the open and closed models, though at face value it fa-
vors an open Universe destined to expand forever.

Another observational test seeks to determine the ultimate fate of the
Universe, and here a new and unexpected result has been recently re-
ported. Apparently, the real Universe might be a great deal stranger—
and more complicated—than the simple models outlined earlier. The
newest data suggest that the Universe may be not merely changing nor
merely expanding but actually receding at ever-faster rates—a shocking
development that has profound implications for cosmology.

Like the first destiny test, this second test also seeks to estimate the
average mass density of the Universe. And it again relies on the fact that
each and every piece of matter gravitationally pulls on all other pieces
of matter. This second test addresses the question, How fast is gravity
applying the brakes, which would ordinarily cause cosmic expansion to
decelerate? Put another way, what is the rate of change of evolutionary
change?
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Given that the Universe began in a violent bang, it must have ex-
panded rapidly at first, thereafter gradually growing more sluggish. The
expansion of anything—the debris of a bomb, the sound of a thunder-
clap, whatever—is always greater at the moment of explosion than at
some later time. Hence, since looking out into space is equivalent to
probing back into time, the recessional motions of the galaxies should
be larger for the distant galaxies and somewhat smaller for those nearby.

Observationally, cosmologists try to detect any change in the
Doppler-shifted velocities of our neighboring galaxies compared to
those far away. This change is presumed greater for the finite, closed
model of the Universe, since the large amounts of matter needed to stop
and then contract the Universe would have well slowed its expansion
over the course of fourteen billion years. The infinite, open model is
predicted to show smaller changes in the galactic recessional velocities;
in this case the deceleration of the Universe would be less.

Surprisingly, data acquired in the late 1990s show none of this ex-
pected deceleration. Instead, observations of supernovae (exploded
stars) in distant galaxies imply that the Universe is speeding up—in
short, accelerating! Basically, the brightnesses of the supernovae are
fainter than expected, meaning that they are probably farther away and
somehow they had to get out there. If it were not for the fact that two
independent groups of astronomers found the same startling result, no
one would believe it. But science is not a matter of belief, and the data
do clearly imply that the galaxies at large distances (hence seen far back
in time) are receding less rapidly than expected. These data are not yet
foolproof and their interpretation is still subject to debate, but, if they
hold up, the new results will force a major revision in our Universe
models.

Not that astronomers need to return to the drawing boards; that
would be too drastic. Contrary to many hyped news reports, this sur-
prising finding does not mean that big bang cosmology has been over-
thrown. The new results mandate a revision but not a revolution in our
previous thinking. Some “wiggle room” still exists in the analysis, and
some astronomers prefer to discount the new data as still inaccurate or
poorly acquired or observationally biased. Others argue that faraway su-
pernovae might be dimmed because of tainted radiation from ancient
stars or attenuating dust along our line of sight to them. Nonetheless,
most researchers have reluctantly accepted these new results, and, for
now at least, the speeding Universe seems to be real.
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What could be the cause of such cosmic acceleration whose effects (as
for any accelerated object) are likely to have been minimal in the past yet
will be more dramatic in the future? Frankly, it’s unknown, but one
ironic possibility is that the culprit is the same “cosmological constant”
invented (largely out of thin air) by Einstein decades ago to act as a re-
pulsive force to counter gravity and thus keep his Universe models from
collapsing. This factor acts only on the largest scales, thus potentially ex-
plaining its dormancy for the first many billions of years of universal his-
tory; only today would it be emerging as a major factor in cosmic ex-
pansion. What's more, it’s thought to arise from “vacuum energy”
associated with empty space itself, thus potentially accounting for a neg-
ative, or outward pushing and repulsive, pressure that might increasingly
challenge gravity on the largest scales. In other words, according to quan-
tum theory, any region of “empty” space—traditionally called a vac-
uum—actually seethes with energy as subatomic particles burst in and
out of existence for extraordinarily short periods of time. Not to do so
would be a violation of physical law, specifically of Heisenberg’s uncer-
tainty principle, which cannot bear the certainty of true emptiness. Vac-
uum energy thereby gives even to empty space a push at every point.

That said, astronomers have no clear understanding of the cosmo-
logical constant, and physicists can't even define it. At best, we know
that it must be related to a new kind of force whose strength, quite un-
like gravity, must increase with distance. It would therefore grow
stronger over the course of time, thereby escalating to runaway expan-
sion on large scales yet remaining negligible on small scales so as to
avoid interfering seriously with Einstein’s gravity, which has been so
well tested locally in the Solar System. This wholly new force, whose
physical significance is mostly a mystery and whose numerical value is
largely unknown, is neither required nor explained by any currently
known law of physics.

Quintessence is the fanciful name of another candidate phenomenon
that might force the Universe outward, ever faster with time. Beyond
the Aristotelian notion that all terrestrial things are made of four inter-
changeable elements—air, earth, fire, and water—the “fifth essence” of
ancient Greek philosophy was responsible for celestial phenomena.
Hence, an archaic term returns (in name only) to describe an om-
nipresent property of spacetime that has the dual, and most peculiar, ef-
fect of both positive mass to gravitationally clump matter locally and
negative pressure to accelerate the expansion of the Universe globally.
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But if quintessence does exist, where did it come from, and is it any less
ad hoc than the cosmological constant?

Whatever it is and however it works, the mysterious force that might
cause the Universe to accelerate apparently derives from neither con-
ventional matter nor ordinary radiation. For now, and partly as a pun—
both on the nature of the substance and the extent of our ignorance—
astronomers have given it the name “dark energy.”

Dark matter and dark energy have become embarrassing for as-
tronomers struggling to inventory the Universe. Dark matter itself—
whatever it is—seems to outnumber by a factor of ten the normal (bary-
onic) matter of which galaxies, stars, planets, and life are made. And
now, dark energy—whatever that is—dominates them all. Numerically,
normal matter probably makes up only a few percent of the Universe,
dark matter about thirty percent, and dark energy the rest—implying
that more than ninety-five percent of the Universe is unaccounted for!
Having so much of the Universe on “the dark side” is highly discon-
certing, and most scientists are more than a little uneasy about it.

Do note that an outside chance remains for dark matter and dark en-
ergy to be hardly more than theoretical artifacts devoid of reality. Both
quantities are merely inferred to keep the Universe “balanced”—that is,
to theoretically grant it that precise critical density demanded by the
nearly equally peculiar concept of “cosmic inflation,” thereby making
the Universe globally flat and of zero net energy (all of which is to be de-
scribed shortly in the Particle Epoch). This troubling state of affairs sits
like a bone in the collective throat of many astrophysicists, and someday
it could conceivably be shown to be incorrect, especially the need for
dark energy. All this uncertainty makes the astronomical community feel
insecure, as though the mounting complications may well bring down
our intricately constructed house of cards—the standard model of mod-
ern cosmology—as the next generation of scientists seeks to reinfuse
simplicity into one of humankind’s greatest intellectual adventures.

Luckily for us in this book, the recent findings of possible cosmic ac-
celeration do not strongly affect our cosmic-evolutionary narrative.
Dark energy (if it really exists) was likely a negligible factor for the first
many billions of years, only recently becoming more relevant as the cos-
mos geared up. Nor does our present ignorance of dark matter much af-
fect this story of natural history, for it too obeys gravity, which domi-
nates on large scales and doesn’t care much about particulars. Just as our
scenario’s validity holds whether the Universe is as young as ten or as old
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as twenty billion years—provided the relative ages are consistently and
chronologically sequenced along the arrow of time—cosmic evolution-
ists are prepared to revise the narrative to incorporate the latest data. As
for the future, an accelerating Universe portends an even more dramatic
rise in energy flows, novel environments, and ordered structures—the
likely result being ever-greater diversity and richness among all types of
complex systems, including life.

The big picture of the Universe seems both gratifyingly well understood
in gross fashion yet puzzlingly unresolved in its devilish details. Present
consensus suggests an evolutionary Universe that expands forevermore,
but its origin, destiny, and basic composition remain concealed in lin-
gering uncertainties. As we now enter a golden age of cosmology, many
astrophysicists are inclined to say that we should expect definite answers
within a few years. This is perhaps overly optimistic, for the final solu-
tion requires the agreement of three often disparate groups of human
beings:

First, there are the theoreticians, whose imaginative minds invent the
model Universes, in the process striving to stay within the bounds of
good, solid, accurate science. They try to determine what the Universe
is supposed to be like. Second, there are the experimentalists, constantly
testing the theories, all the while extending their observations to more
distant realms within the real Universe. They try to determine what the
Universe actually is like. And third, there are the skeptics, who regard
the models of the first group as mere speculation and the results of the
second group as overinterpretation of the data without due regard for
observational error.

In the end, all three attitudes are helpful and necessary, for only by
their cooperation and counteraction can we ever hope to approach the
truth. Fortunately, the cosmic-evolutionary story—a telling of natural
history from shortly after the big bang until now—is largely indepen-
dent of which specific cosmological model is correct or what may be the
ultimate fate (of the models and of the Universe!). All models include
universal expansion, as well they must given the indisputable fact of
galaxy recession—and it is expansion, more than anything else, that
drives the potential for the rise of order, form, and structure in the
Universe.






Simplicity Fleeting

<&
ke
o)
S

o

Im 5 "!

15
billions of years ago

WHAT WAS IT LIKE AT THE ORIGIN of the Universe? Exactly what happened
at the instant of time’s beginning? Can anything concrete be said about
the precise start of the Universe itself or about the prevailing conditions
during its first few moments? And how have those conditions changed
to give rise to the Universe we see around us today?

These are surely fundamental questions. They are also hard ques-
tions. Yet they are among the most basic wonders that perhaps every
thinking human being who has ever lived has contemplated in one way
or another, at one time or another. Now, after more than ten thousand
years of organized civilization, twenty-first-century science seems
poised to provide some testable ideas regarding the ultimate origin of all
things.

Solutions that scientists have devised should be considered qualified
and provisional. Times long past are times long gone. It’s difficult to be
precise about events we cannot observe directly. To be sure, the early
Universe was a decidedly unearthly domain, quite unlike anything en-
countered today. Neither stars nor planets, indeed not even atoms then
existed; all was pure energy, the cosmic currency that makes change
happen. Nonetheless, as noted in the prologue, Universe models can be
constructed—mathematical sketches based on theoretical insights and
lodes of data constraining the size, shape, and structure of the cosmos.
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These models grant us some inkling of what the Universe was like
well more than ten billion years ago, indeed surprisingly close to its very
origin.

To appreciate the earliest Particle Epoch of the Universe, we must be
willing to think deeply about times long, long ago. We must strive to
imagine what it was like well before Earth and the Sun emerged, even
before any planet or star existed. Some people have trouble mentally vi-
sualizing such truly ancient times. Fortunately, a trick can help us com-
prehend the earliest moments of the Universe.

Physicists are mainly charged with the application of the laws of Na-
ture to the present state of something in order to predict its future. Al-
though, in recent years, a renewed respect for the role of chance has
somewhat diminished our ability to predict outcomes in the old, mech-
anistic, Newtonian sense, we still like to try our hand at predicting gen-
eral trends, if not the details. In the case of the whole Universe, that
“something” is literally all things—nothing in particular, just every-
thing in general. Hence, if we find it mentally hard to reverse time to
appreciate the earliest epoch of the Universe, we can instead take ad-
vantage of the natural symmetry of a model Universe that will eventu-
ally contract and thereby predict the physical events destined to occur
as a closed Universe nears its final phase of total collapse. This proce-
dure is valid only because the mathematics describing contraction are a
mirror image of those for expansion. In other words, the events that wi//
occur just prior to the end of a contracting Universe mimic those that
already happened just after the start of an expanding Universe. Not that
time ever does reverse, as best we know. Rather, we can use some of the
symmetry built into the laws of physics to estimate the final events of
such a hypothetically closed Universe, thus gaining some inkling of the
initial events some fourteen billion years ago.

Even if the Universe is not closed in this way and will never collapse
to a singularity, astrophysicists employ closed models in order to un-
derstand theoretically some of the highlights of the earliest epoch of ei-
ther a closed or an open evolutionary Universe. It’s an example of how
we can use symmetry and scaling arguments—to scale models up, scale
them down, or in this case to scale them back in time—in order to
recreate mentally places and times we could never visit physically.
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“Numerical experiments” are needed to crank out the Universe mod-
els. These are essentially number-crunching exercises, utilizing mathe-
matical knowledge of the laws of physics and sophisticated software
running on powerful computers. The resulting simulations are ponder-
ous and computationally intensive, incorporating much of what we
know about the bulk features of the Universe—again, largely the gen-
eralities, minus the messy details. The objective is to determine the av-
erage density and average temperature for the whole Universe at any
moment in time. The input numbers, such as mass, energy, and expan-
sion rate, can be varied as the computer routines are run again and
again, the idea being to match the resulting state of the model Universe
with that of the currently observed, real Universe. In this way, the range
of input values can be progressively narrowed, thereby converging on a
description of the Universe that reasonably mimics reality.

Most computer models suggest that in the beginning, there was
chaos! But, frankly, we are sometimes unsure if the chaos was in the
Universe or is now in our computer codes. Again, the problem is the
singularity at the moment of the big bang itself—a decidedly odd state
about which mathematicians are currently perplexed. It’s hard to imag-
ine that science will ever be able to prove what happened at the exact
moment of the bang—precisely zero time. That’s why big bang cos-
mology, contrary to popular belief, is not a theory of the big bang per
se. Rather, it’s a cognitive map, or worldview, that aspires to explain
events in the aftermath of the big bang.

Many theorists contend that the physical conditions can be approx-
imated for extremely short times after the bang, well less than the first
second of existence. For example, most models specify that a Universe
younger than a trillionth of a trillionth of a second (i.e., 10724 second)
would have had an average density greater than a trillion trillion trillion
trillion (or 1048) grams per cubic centimeter and an average temperature
greater than a billion trillion (10?!) degrees Celsius. By way of compar-
ison, the average densities of water and lead are one and ten grams per
cubic centimeter, respectively, and of atomic nuclei a trillion grams per
cubic centimeter. Also, the present average density of all material ob-
jects in the Universe is roughly a million trillion trillion times /ess than
that of water (or about 1073 gram per cubic centimeter); this is the av-
erage density of everything—galaxies, stars, planets and life-forms, as
well as mostly empty space. Similarly, water freezes at o degree Celsius
and boils at 100 degrees Celsius, while the average temperature at the
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surface of an ordinary star is several thousand degrees Celsius. The pres-
ent temperature of everything in the Universe, again on average, is only
a few degrees above “absolute zero,” some —270 degrees Celsius (or 3 de-
grees Kelvin).

As for the time just noted, it’s nearly impossible to appreciate such
youth; 10724 second is the duration needed for light to cross a proton—
the nucleus of the smallest atom. Such minute fractions of time—much
quicker than a flash, literally—are as incomprehensible as the huge den-
sities and extreme temperatures characterizing the early Universe. Yet
these are the conditions specified by the laws of physics as a contracting
Universe inexorably speeds toward its demise. They are thus, through
the above symmetry arguments, the conditions thought to prevail in
those violent moments shortly after the birth of the Universe.

The composition of the Universe at such extraordinarily early times
is hardly describable. Surely, much energy must have existed as essen-
tially pure radiation, along with exotic elementary particles of many
types, but beyond that science can currently only speculate. The domi-
nant action at the start of the Particle Epoch must have been nearly
unimaginable. Undaunted, we shall return soon to take a stab at it, but
first we pause to remind our minds.

Here, we sidetrack for a brief review of the fundamental makeup of
matter and a short note about the basic forces that govern it. By this we
mean normal, or baryonic, matter, for we can hardly address dark mat-
ter more than we already have, given that there are so few clues about
what it really is.

Exploration of the basic nature of matter is not new. At least as far
back as ancient Greece, attempts were made to unravel the composition
of all things. Although clearly great thinkers, the Greek philosophers
were deeply in error; they presumed that thinking about Nature was
better than looking at it. Still, their ideas prevailed for more than two
thousand years, culminating in the witchcraft and magic that befuddled
the efforts of medieval astrologers and Dark Age alchemists.

Only with the rise of logical, deductive reasoning during Renaissance
times, and especially its heavy reliance on testing, did the technique of
“experimental philosophy” become fashionable. At last, a proper bal-
ance between thinking and looking was achieved. The technique is
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simple: thoughts (theoretical work) are to be taken seriously only if con-
firmed by tests (experimental work). Modern science thereby emerged
and with it the “scientific method.”

Not that the scientific method is entirely objective, as confessed in
the preface. Science is practiced by human beings, and scientists are no
different from others who have subjective emotions and personal biases.
Yet over the course of time, criticism, and debate, scientific issues even-
tually gain a measure of objectivity. By incessantly demanding tests and
proven facts, the scientific community gradually damps the subjectivity
of individuals and arrives at a more objective view among a community
of critical thinkers. Skepticism and doubt are essential features of the
modern scientific method.

In one of the greatest triumphs of the scientific method to date,
physicists of a century ago were able to prove that atoms are not the
most basic entities of Nature. All atoms of every different kind—that is,
all elements—are made of negatively charged electrons whirling around
positively charged nuclei. Each neutral atom has equal numbers of elec-
trons and protons, as well as a similar number of neutrons. The protons
and neutrons contain virtually all the mass of any atom, and together
they constitute the atom’s nucleus—so compact relative to the size of
the larger atom as to be like a grain of sand floating alone amid a sphere
the size of a football stadium.

For the first half of the twentieth century, electrons, protons, and
neutrons, along with photons of radiation, were considered the very
essence of matter. However, during the second half of the century,
physicists also discovered a bewildering array of additional elementary
particles. These newer particles are not likely any more “elementary” or
basic than the better-known protons and electrons. Rather, each one
seems to play its own role in the subatomic realm far from everyday fa-
miliarity. And that role is not always clear, as none of them can be seen
directly; they can only be inferred when passing through laboratory
apparatus.

More than two hundred elementary particles are currently known—
which makes one wonder just how elementary, or fundamental, they
really are. Some behave like lightweight electrons, whereas others re-
semble heavyweight protons. Still others display bizarre properties not
yet understood. Many particles exist for only fleeting moments during
fierce collisions induced in high-energy accelerators—vast under-
ground laboratories where, typically, electrons and protons are boosted
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to velocities near the speed of light and then slammed together vio-
lently. The largest and most powerful of these machines are the Conseil
Européen pour la Recherche Nucleaire (CERN), which extends for sev-
eral kilometers across the French-Swiss border near Geneva, and the
Fermi Laboratory, which spans a similarly large piece of real estate be-
neath a Chicago suburb. The new particles literally materialize from
the energy of the collisions; no magic is involved, as this is a well-
understood physical process. Usually, after a microsecond or so, the par-
ticles change back into energy, but not before leaving behind momen-
tary traces on the accelerators’ detectors.

The history of efforts to decipher the building blocks of Nature is full
of false claims. Each time researchers thought they had discovered a
truly basic component of matter, they have been proved wrong. With
molecules now known to be made of atoms, and atoms in turn made of
elementary particles, other questions naturally come to mind: How el-
ementary are the new particles seen in the debris of accelerator colli-
sions? Are these particles perhaps made of even more fundamental sub-
particles that have some identity or existence of their own? Current
theory and some data do suggest another layer of fundamentality.

Popular consensus has it that protons and neutrons, among a whole
menagerie of elementary particles (called “hadrons”) with sizes of order
10713 centimeter, are made of units called quarks, and together they
make up more than ninety-nine percent of normal, baryonic mass in
the Universe; the rest is made mostly of dimensionless electrons, which
are not dividable into quarks or apparently anything else. Quarks
(which derive their name from a meaningless word coined by the nov-
elist James Joyce in his book Finnegan’s Wake) are minute particles hav-
ing only a fraction of the electric charge carried by a proton. For ex-
ample, a proton consists of two “up” quarks (each with two-thirds
charge) and one “down” quark (having a negative one-third charge); a
neutron has one up and two down quarks. Over the past few decades,
an intricately detailed yet remarkably successful theory, called quantum
chromodynamics (or QCD, for short), has been refined around six
quarks having the metaphorical names of up, down, top, bottom,
strange, and charm, each variously bound by yet another elementary
entity, the gluon. Despite its inherently fuzzy (quantum) nature and
oft-intractable equations, this mathematically elegant theory, aspects of
which have generated Nobel Prizes for more than twenty physicists,
underlies many popular products in today’s technological world, in-
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cluding televisions, lasers, computers, and a whole industry of elec-
tronic devices built on digital chips.

Originally, when the idea of quarks was first proposed several decades
ago, they were mostly judged to be no more than a mathematical con-
venience—a mental bookkeeping system for describing quantum inter-
actions—not real objects that could be studied tangibly. Nowadays, ac-
celerator experiments clearly demonstrate the physical existence of the
six different kinds of quarks, mainly by observing the way electrons de-
flect when fired at protons. These events involve violent, head-on colli-
sions, a little akin to a hypothetical attempt to understand the makeup
of a clock by smashing two of them together at high speed. Traces of all
six quarks have now been found in the accelerator debris, and together
they form the essence of the “standard model” of particle physics—a
widely acknowledged description of submicroscopic phenomena, bol-
stered by accelerator experiments and the quantum theory of particles
and forces. Yet no compelling reasons exist to prohibit Nature from
having more of them, indeed the six quarks are thought to have six part-
ners (called “leptons”), of which the electron is one. All of which sug-
gests a conundrum: the very proliferation of quarks and their relatives
threatens to topple the central idea that we have reached a truly funda-
mental realm of matter.

On paper (that is, in highly theoretical terms) and on very basic
scales (that is, much smaller than even that of quarks)—thus well re-
moved from anything testable—physicists are actively investigating
nearly intractable mathematical models that seek to interpret particles
not as minute points but as “strings.” This approach, known as string
theory, envisions matter on scales as small as 1073? centimeter—twenty
orders of magnitude smaller than a proton—as modes of vibration
among ultra-submicroscopic items that, if we could see them, would re-
semble strings and loops vibrating in well more than four dimensions
of spacetime. As complex as it sounds and as remote as it is from every-
day practicality, string theory is considered “beautiful” and “elegant” by
the experts pursuing it, many of whom feel that it offers the best hope
to unify all the known forces of Nature. We shall return to reconsider
strings later in this Particle Epoch.

As best we can tell, the behavior of normal matter on all scales—from
elementary particles to clusters of galaxies—is ruled by just a few basic
forces. Forces and the fields and energies they engender are the root
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cause of changes everywhere; they are fundamental to everything in the
cosmos. In a sense, the search to understand the nature of the Universe
is synonymous with the quest to understand the nature of these forces.
Forces, fields, and energies are among the essential keys needed to un-
lock some of the most concealed secrets of the Universe.

Gravity is perhaps the best known force, binding galaxies, stars, and
planets and also, of course, holding us on Earth. Like other forces, its
strength decreases with distance from any object; in fact, it decreases as
the square of the distance, and is said to obey the “inverse square law.”
However, that’s only half of the law of gravity, as its strength is also pro-
portional to mass. Thus, gravity is terribly weak near, for example, a
puny atom, but enormously powerful near a huge galaxy. In fact, al-
though gravity is by far the weakest of all of Nature’s known forces, its
effect can accumulate impressively over large volumes of space that con-
tain mass. Nor can anything cancel the attractive pull of gravity; there
is no such thing as antigravity that repels objects—at least not for nor-
mal matter. Even the peculiar stuff known as antimatter (discussed a
few pages hence) has gravity, not antigravity. Consequently, the gravi-
tational forces of all objects—even our own bodies—extend to the lim-
its of the Universe, hence the reason why gravity is known as a “long-
range” force. To be sure, on scales larger than Earth, gravity is the
dominant force in the Universe.

The electromagnetic force is another of Nature’s basic agents. Any
particle having a net electric charge, like an atom’s electron and proton,
exerts an electromagnetic force. This force acts as the cement for most
ordinary materials, including virtually everything in our homes, such as
tables, chairs, books, even the kitchen sink. Because the electromagnetic
force also binds the atoms within all life-forms, some biologists call it
the “life force”—which, unfortunately, leads some to think that life is
governed by some special “vitalism,” which is wrong. Like gravity, the
strength of the electromagnetic force decreases with distance according
to the same inverse square law. But unlike gravity, it can repel (between
like charges) as well as attract (between opposite charges). Such forces
can then sometimes cancel one another, as when similar numbers of
positive and negative charges neutralize the electromagnetic force,
thereby diminishing its influence. For example, although human bod-
ies are made of very many (about a billion billion billion, or 10%7)
charged particles, they comprise almost equal mixtures of positive and
negative charges; our bodies therefore exert hardly any net electromag-
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netic force. Overall, electromagnetism is much stronger than gravity on
microscopic scales and smaller but is relatively unimportant on macro-
scopic scales where gravity rules.

A third fundamental force is termed the weak nuclear force, as its ef-
fective range is less than the size of an atomic nucleus and its influence
on matter much more subtle than any of the other forces. We shall not
encounter it much in the course of describing cosmic evolution, except
to note that the weak force helps to change one kind of elementary par-
ticle into another (such as the arcane neutrino particles released during
nuclear reactions at the Sun’s core). The weak force also governs the
emission of radiation from radioactive atoms, which are useful in es-
tablishing dates that, in turn, reveal the tempo of cosmic evolution.
Most scientists now agree that the weak force is not really a separate
force at all; rather, it’s probably another form of the electromagnetic
force acting under peculiar circumstances. As such, we now often speak
of the “electroweak force,” an idea to which we shall return in the next
section.

A stronger force than any of these is the nuclear force, mediated by
the gluon particle that holds the quarks together. It glues—hence its
name—protons and neutrons within atomic nuclei and, in effect, serves
as the source of energy in the Sun and stars. Like the weak force, yet un-
like the forces of gravity and electromagnetism, the nuclear force oper-
ates only at very close range; it’s useless when matter is separated by
more than a trillionth (1071?) of a centimeter. But within this range, as
for all atomic nuclei, it binds particles with enormous strength—
stronger, in fact, than any other force known. Numerically, and in ab-
solute terms independent of their most potent ranges, the nuclear force
is 137 times stronger than the electromagnetic force, 100,000 times
stronger than the weak force, and 10%° times stronger than gravity. Iron-
ically and despite its extraordinary weakness, gravity is the only force
that affects all things at all times on all scales.

And, then, there is dark energy, as noted (grudgingly) at the end of
the prologue, which implies another, perhaps wholly new fifth force
about which science is thus far truly in the dark.

By most accounts, the Universe originated with the expansion of an un-
believably hot and dense “something”—hotter than the tens of millions
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of degrees Celsius in the cores of most stars, denser than the trillions of
grams per cubic centimeter in the nucleus of any atom. Precisely what
that state was, we cannot say for sure. And why it “exploded,” we really
don’t know. At best, science contends that in the beginning a singular-
ity released an outward burst of pure, radiant energy. Why the Universe
suddenly began expanding more than ten billion years ago is a most in-
tractable query—so formidable that scientists are currently unaware
even how to formulate a meaningful question about it.

... the Universe originated with the expansion of an unbelievably hot and dense “something.”

In the broadest sense, there are whar questions, how questions, and
why questions. Using astronomical telescopes and biological micro-
scopes, among an arsenal of other experimental gear, researchers have
employed the reductionist approach that has served science so well since
Renaissance times to unravel both the macroscopic and microscopic na-
ture of matter—namely, to tally fairly well wharexists in the Universe—
from atoms to galaxies and from cells to animals. Not that our inven-
tory is complete by any means, for the nature of dark matter (let alone
dark energy) remains unresolved. Yet, armed with a rather detailed in-
ventory of what astronomers call “normal” matter—which is all that we
perceive directly in the Universe—we are able to address the origin and
evolution of that matter, in other words, Aow it got there initially and
how it has changed ever since.

To inquire about the nature of the very beginning, however, requires
us to address why questions, the most fundamental of all being, Why is
there a Universe at all? To be honest, scientists don’t know how to tackle
why questions. These are outside the present fabric of modern science
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and probably always will be. In other words, when a ball is put in mo-
tion and Newton tells us that the ball “will remain in motion unless or
until it is acted upon by some external force,” we have no understand-
ing why it does that. We do know what such balls do and also how they
do it, but we have no clue why. No known procedure—not even the
vaunted scientific method—enables us to investigate why, in the deep-
est sense of that word, the laws of physics and biology are as they are.
We shall probably never know the answer. Nor do we know, or likely
have any prospect of ever really knowing, why there is a Universe—or
what might have preceded its origin.

The basic problem in attempting to discover the nature of what, if
anything, existed prior to the very start of the Universe is simple: There
are no data. None whatsoever. Sure, some people have hypotheses, but
these hypotheses are not based upon data. They are in every case con-
tingent largely on thoughts or beliefs, and while noble and comforting
to many in society, they cannot be considered science. The methods
used by scientists and those used by philosophers and theologians are as
different as oil and water; they just don’t mix. To be crass about it, if it’s
experimentally or observationally testable, then it qualifies as science; if
it’s not, then it’s something else.

This is not a criticism of people who wonder about the start of the
Universe, or even about what might have come before it. Long ago, Au-
gustine related a popular fifth-century idea that before creating heaven
and Farth, God made hell for those who worry about such issues. Au-
gustine himself was more likely correct in thinking that the Universe
was made wizh time, not 7z time. Even today’s scientists occasionally
ponder how to devise experiments to gather pre-Universal data. How-
ever, as things stand now, queries about the nature of whatever existed
before the bang amount to inquiries less about the origin of the Uni-
verse and more about the origin of the origin. Not to be overly critical,
what came before the big bang might well be a meaningless puzzle—
like the popular medieval exercise of counting angels balanced on the
head of a pin—since at the beginning of the Universe, matter, energy,
space, and time probably all came into being. Resembling the “here-
there-be-dragons” school of ancient cartography, time before the big
bang did not likely exist. To most cosmologists, asking what happened
prior to the big bang is akin to asking what lies north of the North Pole!

In what follows, we necessarily confine our discussion to events ex-
tant since the start of the Universe, based on our knowledge of its exis-
tence during the past fourteen billion years, and regardless of why the
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Universe did originate. Indeed, cosmic evolution constitutes a broad
synthesis of the whats and hows, and not at all of the whys.

Within a microsecond of its beginning, the fiery Universe was flooded
with energy throughout every available niche. It was also peppered with
awhole mélange of subatomic particles of matter, whizzing this way and
that amidst great heat and blinding light. Whence did these particles
come? From radiation, pure and simple. These particles “materialized”—
a creation of sorts—as matter was literally fashioned from the energy of
the primeval bang. Neither magic nor mysticism prevailed, just a well-
known and oft-studied fact that the elementary building blocks of mat-
ter result from clashes among packets of energetic radiation. The inter-
changeability of matter and energy is proved daily in the underground
bowels of particle accelerators around the world, the two obeying that
most famous of all formulas noted in the prologue: E'= mc.

Foremost among the particles made well within the first second of ex-
istence were the quarks and their gluon associates. A quark-gluon
plasma, colloquially known as “quark soup,” prevailed in the Universe
just prior to the natural emergence of protons, neutrons, and other heavy

Evidence of particle production.

Tracks of elementary particles observed in high-energy accelerators often display particle-antiparticle
creation. Here, a gamma-ray photon arrives from the right, suddenly yielding its energy to produce an
electron-positron pair. The pairs of particles curve in opposite directions in the detector’s magnetic field
because of their opposite electric charges. Source: CERN.
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elementary particles that are built of quarks. (Plasma, the “fourth state
of matter” after solids, liquids, and gases, exclusively comprises charged
particles, normally protons and electrons.) As bizarre as this stuff seems,
quark soup was actually verified—that is, a whole new state of matter
created—in one of the first notable accelerator experiments of the
twenty-first century. Physicists did it by slamming together two gold nu-
clei at ninety-nine percent of the speed of light and then examining the
thousands of particles that sprayed out from the ensuing meltdown. The
superenergetic result was a seething concoction of free-roaming quarks
and gluons—a miniature fireball of sorts—momentarily produced and
controlled in the laboratory.

Soon thereafter, yet still only about a microsecond after the big bang,
heavy, strongly interacting elementary particles such as protons and
neutrons—those collectively called “hadrons”™—became the most abun-
dant types of matter. Such particles must have then existed as free, un-
bound entities, given the inferno prevalent in the Universe within its first
second of existence. It was just too hot for these particles to have assem-
bled into anything more ordered. Hadrons surely collided and interacted
with one another as well as with other types of elementary particles, for
the density then was also extremely high. Accordingly, the dominant ac-
tion at this time was the inception and then self-annihilation of hadrons
into radiation, which further fueled the brilliant fireball. Lacking a good
understanding of elementary particles at the highest energies, physicists
have only partial knowledge about this puzzling period in cosmic his-
tory.

One fact we do know is that energy reigned supreme, vaporizing all
but the smallest chunks of matter. Protons, neutrons, and electrons, as
well as a veritable zoo of other submicroscopic particles were unable to
cluster into more complex structures. No stars or planets existed at the
time. Not even any atoms were tolerated. The environment was too en-
ergized, the Universe still too chaotic—the clear and frenzied aftermath
of the biggest of all cosmic “bombs.”

The basic stuff of the Universe continued to fly apart rapidly, cool-
ing and thinning all the while. About a millisecond after the bang, the
superhot and superdense conditions suitable for hadron creation had
ceased, allowing a whole new class of particles such as electrons and
neutrinos to come forth and dominate. Thus began another process of
materialization whereby lightweight, weakly interacting particles—
those called “leptons™—were fashioned from energy under an average
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density of ten billion grams per cubic centimeter and a temperature of
about ten billion degrees Celsius. These physical conditions were still
excessive by any earthly standards, but they had moderated greatly com-
pared to the hugely dense and intensely hot values present a fraction of
a second earlier. For, once the Universe began expanding, it did so ex-
traordinarily rapidly, unhesitatingly dispersing its heat and its contents.
By the time the first second had elapsed, leptons were being quickly
made from radiation and many just as quickly destroyed back into ra-
diation, much as had the hadrons earlier. In a kind of equilibrium be-
tween creation and destruction of subatomic particles, this cosmic fire-
ball was still fueled by harsh radiation, such as X rays and gamma rays,
as well as with (what we would now call) blinding light.

The density of radiation greatly exceeded the density of matter
throughout these first few minutes. Not only did the photons of radia-
tion far outnumber the particles of matter, but also most of the energy
in the Universe was in the form of radiation, not matter. As soon as
the elementary particles tried to combine into atoms, fierce radiation
destroyed them. Structure, organization, and complexity did not yet
exist; information content was minimal. Radiation was simply over-
whelming, and for this reason much of the Particle Epoch is often called
the Radiation Era. Whatever matter managed to exist at the time did so
as a thin precipitate suspended in a glowing “fog” of dense, brilliant
radiation.

As time elapsed, change continued. A few hundred years after the bang,
the density had decreased to a value of about a billionth of a gram per
cubic centimeter, while the average temperature had fallen to about a
million degrees Celsius—values hardly different from those in the outer
atmospheres of stars today. A principal feature of this latter part of the
Particle Epoch was the steady waning of the original fireball; the anni-
hilations of hadrons and leptons had ended. Even as the fireball faltered,
though, a dramatic change began.

The first hundred centuries of the Universe saw radiation reign
supreme. Radiation was in absolute and firm control, as all space was
literally inundated with it. The cosmos remained a structureless and
highly uniform blob; astrophysicists say that matter and radiation were
intimately coupled to each other, in a sense equilibrated. As the Uni-
verse expanded, however, the radiation density decreased faster than the
matter density. (That’s because matter is diluted in proportion to the
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Evidence of early Universe plasma.

By violently smashing the building blocks of matter and examining debris from the ensuing collisions,
physicists infer knowledge about the basic forces and the structure of matter at very small scales and
very high energies. Here, myriad particles emanate from the site where two gold nuclei collided, the
result being “quark soup,” which approximates the incredibly hot and dense conditions that likely pre-
vailed within the first second of the Universe’s existence. Source: Brookhaven National Lab.

volume increase, but radiation, being additionally affected by the
Doppler effect, decreases more than with mere volume growth.) This
imbalance ultimately caused the early sphere of blinding light to thin
gradually, thus diminishing the early dominance of radiation. It was as
though a luminous fog of energetic photons (like the gas inside a glow-
ing neon sign) had begun to dim and then lift. Matter and radiation
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thereafter decoupled, their thermal equilibrium unraveling and their
particle symmetry breaking as an evolutionary change of great impor-
tance began.

Sometime between the first few millennia and a million years after
the bang—the exact moment cannot be pinned down much better,
since the process was gradual—the charged elementary particles of mat-
ter began clustering into atoms. Their own electromagnetic forces
pulled them together, sporadically at first and then more frequently.
The weakening radiation could no longer break them apart as quickly
as they combined. In effect, the authority of radiation had subsided as
the previously charged matter (plasma) gradually became neutralized, a
physical state over which radiation has little leverage. Matter had, in a
sense, managed to overthrow the cosmic fireball while emerging as the
principal constituent of the Universe. To denote this major turn of
events, the latter portion of the Particle Epoch and all the remaining
epochs that have occurred since are collectively termed the Matter Era.

Once the radiative fog dispersed and the Universe became nearly
transparent, most photons traveled unhindered through space. Radia-
tion had, in effect, become uncoupled from matter. And as the Universe
expanded, that radiation simply cooled, eventually becoming the cos-
mic background radiation now perceived all around us, as described in
the prologue. That last interaction of photons with matter occurred
when the Universe was about a half-million years old. Thus, by observ-
ing the cosmic background radiation now, astronomers can probe con-
ditions in the early Universe more than ninety-nine percent of the way
back in time to the big bang.

The emergence of organized matter from chaotic radiation was the
first of two preeminent changes in the history of the Universe. The Ra-
diation Era had naturally and inevitably given way to the Matter Era. We
shall not encounter the second of these truly fundamental changes—the
rise of technological sentient life-forms—until the epilogue.

(Even if the mysterious “dark energy” noted at the end of the pro-
logue does exist, indeed even if it now dominates the total cosmic den-
sity, its presence was not likely of much consequence in the early Uni-
verse. Dark energy, assuming it’s real, is expected to grow in force and
influence as the Universe expands. Only now, more than ten billion
years later, would its large-scale effect have begun to manifest itself.)

The onset of the Matter Era saw the widespread creation of atoms;
they were literally everywhere. The influence of radiation had grown so
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The Radiation Era naturally and inevitably gave way to the Matter Era.

weak that it could no longer prevent the attachment of hadron and lep-
ton elementary particles that had survived annihilation. Hydrogen
atoms were the first type of element to form, requiring only that a single
negatively charged electron be electromagnetically linked to a single
positively charged proton. Copious amounts of hydrogen were thereby
made in the early Universe, and it is for this reason that we regard hy-
drogen as the common elemental ancestor of all material things.

Hydrogen (and its isotope, deuterium) was not the only kind of atom
fashioned during the Particle Epoch. Before all the electrons and pro-
tons were swept up into hydrogen, atoms of the second simplest ele-
ment, helium, began to form.

Heavy nuclei originate when two or more light nuclei fuse together.
They do so by means of a dual process. First, a heavy nucleus of an atom
is created whenever lighter ones collide violently enough to stick and
fuse. Second, the newly formed positively charged nucleus then attracts
a requisite number of negatively charged electrons, thereby yielding a
neutral, albeit heavier, atom.

In the case of helium production, a temperature of at least ten million
degrees Celsius is needed to thrust two hydrogen nuclei (protons) into
one another. Each proton boasts a positive charge and at lower temper-
atures they would simply repel like identical poles of magnets. This
minimum temperature ensures that the hydrogen nuclei collide with
ample vigor to pierce the natural electromagnetic barrier that prevents
them from interacting under ordinary circumstances. For a split second,
the colliding particles enter the extremely small operating range of
the powerful nuclear force. Once within about a trillionth of a centi-
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meter of one another, the two hydrogen nuclei no longer repel. Instead,
the attractive nuclear force seizes control, slamming them together fero-
ciously and uniting them instantaneously into a heavier nucleus. Exactly
the same process occurs now in the hearts of stars everywhere, as we shall
see in the Stellar Epoch. And it’s the same process that humans have
made operational, though on a much smaller and uncontrolled scale, in
the form of modern thermonuclear weapons, especially the hydrogen

bomb.

... aheavy nucleus of an atom is created whenever lighter ones collide violently . . .

The superheat of the early Universe meant that the physical condi-
tions were ripe for the creation of helium nuclei from protons of the
primeval fireball. Thereafter, in the later stages of the Particle Epoch,
pairs of electrons were electromagnetically attracted to each helium nu-
cleus, thus fabricating neutral helium atoms. Given the rapid rate at
which most models suggest the Universe expanded and cooled, only so
much of the hydrogen could have been transformed into helium, leav-
ing about a dozen hydrogen atoms for every one helium atom. That’s a
helium abundance of nearly ten percent by number, or twenty-five per-
cent by mass.

By contrast, elements heavier than helium could not have been ap-
preciably produced in the early Universe. (Nuclei of the third element—
lithium—squeezed through the bottleneck, but only in smattering
amounts fully a billion times less than helium.) The carbon-rich fibers
composing this page of text, the oxygen and nitrogen in the air we
breathe, as well as the copper and silver in the coins in our pockets were
not made in the aftermath of the initial bang. Fusion of heavy elements,
including all the way up to iron and uranium, for example, requires tem-
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peratures much higher than ten million degrees Celsius. Such syntheses
also require lots of helium atoms. The trouble here is that even though
helium production was in high gear during those first few years, both the
density and temperature were quickly falling. Theoretical calculations
suggest that, by the time there were sufficient helium atoms to interact
with one another to manufacture heavier elements, the cosmic temper-
ature had dipped below the threshold value needed for the mutual pen-
etration of doubly charged helium nuclei. That threshold value is a hun-
dred million degrees Celsius, for it takes even greater violence for
multiply charged nuclei to collide, stick, and fuse. The Universe was still
hot, but not quite hot enough anymore to make the heavies.

Contrary to the progressive cooling and thinning of the early Uni-
verse, the compact matter within stars, none of which had yet formed
by that time, is perfectly suited for the generation of hotter tempera-
tures, greater densities, more brutal collisions, and thus heavier ele-
ments. The hearts of stars, as examined later in the Stellar Epoch, are in-
deed where the heavies were eventually created, albeit long after the
Particle Epoch had ended. It’s where they are still being made today.

An atom of ordinary matter is an invisible, submicroscopic entity com-
prising a positively charged heavyweight nucleus, usually several pro-
tons and neutrons, surrounded by one or more negatively charged light-
weight electrons. All atoms found on Earth maintain this common
structure—the essence of normal, baryonic matter. Furthermore, radi-
ation received from extraterrestrial objects, near and far, is consistent
with this same basic structure for all atoms everywhere.

Theorists nonetheless wonder about the possible existence of other
kinds of atoms—not just additional elements yet undiscovered, but
atoms built differently from the ones we know on Earth. How is it, for
instance, that heavy nuclei always have a positive charge, relegating the
negative charge to only the lightweight electrons? Some argue that the
Universe would be more philosophically pleasing if its basic building
blocks had more symmetry in their charge and mass. In other words,
perhaps the Universe is also endowed with atoms made of negatively
charged nuclei around which orbit positively charged particles.

Experimentalists did in fact discover, around the middle of the twen-
tieth century, lightweight, electronlike particles having a positive charge.
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These so-called antimatter particles are identical to ordinary matter
particles in every way except charge. A particle called a positron, for ex-
ample, has all the properties of an electron, except that its charge is pos-
itive. These same experiments also proved that when a matter particle
and its antimatter opposite collide, the result is mutual annihilation and
an explosion that releases pure energy of the lethal gamma-ray variety.

The reverse phenomenon can occur as well. Provided the temperature
is extraordinarily great (in the range of billions of degrees Celsius), col-
lisions among packets of gamma radiation can yield pairs of elementary
particles, for instance, a matter electron and an antimatter positron. This
sort of materialization (or “pair production”) of matter and antimatter
from energy still obeys the fundamental laws of physics; in this case, once
again in accord with the formula, £'= mc.

These and other kinds of conversion from energy to mass are pre-
cisely what theoretical models suggest happened in the earliest mo-
ments of the Universe. Yet we don’t observe much antimatter around us
now. Earth, the other planets, and the Sun all appear to be composed of
ordinary matter. Exceptions include some particles produced in nuclear
reactions known to be churning away inside stars, a small fraction of the
baffling cosmic rays showering us each day, and minute fragments cre-
ated during elementary-particle collisions in nuclear laboratories on
Earth. Still, virtually all the mass in the Solar System seems to be of the
matter variety, with little trace of naturally occurring antimatter. If mat-
ter and antimatter were created in equal amounts from primordial en-
ergy in the early Universe, then where has all the antimatter gone?

Note that antimatter does not imply antigravity. Particles of anti-
matter gravitationally attract one another just as do two or more parti-
cles of matter. The only property distinguishing matter from antimatter
is charge; the mass of every matter particle is identical to that of its anti-
matter opposite, hence gravity invariably pulls while never pushing.
Apart from the mysterious “dark energy,” discussed in the prologue but
not yet found, no such “antigravity” is known anywhere in the Universe.

Nothing, in principle, prohibits elementary particles of antimatter
from combining into large clumps. Antihydrogen, antioxygen, anti-
carbon, and numerous other antiatoms could conceivably form anti-
planets, antistars, and antigalaxies. The fact that we are unaware of such
big groups of antimatter does not preclude their existence. Since atoms
of antimatter emit and absorb precisely the same type of photons as do
atoms of ordinary matter, astronomers have no way to determine if, for
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example, a distant star is made of matter or antimatter. Physicists like
to say that a photon is identical to its own antiphoton. Radiation emit-
ted by a clump of antimatter would equal that from a clump of matter;
photons and antiphotons have no known differences. Accordingly, the
nearby Alpha Centauri star system or the Andromeda Galaxy, for ex-
ample, could be composed of antimatter—but it’s doubtful.

Despite the fact that our Solar System is made mainly if not totally
of matter, large pockets of antimatter may well exist elsewhere in the
Universe. Provided clusters of matter remain separated from those of
antimatter, then the two can coexist. As to where the primeval anti-
matter might be, we can only conjecture that it’s wrapped up in large,
distinct assemblages far outside the Solar System. Should similar mat-
ter and antimatter objects venture too closely together, however, they
would mutually annihilate. Consequently, if our civilization ever attains
an ability to travel beyond our Solar System, it will be important to dis-
patch automated probes before humans visit alien worlds. Should such
an unmanned spacecraft suddenly evaporate in a puff of gamma radia-
tion, we would be wise to visit elsewhere.

That said, scientists presently have no experimental evidence for
macroscopic structures of antimatter beyond Earth. They are only the-
oretically inferred on the basis of symmetry arguments: the simplest
cosmological models imply that equal quantities of matter and anti-
matter should have been created from energy in the Particle Epoch. We
are not done with this dilemma.

What about the very earliest moments of the Universe—those times
well before the first second of existence had elapsed when all the forces
of Nature are thought to have been merged into a single, grandly uni-
fied force that controlled everything? Going back even closer to the ori-
gin of all things, our quest to unify all the known forces has recently
combined some aspects of the subjects of cosmology and particle
physics. These efforts—including some of the most exotic work at the
frontiers of science—have led to tentative advances toward a controver-
sial “theory of everything.”

What follows in this section is informed speculation, based on ex-
tensions of much better known phenomena akin to what we now wit-
ness in space, time, and energy. The closest time to the big bang that as-
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tronomers can observationally study physical phenomena directly is
about a half-million years affer the bang. This again is the cosmic back-
ground radiation that contains hints and clues regarding events in the
earlier Universe. And the closest that physicists can experimentally
study those earlier events is about 1071° second after the bang—that’s
one-tenth of a nanosecond. These are laboratory simulations, done in
quick bursts at the big accelerators, of the violence in a very young Uni-
verse impressively close in time to the bang, but currently no closer. Sci-
entific descriptions of events earlier than a billionth of the first second
of time are only reverse extrapolations—thought, at least by scientists,
to be better than religious dogma, philosophical musing, or science fic-
tion, but how much better is frankly unknown.

During the last quarter of the twentieth century, the electromagnetic
force binding atoms and molecules and the weak nuclear force govern-
ing the decay of radioactive matter were merged into a single theory as-
serting them to be different manifestations of one and the same force—
the “electroweak” force. Crucial parts of this theory have been confirmed
at the world’s most powerful accelerators at CERN and Fermi Lab, and
concerted efforts are now under way to extend this unified theory to in-
clude the strong nuclear force that binds elementary particles within nu-
clei. Furthermore, though scientists are unsure at this time how, in turn,
to incorporate into this comprehensive theory the fourth known force
(gravity), we have reason to suspect that we are nearing the realization of
Einstein’s dream—understanding all the forces of Nature as different as-
pects of a single, fundamental force.

The intellectual synthesis of the macrodomain of cosmology (for
gravity is a demonstrably long-range force) and the microdomain of
particle physics is but a small part of the grand scenario of cosmic evo-
lution. Yet it’s an important part, for the newly emerging interdiscipli-
nary specialty of “particle cosmology” could well provide great insight
into a much earlier period of the Universe, namely, the time interval
often colloquially labeled “chaos”—a temporal domain resembling the
terra incognita parts bordering old maps of antiquity.

In brief, descriptive terms, this is the way the newly understood
electroweak force operates: In submicroscopic (quantum) physics,
forces between two elementary particles are exerted, or mediated, by the
exchange of a generic particle, called a boson; in effect, the two particles
can be imagined to be playing a rapid game of catch using a boson as a
ball. In ordinary electromagnetism familiar to us on Earth, the boson is
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the usual photon, and for the strong nuclear force that boson is a gluon.
Both types of bosons always travel at the velocity of light. The new
electroweak theory includes four such bosons: the photon as well as
three other subatomic particles with the innocuous names W+, W-, and
Z0. At temperatures less than a million billion (10'%) Celsius—the ther-
mal range of absolutely all events on Earth and in the stars today—these
four bosons split into two families: the photon that expresses the usual
electromagnetic force and the other three that carry the weak force. But
at temperatures greater than 10'5 Celsius, these bosons work together in
such a way as to make indistinguishable the weak and electromagnetic
forces. Thus, by experimentally probing the behavior of this new force,
we gain insight into not only the essence of Nature’s building blocks but
also some of the earliest periods of the Universe, especially the hadron
period around 10719 second after the bang.

This is where (or when) the experimental confirmations currently
end, for humankind has not been able to build large enough accelera-
tors capable of generating the even higher energies typifying the greater
densities and temperatures prevalent at times closer to the big bang than
10710 second. Even so, it’s remarkable that science can manage to do
that—to take that last demanding step in the scientific method and to
test ideas thought pertinent to well less than the first second of time
when anything at all may have existed.

To appreciate the nature of matter at temperatures exceeding 1015 Cel-
sius, and thereby explore indirectly times even closer to the big bang,
physicists are now researching a more general theory that merges the
electroweak and the strong nuclear forces (but not yet gravity). Several
versions of this so-called grand unified theory, dubbed GUT for short,
have been proposed, though testing capable of determining which, if
any, of these theories is correct has really only begun. Like the other
known forces, this grand unified “superforce” is expected to be medi-
ated by a boson elementary particle—for want of a better name, the X
boson. It is, according to these unifying theories, the very massive (and
thus very energetic) X bosons that are predicted to have played a vital
role in the first instants of time.

For example, imagine a time equal to 1073 second, when the tem-
perature approximated 1030 Celsius. At that moment, only one type of
force other than gravity operated—namely, the grand unified force just
noted. According to the theory of such a superforce, the matter of the
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Universe must have then exerted a huge pressure that pushed outward
in all directions. (In classical terms, pressure is the product of density
and temperature, so if, in the early Universe, each of these quantities
was large, then the pressure must have been vast.) The Universe must
have responded to this pressure by expanding and dropping its temper-
ature. As time advanced from 10737 to 1073 second, say, the Universe
grew by another couple of orders of magnitude and the temperature fell
to about 10?8 Celsius.

According to most grand unified theories, this temperature—io?8
Celsius—is special, for at this value a dramatic change occurred in the
expansion of the Universe. In short, when matter cooled beyond this
temperature, the X bosons could no longer be produced; at times after
107 second, the energy needed to create such particles was too dis-
persed because of the diminishing temperature. So as the temperature
fell below 10?8 Celsius, the disappearance of the X bosons is thought to
have caused a surge of energy roughly like that released as latent heat
when water freezes (an event that often contributes to the bursting of
closed containers.) After all, the energy that was no longer concentrated
enough to yield X bosons was nonetheless available to enhance the gen-
eral expansion of the Universe—in fact, to cause it to expand violently,
or “burst,” for a short duration just after the demise of the bosons.

The youthful Universe, though incredibly hot at the time, was quite
definitely cooling and thus experienced a series of such “freezings” while
passing progressively toward cooler states of being. As perhaps the most
impressive of all such transitions, the rapid decay of the X bosons
caused a tremendous acceleration in the rate of expansion. This period
of exponentially fast expansion has been popularly termed “inflation.”
Each tiny patch of space doubled in size at least a hundred times, such
inflation enlarging the Universe’s volume from a trillionth that of a pro-
ton to that of an acorn—a huge difference. In well less than the blink
of an eye represented by a mere 1073 second, the Universe inflated some
100 times, smoothing out (by stretching) any irregularities existing at
the outset, much as crinkles on a balloon vanish as it’s inflated. This is
why the Universe seems so accurately described by flat, Euclidean
geometry, despite all the curving and warping of spacetime near mas-
sive objects. We apparently now see only a tiny part of the whole Uni-
verse, and that part seems flat to us, much as an ant on the surface of
that rapidly expanding balloon would see less and less of it while it
seemingly grew flatter.
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At the conclusion of the inflationary phase, at about 1073 second,
the X bosons had disappeared forever and with them the grand unified
force. In its place were the electroweak and strong nuclear forces that
operate around us in the more familiar, lower-temperature Universe of
today. Physicists describe such an event as “broken symmetry,” with the
strong and electroweak forces, previously one, having then become sep-
arate entities. With these new forces in control (along with gravity), the
Universe resumed its more leisurely expansion. Later, at around 10710
second, when the cosmic temperature had decreased to some 1015 Cel-
sius, a second symmetry breaking occurred, enabling the electroweak
force to reveal its more familiar electromagnetic and weak natures,
which guide almost everything we currently know about on Earth and
in the stars.

Can we test this unified force idea, including its implied and spectac-
ular inflationary phase change? The answer is a qualified yes, for we can
do so only indirectly. After all, even the biggest accelerators on Earth are
barely able to create, and then only for the briefest of instants, conditions
approximating 10> Celsius, sufficient to confirm the electroweak the-
ory. By contrast, the grand unified theories become operative at much
higher temperatures, in fact greater than 10?® Celsius, which physicists
will likely never be able to simulate on Earth. To boost subatomic par-
ticles to the absolutely immense energies needed to test the grand uni-
fied theories would require a particle accelerator spanning the distance
between Earth and the Alpha Centauri star system some four light-years
away—a truly cosmic machine that would require for each second of
operation an altogether unreasonable expenditure of power equal to
the annual U.S. gross national product! So, while we have successtully
mimicked in the laboratory the physical conditions characterizing the
lepton period (approximately 107 second) and parts of the earlier
hadron period (approximately 10710 second), scientists have concluded
that the earliest chaos period is likely to remain forevermore “too hot to
handle.”

One especially attractive aspect of the grand unified theories is that
they seem able to account for the observed excess of matter over anti-
matter and thus potentially solve that dilemma noted earlier. It so hap-
pens that the decay of the X bosons at times earlier than 103> second
lacked symmetry; their decay is expected to have created slightly greater
numbers of protons than antiprotons (or electrons than positrons).
Specifically, calculations suggest that for every billion antiprotons (or
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positrons), a billion and one (i.e., 107 + 1) protons (or electrons) were
created. The billion matched pairs subsequently annihilated each other,
leaving a residue of ordinary matter from which everything—including
ourselves—emerged. If this imbalance is true—another example of bro-
ken symmetry—then the matter extant today is just a tiny fraction of
that formed originally.

This prediction can be tested in a straightforward way, for if protons
can be created they can also be destroyed. Protons might not be the im-
mortal building blocks once thought, and the grand unified theories
can be used to estimate the proton’s average life expectancy. That life-
time turns out to be 1032 years—a hundred quadrillion quadrillion
years—which is much greater than the age of the Universe! This ex-
tremely long lifetime guarantees that although all matter might ulti-
mately be destined to disappear, the probability of decay in any given
time span is exceedingly small. Nonetheless, given that Nature is largely
governed by statistical physics, any one proton is in danger of decaying
at any one moment. In fact, since water is an abundant source of pro-
tons, theory predicts that roughly one proton should decay per year in
each ton of water. Alternatively expressed, a typical human body is ex-
pected to lose only about a single proton in an entire human lifetime.
Experiments are now in progress attempting to detect such events in
huge water tanks stored in deep underground mines at several places on
Earth (thus shielding them from spurious effects triggered by cosmic
rays reaching Earth’s surface from outer space). Furthermore, a statisti-
cal measurement of a proton’s lifetime should enable us to discriminate
among the various grand unified theories, further refining our “approx-
imations of reality.” Alas, the simplest of these theories has apparently
been ruled out, as no proton decays have been found in the last few
years in several tons of water. Perhaps protons, like diamonds, are for-
ever, and it’s Nature that’s not so simple. Some physicists take this as a
bad sign, for the history of science has taught us that, more often than
not, theoretical complications usually indicate that we are on the wrong
track.

An intriguing cosmological implication of the inflationary concept is
that, if correct, it must have put the Universe into a state precariously
balanced between infinite expansion and ultimate collapse. Recall from
the prologue that for this to happen, the correct model is one for which
its density equals precisely the critical density—namely, the case for
which its accumulated gravitational effect exactly offsets its rate of ex-
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pansion and the resulting geometry is flat. Since astronomers have ob-
servationally demonstrated that the density of normal, baryonic matter
is only a few percent of this critical density, we surmise that more than
ninety-five percent of the Universe is made not of normal matter but of
some unorthodox, dark-matter form such as massive neutrinos and ex-
otic particles (black holes won’t do it, as they are made of normal mat-
ter), or of some entirely new kind of energy not yet known in physics.

What about even earlier phases of this, the earliest of all periods
(“chaos”), at times prior to 1073 second? Can we probe, even theoreti-
cally, any closer to the start of all things at the celebrated “t = 0” mark?
Efforts are currently hampered because doing so requires the gravita-
tional force to be incorporated into the correct grand unified theory. Yet
no one has managed to develop a self-consistent, super—grand unified
theory (or super-GUT), as this is tantamount to inventing a quantum
theory of gravity—a towering intellectual achievement that would os-
tensibly merge Heisenberg’s uncertainty principle (which guides sub-
microscopic phenomena) and Einstein’s relativity theory (which de-
scribes macroscopic scales). Whoever does achieve this holy grail of
physics gets a free, all-expense-paid trip to Stockholm, courtesy of the
Nobel committee.

Our current knowledge of the strong gravitational force implies that
such quantum effects very likely become important whenever the Uni-
verse is even more energetic than we have yet contemplated. Specifi-
cally, at a time earlier than 10743 second (known as the “Planck time,”
after Max Planck, one of the creators of quantum theory), when the
temperature exceeded 1032 Celsius, the four known basic forces are
thought to have been one—a truly fundamental force operating at en-
ergies prevalent during the earliest parts of the chaos period. There and
then, with all the matter in the Universe theorized to have been
unimaginably compacted and a trillion trillion times hotter than the
core of a hydrogen-bomb explosion, the curvature of (Einsteinian)
spacetime and the dimension of (Heisenbergian) uncertainty both
equal 10733 centimeter (the “Planck length”), inside which relativity
theory is no longer an adequate description of Nature. Only at lesser en-
ergies (i.e., at times after 10743 second) would the more familiar four
forces begin to manifest themselves distinctly, though in reality all four
are merely different aspects of the single, fundamental, supergrand force
that ruled at or near the big bang.
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In a potentially related advance, attempts to understand force unifi-
cation have driven theorists toward the fascinating concept of “super-
symmetry.” This extends the idea of symmetry among forces to par-
ticles. Accordingly, all elementary particles are reasoned to have
so-called supersymmetric partners—exotic particles (sometimes called
“sparticles”) that exist alongside their normal counterparts readily ob-
served in the everyday world of our human senses. Of particular inter-
est to astronomers, these particles would have been produced in great
abundance in the early aftermath of the big bang and should still be
around today. Since they are thought to be very massive (at least a hun-
dred times that of a proton), these supersymmetric relics are among the
leading candidates for dark matter within and beyond the galaxies.
However, none of these suspected particles has yet been experimentally
detected, so the theory’s validity remains uncertain.

Ironically, with the physicists unable to build equipment on Earth
sufficiently energetic to reproduce cosmic chaos, and thus perhaps to
recreate in the lab some of the bizarre elementary particles likely created
in the very early Universe, its the astronomers who, by studying the
macrorealm, are beginning to provide tests, albeit indirect ones, of the
grand unification of the microrealm. This is another example of how
interdisciplinary efforts are so richly rewarding, in this case the newly
emerging subject of particle cosmology bringing together the very
largest and very smallest scales in Nature.

In another possibly important development noted earlier, some
physicists have recently become enamored of a radical idea originally
proposed several decades ago. Variously called “string theory,” “super-
strings,” or, mysteriously, “M-theory,” this idea aspires to unite all the
laws of physics into a single mathematical framework, perhaps even to
discover one equation less than a few centimeters long that can explain
all things—the so-called theory of everything! New and provocative
terms—such as strings, curls, and membranes—derive from the notion
that the ultimate building blocks of Nature might not be pointlike par-
ticles at all, but tiny, vibrating, extended objects. If this novel view is
correct, it means that the protons and neutrons in all matter, from our
bodies to the farthest star, are fundamentally made of strings or super-
strings shaped like loops. Alas, no one has ever seen, or has much
prospect of seeing, such strings since they are predicted to be more than
a billion billion times smaller than a proton—in fact, 10733 centimeter,
again the Planck length. Depending on the mode of vibration, separate
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particles of matter can be made from such subatomic strings, much the
way violin strings can resonate with different frequencies, each one cre-
ating a separate tone of the musical scale. Disconcertingly, the theory of
superstrings works only if the Universe began with (usually) eleven di-
mensions of spacetime, seven of which (somehow) collapsed or other-
wise became “hidden” near the time of the big bang. To some physicists,
such a revolutionary idea borders on science fiction (or even religion),
whereas for others, it possesses breathtaking mathematical elegance and
perhaps the best hope of avoiding a whole host of thorny problems on
the road to quantum gravity. Regardless, the science journals are littered
with mathematically beautiful theories that apparently have no basis in
physical reality. And although the theory of superstrings is now causing
great excitement in the physics community, to date not a shred of ex-
perimental or observational evidence supports it.

Any theory purporting to penetrate even closer to the very beginning
of time is currently hardly more than conjecture. Given our current
knowledge of physics, it makes little scientific sense to talk about times
earlier than 1073 second. Time intervals smaller than this are not yet
part of the lexicon of science, and notions of space and time earlier than
this border on the meaning]ess.

That said, many researchers suspect that once a proper theory of
quantum gravity is in hand, our understanding might automatically in-
clude a natural description of the original creation event itself. It’s even
conceivable that the primal energy emerged at zero time from essen-
tially nothing, uncannily in accord with the structureless singularity de-
scribed by the time-honored poetic expression, “without form and void,
with darkness upon the face of the deep.” Even in a perfect vacuum—
a region of space containing neither matter nor energy—particle-
antiparticle pairs (such as an electron and its antiparticle opposite, the
positron) constantly appear and disappear in time spans too short to
observe. Although it would seem impossible that a particle could mate-
rialize from nothing—not even from energy—it so happens that no
laws of physics are violated because the particle is annihilated by its cor-
responding antiparticle before either one can be detected. Furthermore,
for such events not to happen would violate quantum physics, which
cites, via Heisenberg’s principle again, the impossibility of determining
the exact energy content of a system at every moment in time. Hence,
natural, quantum fluctuations of energy must occur in empty space,
even when the average energy present is zero.
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In this way, the Universe may well have been a case of creatio ex ni-
hilo by means of an energy change that lasted for an unimaginably short
duration—a “self-creating Universe” that erupted into existence spon-
taneously, the result of a random quantum fluctuation! The net energy
was then, is now, and forever shall be zero; all of gravity and its myriad
negative, attractive, potential energies would perfectly balance all other
known positive energies (including heat, light, mass, and so on), mak-
ing our vast Universe seem like “something for nothing,” yet it really
isn’t. The Universe arose from a quantum fluctuation large enough that
energy, matter, time, and space all sprang into being. Could this be the
solution to the time-honored philosophical query, “Why is there some-
thing rather than nothing?”—the answer being, ostensibly, that the
probability is greater that “something” rather than “nothing” will hap-
pen. This sort of “statistical” birth of the Universe from a kind of noth-
ingness has been sacrilegiously dubbed “the ultimate free lunch”—an
extreme manifestation of the longstanding quip that Nature abhors a
vacuum.

That some of these latter ideas are speculative is putting it mildly. Skep-
tics would say that they are not real science at all, for they violate one of
the central tenets of the modern scientific method: many of these con-
cepts are virtually impossible to test experimentally. But they do illus-
trate how the world of science has itself changed at the start of the new
millennium, as its scope now encompasses, for the first time, a model
for the very origin of the origin. Might this be the beginning of a mean-
ingful merger of science and religion into a truly profound interdisci-
pline, or might it signal renewed warfare between these two great insti-
tutions, as science treads on sacred turf where it’s not quite gone before?

Should this quantum scenario, or some revised version of it, prove to
be a correct description of the birth of the Universe, then our Galaxy,
our Sun, our Earth, and ourselves are a direct consequence of a series of
random events, albeit ones obeying physical laws, that occurred during
an unimaginably short period of time some fourteen billion years ago.
Even if not a valid understanding of the ultimate creation event itself,
such submicroscopic fluctuations in density, enhanced by inflation and
thereafter guided by expansion, might well have eventually grown into
today’s large-scale, macroscopic structures encountered throughout the
remaining epochs of this book. Clearly, the development of a quantum-
gravitational description of events at literally the origin of time, none of
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which attempts has thus far met with much consensus, is the foremost
challenge in the subject of physics today.

By the end of the Particle Epoch, the Universe had evolved dramatically.
The spectacularly bright fireball identified as the origin of all things had
subsided. Energy, which drives all changes in the Universe, had itself
changed with its dispersal over time. The physical conditions of tem-
perature and density had undergone extraordinary change. Atoms,
mainly hydrogen and helium, had been synthesized. And matter had
wrested firm control from radiation, heralding a whole new era.

Major events in the Universe would thereafter occur less frequently.
Change continued, though at a more relaxed pace. Key transactions be-
tween matter and radiation may well have occurred posthaste immedi-
ately after the bang, and especially in the first few minutes of the Uni-
verse. But these interactions eventually lessened, becoming few and far
between by the end of the Particle Epoch. The average density fell enor-
mously throughout this initial epoch, plummeting below a billionth of
a billionth of a gram per cubic centimeter before the epoch had
ended—Iess than a million years after the Universe began. The average
temperature of the cosmos had also dropped to a relatively cool thou-
sand degrees Celsius, a pale, sluggish remnant of the intense heat preva-
lent at creation.

With time, the Universe had grown thinner, colder, and darker. It
was destined to evolve much more slowly in later epochs, but it evolved
nonetheless. The average physical conditions were on their way to be-
coming a billion times still less dense and a thousand times still less
hot—tenuous and frigid conditions now present more than ten billion
years after the bang—the fossilized grandeur of a bygone era.

The history of the early Universe presented here represents the pre-
vailing view among cosmologists. Most share this general outline,
though consensus is lacking regarding the fine details. Scientists agree
on events as far back as the first nanosecond of existence, but the earlier
we explore beyond that, the more unsure our statements become. Ac-
cordingly, the temperature and density in the first instants of the Uni-
verse are quite obscure, mainly because their values depend upon poorly
understood interactions among the heaviest elementary particles at
some of the highest conceivable energies. This uncertainty should not
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surprise us, for the primordial moments of the Universe are long gone
with cosmic expansion, forever lost to the march of time. We can
fathom the most ancient realms of Nature only indirectly, aided by
crutches of abstract formulae and logical symbols.

What is surprising is that science can address any of this at all, mod-
eling times and events that are very much over and done, perhaps never
to occur again. And what we find, in virtually all models that are based
on real data, is an early Universe reasoned to have been exceedingly hot
and dense, growing cooler and thinner with time, and basically chang-
ing in ways to set the stage for the successive appearance of galaxies,
stars, planets, and life.



Hierarchy of Structures

billions of years ago

DESCENDANTS OF OUR CIVILIZATION MAY never become advanced enough
to journey far enough from our Milky Way Galaxy to look back and
witness the full grandeur of our extended home in space; the finite
speed of light is too limiting, the Galaxy too vast. A literal picture of our
resident swarm of a hundred billion stars floating proudly and silently
in the void of space may forever elude us. Yet, from our Earth-based
vantage point in the suburbs of our Galaxy—nearly thirty thousand
light-years from its hub—astronomers study the variety and spread of
other colossal star systems well beyond our own Milky Way. Many of
these distant galaxies launched their light—some of the very light in
tonight’s nighttime sky—Ilong before Earth and the Sun even emerged
in the firmament.

Deep space harbors myriad objects looking strangely unlike stars.
Photographic exposures, taken with even small, backyard telescopes,
often reveal fuzzy, lens-shaped images resembling disks more than the
bright, round points typical of stars. The eighteenth-century German
philosopher Immanuel Kant regarded these blurry blobs of light, like so
many flattened yet luminous puffs of cotton, as individual “island uni-
verses” far outside the confines of our Milky Way. We now know that
labeling each of them a universe—*“the totality of all things”—presents
a clear semantics problem, but he was correct in thinking that these pe-
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culiar patches of light reside way beyond the well-known stars that con-
stitute the familiar constellations.

Large, modern telescopes have since revealed these remote beacons to
be entire galaxies, each a huge collection of matter comparable to our
Milky Way, measuring some hundred thousand light-years across, or a
billion billion kilometers. Replete with hundreds of billions of stars
bound loosely by gravity, each galaxy harbors more stars than all the
people who have ever lived on Earth. Silently and majestically, galaxies
twirl in the deep reaches of the Universe—vast hordes of radiation, mat-
ter, and perhaps life—simultaneously granting us a feeling both for the
immensity of the Universe and for the minuteness of our position in it.

That position, when internalized, often resembles a boat adrift at sea.
For there are as many galaxies in the Universe as there are stars in our
Galaxy—all told, probably as many stars in the observable cosmos as
grains of sand on all the beaches of the world—some 10?2, to be nu-
merical about it. Yet organized patterns abound—grand dynamical pro-
cessions like the pinwheeling of individual galaxies and the recessional
of many more galaxies—provided we are willing to ponder the big and

the broad.

Objects identified as galaxies in photographs often display spiral shapes
much like our Milky Way or the neighboring Andromeda Galaxy. (An-
dromeda is the one distant galaxy that our naked eyes can see, perhaps
best with averted vision, as a faintly glowing oval amid the constellation
of the same name.) Each has a central bulge from which sport thin spi-
ral regions, or “arms,” chock-full of stars. The apparent prevalence of
spiral galaxies is just that—apparent—Iargely the result of whorled pat-
terns easily noticed among the many other patches of light in the night-
time sky. In reality, galaxies have an array of morphologies, and spirals
are not the most common type of galaxy in the Universe.

After decades of effort in the mid-twentieth century led by the Amer-
ican astronomer Edwin Hubble, inventories of extragalactic matter be-
yond our Milky Way are now nearly complete for that relatively local
part of the Universe in which we live. At least for normal, baryonic mat-
ter, that is, for we are still unsure what to make of the issue of “dark mat-
ter” raised in the Particle Epoch as strongly inferred but not yet seen.
The most abundant galaxies are shaped like footballs and officially
called elliptical galaxies. Some are less elongated, akin more to very large
beach balls. Others resemble fat cigars and even thin cigars, but that’s
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probably due to their tilted perspective. None of the ellipticals exhibits
internal structure of any kind, and they are notably devoid of any spi-
ral arms. Regardless of their shape, most elliptical galaxies harbor the
usual hundred billion or so stars, typically spread across a hundred-
thousand-light-year domain. A minority of them measure up to ten
times that size and contain trillions of stars, but otherwise elliptical
galaxies are undistinguished, albeit monumental, throngs of stars.

Spiral arms are not the only trait that elliptical galaxies lack. Hardly
any cool gas drifts among the stars of these galaxies; they have little or
no interstellar matter. This implies that all the elliptical galaxies are old.
Stars, which originate from interstellar matter, apparently did so in
these galaxies long ago, leaving hardly any loose gas for the continued
formation of future generations of stars. Analysis of the radiation emit-
ted by individual stars within the ellipticals further proves that those
stars are also old. Evidently, nearly all their interstellar matter was used
up eons ago, thus quenching the star-formation process.

Silently and majestically, galaxies twirl in the vast reaches of the Universe . . .

The infrequence of star formation in elliptical galaxies contrasts
sharply with the abundance and activity of interstellar matter within
spiral galaxies. Here, there are also a variety of shapes, though all the spi-
rals are basically flattened disks resembling double sombreros clapped
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brim to brim. Some spiral galaxies have a large central bulge, mostly
made of intact stars and diffuse gas, around which the spiral arms are
tightly wrapped. Others have a more open pattern of arms emanating
from an intermediate-sized central region. Still others have a rather
small center from which long, stringy arms protrude, often making it
hard to recognize these as spirals.

Spiral galaxies are known to contain lots of gas, and dust, too, mixed
throughout the vast spaces among their stars. The oldest stars extend
into the galaxies’ spherical halos, but the youngest stars are found ex-
clusively in the thin disks. Furthermore, observations during the past
few decades have shown that stars are still forming, most of them in the
arms. Unlike the old elliptical galaxies, spiral galaxies have a good deal
of vitality—which doesn’t necessarily mean that the spirals are young.
Rather, they are simply still rich enough in interstellar gas to provide for
ongoing stellar birth.

Some spiral galaxies sport a peculiar feature that has astronomers
puzzled—namely, a linear “bar” of stellar and interstellar matter passing
through their midsections. For these so-called barred spirals, the arms
stem from near the ends of bar rather than from the central bulge itself.
The puzzle concerns the way the bars form, evolve, or maintain them-
selves. Even our own Milky Way is now judged to perhaps have a small
one passing through its galactic nucleus.

A final, catchall class of galaxies groups all those termed irregular
galaxies, the type most widely seen in the Universe. These are oddly
shaped structures of stars, gas, and dust whose visual appearance pre-
vents their placement in any of the other categories. The irregulars
clearly have much interstellar matter yet no organized structure, spiral
arms, or central bulge. By and large, irregulars tend to be a bit smaller
than other types of galaxies, so some astronomers call them dwarf galax-
ies. They often do seem to be dominated by the larger spiral or ellipti-
cal galaxies near which they are usually found. In fact, irregular galaxies
seldom exist alone in space; they are mostly allied with larger “parent”
galaxies of the spiral or elliptical variety.

Their proximity to the big galaxies is probably telling us something:
The irregulars might be severely distorted regular galaxies that have ex-
perienced close encounters, and thus great tidal disruptions, with their
parent galaxies. Or, they might be leftover building blocks of the larger
galaxies into which they have not yet fallen. Some observations do
hint at possible bridges of hydrogen gas connecting parent and irreg-
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ular galaxies, suggestive of interactions between them. We shall return
to these issues when later discussing mergers and acquisitions among
galaxies rife with evolutionary change.

Our Milky Way Galaxy has a few small, companion irregular galax-
ies, most notably the Large and Small Magellanic Clouds, so named for
the sixteenth-century Portuguese voyager Ferdinand Magellan whose
round-the-world expedition first brought word of these great fuzzy
patches of light to Europeans living in the Northern Hemisphere. Re-
sembling dimly luminous atmospheric clouds and seen easily with the
naked eye, they can be viewed only from locations south of Earth’s
equator, making them spectacular targets for first-time northerners
traveling south, though they have undoubtedly served as celestial won-
ders to residents of the Southern Hemisphere since the dawn of civi-
lization. Though one is slightly larger than the other, each is roughly a
hundred times smaller than our own Milky Way system—meaning that
they house “only” a billion or so stars—and both reside not quite two
hundred thousand light-years away. The Magellanic Clouds probably
orbit our Galaxy, just as Earth orbits the Sun or the Moon orbits Earth.
The periods of these irregular galaxies are long by human standards,
however, and their orbital paths have not yet been firmly established.

Actually, these famous celestial objects (at least to residents “down
under”) might not deserve the term galaxy at all, not even irregular
galaxy. Though they do contain about a billion solar masses and do
measure some ten thousand light-years across, they reside at a distance
from our Galaxy that is only fifty percent again of its disk’s typical ex-
tent. Thus, if our Milky Way system does harbor matter (dark or other-
wise) in an extended halo—as many astronomers now suspect—then
the Magellanic Clouds may well be nothing more than rich regions of
star formation in the halo of our own Galaxy. Perhaps all such dwarf
structures now classified as irregular galaxies will turn out to be resi-
dents of the outer realms of larger, well-categorized galaxies—and
therefore not genuine galaxies at all.

(e o]

Planet Earth is finite; beyond it stretches the scant flimsiness of inter-
planetary space. Our Solar System is also finite; beyond it lies the near
vacuum of interstellar space. And our Galaxy, in turn, is finite; beyond
it exists the absolute material void of intergalactic space. Perhaps be-
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yond even that, then, the arrangement of galaxies in space is also finite.
Which brings to mind the obvious question: How are the galaxies
spread throughout the expansive tracts far from the Milky Way? Is there
some boundary, or terminus, beyond which galaxies are no longer seen?
Or do they reside everywhere, all the way out to the limits of the ob-
servable Universe?

Within the “neighboring” realm of a few million light-years, as-
tronomers know of a few dozen galaxies. Giant spirals, such as our own
Milky Way and Andromeda, are found among small ellipticals and
many irregulars, such as the Magellanic Clouds. Surprisingly, some
nearby galaxies have been discovered even as recently as the past decade,
such as the Sagittarius Spheroid, a newly found dwarf galaxy only eighty
thousand light-years distant yet mostly obscured by our Galaxy’s central
bulge. Evidently, these two-score galaxies are bound together by their
own mutual gravitational attraction—a mammoth version of the same
natural phenomenon that holds stars in galaxies, planets around stars,
and people on Earth. In all, these “local” galaxies are clustered within a
volume whose diameter is some five million light-years. Including our
Milky Way, the whole bunch is known as the Local Group. It consti-
tutes our extended neighborhood in space.

Several million light-years comprise a significant chunk of cosmic real
estate. Do note two important things about it. First, we have suddenly
made a large jump in spatial dimensions, from the hundred-thousand-
light-year size of our Milky Way to this five-million-light-year size of our
Local Group. Galaxy clusters represent a distinctly higher level of hier-
archical structure in the Universe—structure well beyond that of indi-
vidual galaxies. Second, the Milky Way doesnt lie at the center of this
cluster of galaxies. Not only is Earth not the center of our Solar System
and the Sun not the center of our Galaxy, but our Galaxy is also not the
center of the much larger Local Group. Though we might like to think
so, humankind is not at any special, unique, or privileged location in the
gargantuan, perhaps infinite, Universe.

Many more than a few dozen galaxies reside in the Universe. Time ex-
posures made with large telescopes reveal thousands of galaxies within
virtually any small field of view. In all, astronomers estimate that some
forty billion other galaxies inhabit the observable Universe. And virtu-
ally all of them are much farther away than even the distant members
of our local galaxy cluster. For millions of light-years beyond the edge
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of the Local Group, there appears to be nothing—no galaxies, no stars,
no gas or dust—just empty intergalactic space.

Strive to appreciate the far recesses of deep space outside the Local
Group. Searching a seemingly interminable void, we occasionally sight
a “field” galaxy scattered lonely here and there. Not until we reach a dis-
tance of some sixty million light-years away do we find another galaxy
cluster, an unmistakable volume of space brimming with galaxies. This
cluster is especially rich, containing not just forty galaxies as does our
own Local Group; the so-called Virgo Cluster harbors nearly three
thousand galaxies. Try to visualize in mind’s eye thousands of individ-
ual galaxies all clustered in a swarm, each one housing about a hundred
billion stars. No wonder most people have trouble appreciating the im-
mensity of matter, space, and time in the Universe. Astrophysicists are
no different; we, too, share the burden of trying to fathom such hu-
mongous sizes and scales, including astronomical numbers of astro-
nomical objects.

Galaxy clusters like these populate the Universe throughout. They
are not figments of our imagination. Their existence is fact, as hundreds
have now been mapped and cataloged through numerous observations.
In much the same way that galaxies are collections of stars, galaxy clus-
ters are collections of galaxies. And beyond them, in turn, galaxy super-
clusters (or clusters of clusters) apparently also exist on colossal scales of
typically hundreds of millions of light-years across. Both the Local
Group and the Virgo Cluster are mere members of such a larger sys-
tem—perhaps. These truly titanic structures occupy a most lofty
rung—the greatest established to date—in the hierarchy of material as-
semblies within the Universe: particles, atoms, molecules, dust, planets,
stars, galaxies, galaxy clusters, and now galaxy superclusters.

When contemplating the congested confines of rich galaxy clusters—
such as Virgo, with its thousands of members, or the appropriately
named Hercules Cluster, with its estimated hundred thousand galax-
ies—it’s hard to avoid the impression that galactic traffic jams must be
common. Just as atoms collide when confined in a closed container or
hockey players in a enclosed rink, the random motions of galaxies
within a galaxy cluster could conceivably induce phenomenal collisions
among these huge material constructs.

Galaxies do indeed collide. A good deal of observational evidence
proves that they do so, and quite often. Numerous celestial images show
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... humankind is not at any special or unique location in the gargantuan, perhaps infinite, Universe.

two or more galaxies interacting, some of them tearing each other apart.
While, in many photographs, galaxies lie along the same line of sight
yet are really far separated in space, others are physically near one an-
other, especially those within the galaxy clusters. Whether galaxies are
colliding head-on or only experiencing close encounters cannot often
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be easily determined, for detectable motions among the distant galaxies
typically take millions of years—which is why no human has ever wit-
nessed the full panoply of a galaxy collision, as much as we note its ef-
fects virtually frozen in time.

At first thought, collisions among giant galaxies might be expected to
create a mind-boggling crunching of matter, complete with spectacular
explosions and superlative fireworks. Surprisingly, that doesn’t happen
much at all. Such collisions, in fact, are rather quiescent. The stars in
each galaxy more or less just glide past one another as the two galaxies
slide through each other. That’s because stars themselves hardly ever col-
lide; they are, after all, small objects by cosmic standards. While as-
tronomers have plenty of direct photographic evidence for galaxy colli-
sions, no one has ever witnessed or imaged a collision between two
stars—not even in our own Milky Way, which we can see more closely
and clearly.

This oddity occurs because galaxies within most clusters are bunched
fairly tightly. The distance between adjacent galaxies in a given cluster
averages a million light-years, which is only about ten times greater than
the size of a typical galaxy. This doesn’t really give them much room to

Evidence of galaxies colliding.

Like majestic ships passing in the night, these two spiral galaxies (called NGC 2207 and IC 2163) are
experiencing a close encounter. They might eventually even suffer a head-on collision. Representative
of many such galactic collisions seen in deep space, scenes like this one are common in the Universe.
In roughly a billion years, after several more interactions, these spiral galaxies will probably merge
into a single, colossal, elliptical galaxy. Source: Space Telescope Science Institute.
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roam around without crashing. By contrast, stars within a galaxy are
spread out much more thinly. The average distance between stars in a
galaxy is roughly five light-years, millions of times greater than the size
of a typical star. Said another way, if our Sun were the size of an apple,
its closest neighbors would be some two thousand kilometers away.
Hence, stellar collisions are extremely rare within any one galaxy, with
the possible exception of their central regions. When two galaxies col-
lide, the population density of stars merely doubles, leaving ample space
for the stars to meander without sustaining much damage. To be sure,
the interstellar contents, and perhaps the stars as well, of each galaxy
are likely rearranged by the tidal forces induced by gravitational inter-
actions, but no spectacular explosions result, even if the collision is
head-on.

That’s not to say that the pushing, shoving, and shocking of the
interstellar gas doesn’t cause any change. In fact, among the loose gas
they wreak relative havoc! Bursts of star formation erupt in interacting
galaxies like hurricanes in a pas de deux. In recent years, astronomers
have imaged numerous “starburst galaxies,” where the internal gas of
colliding galaxies has been disturbed and rearranged enough to trigger
sudden episodes of new stars in the disks of both. Additionally, already
formed stars appear agitated, oddly orbiting like frenzied moths around
a lamp, while other stars seem to be ¢jected along streamers stretching
as much as a hundred thousand light-years from the site of the collision.
So, although dramatic fireworks following direct hits among stars are
most unlikely, computer simulations do show that the ensuing com-
motion causes the galaxies to glow about fifty percent brighter for a
hundred million years or so owing to their many newborn stars. Later
in this Galactic Epoch, we shall address the evolutionary implications
of mergers and acquisitions as galaxies collide, mutually attract, and
agglomerate.

Completing our inventory of the large-scale spread of matter in space,
we naturally pose the next obvious question: Are there even greater as-
semblies of matter in the Universe, or do galaxy superclusters top the
cosmic hierarchy? At present, astronomers are unsure. Some data imply
clusterings of galaxy superclusters—or at least nonrandom arrays of
galaxies on the largest scales yet observed—but this evidence is shaky
and subject to debate. If correct, though, this would mean that our
Local Group along with several other galaxy clusters embody a galaxy
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supercluster centered near the rich Virgo Cluster and that, in turn, these
tens of thousands of galaxies form part of an even larger structure on the
order of several hundred million light-years in diameter—which is
more than a thousand times larger than the size of the Milky Way itself.

What is most clear from the latest cosmic maps of matter on the
largest scales probed thus far are the irregularities: galaxies seem to be
arranged in networks of filaments, or sheets, surrounded by relatively
empty regions of space known as voids. A colossal sponge might be a
good visual image, or perhaps an immense bubble bath. The so-called
Great Wall, a lengthy arc of several thousand galaxies extending some
half-billion light-years across the sky nearly three hundred million
light-years away, is the nearest and most prominent of these giant fea-
tures. An even bigger “wall,” sporting nearly a hundred thousand galax-
ies about one-and-a-half billion light-years long and about a billion
light-years away, is currently the largest known structure in the Uni-
verse. The bright galaxies” locations resemble spider webs or the neural
structure of the human brain, whereas the dark voids, often measuring
hundreds of millions of light-years wide, are almost completely absent
of any galaxies. The most likely interpretation of these maps—the
largest ones ever made—is that individual galaxies, and even whole
galaxy clusters, are spread across the surface of vast “bubbles” in space.
Much like soapy water, the gigantic bubbles ostensibly fill the entire
Universe, whereas the voids are the interiors of those bubbles. Further-
more, the galaxies seem distributed like beads on strings only because
the observed two-dimensional maps are actually crossectional cuts
through the real three-dimensional bubbles. The densest of the galaxy
clusters and perhaps the superclusters apparently lie in regions where
several bubbles meet—at intersections and nodes of vast cosmic fila-
ments, that is, at some of the great crossroads of the Universe. The ob-
served, “frothy” patterns of galaxies in deep space might be telling us
something about our origins, for those patterns are probably traceable
to the earliest parts of the Particle Epoch.

All told, individual galaxies contribute little to the large-scale archi-
tecture of the Universe as a grand cosmic system—but they are key to
unraveling that architecture. Each galaxy is essentially a passenger on
an expanding, foamy framework, much like humans who have little
bearing on the overall tectonics of Earth yet ride along with the drifting
continents. On the other hand, galaxies can be used to probe the
framework of the Universe, in much the same way that geologists probe
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the structure of Earth. Metaphorically, galaxies resemble billiard balls
whose motions can help determine the size and shape of a playing table,
or, better yet, golf balls that can survey the curved topology of a putting
green. Cosmologists thereby analyze the radiation emitted by distant
galaxies to unravel the very fabric of the Universe, a vitally important
endeavor for any full appreciation of the cosmos.

We have reached the limits of telescopic exploration—at least as per-
tains to the size and scale of organized structures. We have also broached
the realm of conjecture at the upper end of those structures. Let’s pause
for a moment to recapitulate the mental picture before us: We live on
planet Earth, which orbits the Sun. The Sun, in turn, is just one of hun-
dreds of billions of stars in the immense Milky Way. Our Galaxy is
moreover only one of many residents of the Local Group, which, in
turn, is merely an undistinguished galaxy cluster near the periphery of
what might be an even larger galaxy supercluster. And so on, among the
filaments, voids, and potentially greater structures in the Universe.

At every level in our inventory, nothing seems special about our
Earth, our Sun, our Galaxy, our Local Group. Evidently, mediocrity
reigns throughout.

Such is our niche in the Universe.

Astronomers have charted normal galaxies out to several billion light-
years. Many galaxylike objects are also known to exist beyond this
galaxy horizon, but their fuzziness makes it tough to place them into
any of the normal galaxy categories. More importantly, the basic char-
acter of many of the most distant objects differs from those nearby. By
and large, objects more than several billion light-years away are more
“active,” to a certain extent more violent. Overall, the radiative powers
of the active galaxies are much greater than those of the nearby spirals
and ellipticals. Furthermore, the active galaxies emit copious amounts
of different kinds of radiation—for example, X rays from the interior
cores of those galaxies and radio waves from the environments well be-
yond their cores.

The adjective “normal,” used to describe the elliptical, spiral, and ir-
regular galaxies, conveys that those objects radiate the accumulated
light of large numbers of stars. Much of their emitted energy is of the
visible type, supplemented by lesser amounts of radio, infrared, ultra-
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violet, or X-ray radiation. That’s because stars, too, emit mostly in the
visible part of the spectrum. But this is not true for the active galaxies.
Some of them are completely invisible to us, undetectable with even the
world’s largest optical telescopes. Their presence is sensed and studied
by radio and infrared telescopes on Earth and by orbiting satellites ca-
pable of capturing higher-energy photons. Radiation from the active
galaxies, then, is largely inconsistent with the summed emission of myr-
iad individual stars. To be blunt about it, astrophysicists are unsure if
active galaxies really have many stars.

The abnormal power and odd character of these mostly distant as-
tronomical objects imply that the Universe was once more robust than
it is today. They confirm the idea, described in the previous Particle
Epoch, that the first few billion years of the Universe must have been a
tumultuous period, quite unlike the more tranquil state surrounding us
now in space and time. Since physical conditions were undoubtedly dif-
ferent in the earlier Universe—and recalling that probing great dis-
tances in space equals searching far back in time—it shouldn’t surprise
us that remote objects seen in their youth differ from nearby, older ones.
What is enigmatic—in fact, downright astounding—is the enormous
amount of energy radiated by some of the most powerful active galax-
ies. Their total release of energy often stretches astrophysical under-
standing to its limits.

To gain some perspective, an average star such as our Sun emits in
any one second the equivalent of about a billion-megaton nuclear
bomb—an impressive feat in and of itself. Yet our Galaxy is a hundred
billion times more powerful because, after all, it contains that many
more stars. By contrast, an active galaxy is generally a hundred to a
thousand times more energetic than that. Active galaxies can launch in
one second as much radiation as the Sun emits in about a million years.

Now imagine the equivalent of a hundred normal galaxies all packed
into the space usually occupied by one. This is the crux of the problem
encountered while trying to fathom the monstrously active galaxies.
Decades ago, it was fashionable to suggest that these objects were the
sites of spectacular galaxy collisions. However, as noted above, com-
puter simulations now show that even such collisions would not pro-
duce energy in the amount required nor much explosiveness at all.

The fact that active galaxies often emit more invisible than visible ra-
diation implies that these objects differ fundamentally from normal
galaxies. What's more, some of the active galaxies’ cores are extremely
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luminous while others sport huge lobes that resemble wings, all of
which further exacerbate their many oddities, making them among the
hardest objects in the Universe to decipher. Perhaps we shouldn’t even
be calling them galaxies.

The gross emission features of some active galaxies can be explained by
invoking a distinctly nonstellar mechanism. Called the “synchrotron
process” after the laboratory accelerators (sometimes called synchro-
trons) used to study subatomic particles, this nonthermal action de-
scribes the emission of radiation when charged elementary particles in-
teract with magnetic fields. No stars are involved, nor is any heat per se,
hence the term “nonthermal.” The radiation arises simply from fast-
moving particles, especially electrons, traveling through magnetized re-
gions of space.

Magnetism presumably pervades all things, not just Earth, the Sun,
and the Solar System but also entire galaxies. Although the magnetic
forces in typically diffuse galaxies are some millions of times weaker
than on Earth, magnetism can still play a significant role, especially
when its effects mount across an entire galaxy. For many active galaxies,
especially a subclass known as radio galaxies, the emitted radiation
arises from a pair of oppositely aligned and hugely extended lobes that
often span a million light-years; that’s a single object equal to some ten
times the size of our Milky Way, in fact comparable to the Local Group
of galaxies. Fortunately, images of a handful of these objects—most no-
tably one of the closest (at three billion light-years!) of the active galax-
ies, known only by its catalog name of 3C273—also reveal a kind of
Rosetta Stone: a jet of high-speed matter fired from the core of the
galaxy out into the intergalactic medium, thus “feeding” the extended
lobes farther away. The velocity of the outflowing matter in the jets typ-
ically measures fifty thousand kilometers per second, or nearly two-
tenths of the speed of light, and some of the most energetic ones sur-
pass half of light’s speed. The jets themselves not only point toward the
huge lobes from which most of the invisible radiation arises, but, more
tellingly, they also point back to the central nucleus where the energy is
actually produced.

Laboratory experiments have proved that when charged particles,
particularly electrons, are injected into a magnetic field, they spiral
around much like the needle of a compass thrown spinning through the
air. Magnetism slows the particles, causing some of their kinetic energy



GALACTIC EPOCH 93

to be changed into radiant energy (which is why the process is techni-
cally termed “nonthermal bremsstrahlung,” or breaking radiation). The
amount of radiation emitted from a single encounter of an electron and
magnetism is not terribly large in the laboratory. But in the case of a
huge galaxylike object, the radiation can mount fiercely because of vast
numbers of electron encounters. Furthermore, the emitted radiation is
theorized to be of the radio variety, in accord with what is observed.

That said, the details of the emission mechanism within many active
galaxies remain enigmatic, even assuming repeated injections of fast
and numerous electrons into the galaxies’ lobes. Although the synchro-
tron process gives us an inkling of the type of abnormal event respon-
sible for the emission of such intense radio power, active galaxies also
display a kind of explosiveness that requires continual acceleration of
electrons to speeds close to that of light itself. Moreover, large clumps
of plasma are observed and occasionally tracked moving outward, form-
ing the extended lobes so characteristic of many of these active galaxies.
The implication is that fast-moving matter is violently ejected in oppo-
site directions by extraordinarily energetic events at the cores of these
galaxies.

What might be the source of such great energy? Can any known
means explain such outbursts on truly galactic scales? Somewhat ironi-
cally, black holes can—or so astronomers think. But before encounter-
ing these denizens of Nature, do note that the active galaxies are still not
the most energetic objects in the Universe. An additional, extraordinar-
ily luminous class of active astronomical objects has been monitored for
several decades now—objects so puzzling that they sometimes seem to
defy the currently known laws of physics. These are the innocuous-
looking, though inordinately powerful, quasi-stellar sources—quasars
for short. Resembling common stars, the quasars’ very great distances
mean that they not only rival the energy emission problems of active
galaxies; quasars actually exacerbate those problems. Here’s why:

Not only are the quasars the most energetic objects in the known
Universe, but their radio and optical radiation is highly variable, often
displaying variations from week to week, occasionally from day to day.
The implication is straightforward: Galaxy-sized objects could never
synchronize their front-to-back emission to produce such rapid and
coherent time variations; otherwise, the intensity of those variations
would be blurred and not as sharp as observed. Expressed another way,
cause-and-effect arguments demand that no object can flicker more
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quickly than radiation can cross it. Thus, daily variations imply that
quasars cannot be much larger than a light-day across, or roughly the
diameter of our Solar System. The enormous power of the quasars,
ranging from a hundred on up to a million times that of our Milky Way
Galaxy, must then arise from a region much smaller than our Milky
Way, in fact tiny by cosmic standards. All of which drives us further to-
ward the idea of compact black holes as candidates for the quasars’ cen-
tral engines.

Quasar emission mechanisms—whatever they really are—must op-
erate, again by comparative cosmic standards, within an almost unbe-
lievably small realm of space, conceivably well less than a single light-
year. Try to imagine the equivalent of a hundred or more normal
galaxies all packed into a region comparable to the Solar System. That’s
an indication of the anomalous state of affairs needed to appreciate the
Herculean quasars, certainly among the most baffling objects in all the
Universe.

Black holes. Although perhaps best treated in the context of stars in the
next Stellar Epoch, the most massive black holes likely arose during the
Galactic Epoch, roughly a billion years after the Matter Era began. Ob-
servations made during the 1990s imply that black holes reside in the
hearts of most galaxies—relatively dormant holes at the cores of normal
galaxies and extremely energetic ones powering the active galaxies. So,
rather than sidestepping this important issue—a central topic in much
of astrophysics today—Ilet’s consider the phenomenon of black holes
now.

A black hole is a region containing a huge amount of mass occupying
a relatively small volume. It’s not an object per se so much as a hole, and
one that’s dark to boot. Such a hole still exerts gravity, to be sure excep-
tionally strong gravity, great enough to warp spacetime severely in its
vicinity. Its two main features—large mass and small size—guarantee an
enormously strong gravitational force. Why? Because one-half of the law
of gravity states that its force directly relates to the mass in question. The
other half dictates that gravity is inversely proportional to the square
of the distance over which the mass is spread—the inverse-square law
again, as noted in the Particle Epoch. And because the distance term is
squared, the gravitational force grows spectacularly when distances sep-
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arating any two parts of an object decrease, which is exactly what hap-
pens for a compressed object like a black hole.

Gravitational theory—either Newton’s or Einstein’s, they both make
this prediction—stipulates that when any object having a mass of about
three times that of the Sun is no longer countered by an countervailing
force (such as heat in a star, or rotation in a cloud), that object will col-
lapse indefinitely, crushing matter to the dimensions of a point. It im-
plodes catastrophically without limit; apparently nothing can stop it.

Can anyone possibly grasp such a seemingly ridiculous phenome-
non? How can an entire star (or larger) shrink to the size of an atom (or
smaller), while presumably on its way to infinitely small dimensions?
Does this make any sense? Well, detailed mathematical studies do pre-
dict that, without some agent to compete against gravity, massive ob-
jects are expected to instantaneously shrink to singular points of infin-
itesimal volume—singularities, much as posited in the Particle Epoch
regarding the origin of the Universe—which is why some researchers
consider black holes as “laboratories” in which to explore aspects of the
big bang itself. Strange as these statements may seem, observational ev-
idence mounts daily in good agreement with theory. Black holes appar-
ently really do exist.

Though the messy mathematics needed to understand black holes
intimately are beyond the scope of this book, we can still explore a few
qualitative aspects of these extremely dense and bizarre regions of space-
time. The details are sketchy, precisely because the behavior of matter
at extreme densities is not well understood. Magnetism and rotation are
also tricky to model for highly compressed objects; the laws of physics
here are clearly incomplete. Whoever manages to decipher those details
will surely become famous.

Consider first the concept of escape velocity—the speed needed for
one object to escape from the gravitational pull of another. For any rel-
atively small piece of matter—a molecule, baseball, rocket, whatever—
that velocity is proportional to the square root of an object’s mass di-
vided by its radius. For example, on Earth, with a radius of about
sixty-four hundred kilometers (or four thousand miles), the escape ve-
locity equals about eleven kilometers per second (or seven miles per sec-
ond). To launch anything away from the surface of our planet, it must
have a velocity greater than this, explaining why typical speeding bul-
lets, fired at about two kilometers per second, return to Earth’s surface.
Also, the Space Shuttle, for example, orbits Earth at a speed of about
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eight kilometers per second, but the interplanetary probes, such as
Voyager that went to Jupiter or Viking to Mars, required a boost to
eleven kilometers per second to physically escape Earth’s gravitational
pull.

Consider now a hypothetical experiment for which the apparatus is
a gigantic, three-dimensional vise. Imagine the vise to be large enough
to hold the entire Earth and, as awful as it sounds, for Earth to be
squeezed on all sides. As our planet shrinks under the assault, its den-
sity rises because the total amount of mass remains constant inside an
ever-shrinking volume. Accordingly, the escape velocity increases.

Suppose that our planet is compressed to one-quarter its present size,
thus doubling the escape velocity. Anything attempting to escape from
this hypothetically compressed Earth would then need a velocity of at
least twenty-two kilometers per second. Imagine compressing Earth
still more. Squeeze it, for example, by an additional factor of a thou-
sand, making its radius hardly more than a kilometer. Now its escape
velocity increases dramatically, to many hundred kilometers per second.

... a hypothetical experiment for which the apparatus is a gigantic, three-dimensional vise.

And so it goes: as an object of any mass contracts, the gravitational
force grows stronger at its surface, mostly because of increased density.
In fact, if this frightful vise were to compact our home planet hard
enough to crush it to merely a centimeter across (about half an inch),
then the escape velocity would reach three-hundred thousand kilome-
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ters per second (or 186,000 miles per second). And this is no ordinary
velocity; it’s the velocity of light, the fastest velocity allowed by the laws
of physics as we now know them.

So if, by some fantastic means, the entire planet Earth could be
shrunk to the size of a pea, then its escape velocity would have to exceed
the velocity of light. And since that’s impossible, the compelling con-
clusion is that nothing—absolutely nothing—could get away from the
surface of such a compressed “Earth.” There is simply no way to launch
away a rocket, a beam of light, or anything whatsoever. Furthermore,
no exchange of information would be permitted with such an astro-
nomical object. It would have become invisible and uncommunicative,
making the origin of the term “black hole” clear. For all practical pur-
poses, such an ultra-compact object has disappeared from the Universe!

The above example is of course hypothetical. It’s likely (and fortu-
nate) that no such cosmic vise exists that is capable of squeezing the en-
tire Earth to centimeter dimensions. But in massive stars and galaxies,
such a vise does in fact exist—the force of gravity. The relentless pull of
gravity is truly strong enough to compress dead stars and galactic cores
to extraordinarily small dimensions. The gravitational force in mas-
sively compact objects is not at all hypothetical; it’s real.

Gravity cannot crush Earth in this way because our planet simply
lacks enough mass. The collective gravitational pull of every part of
Earth on all other parts of Earth is not powerful enough. However, as
we shall see in the next Stellar Epoch, when the nuclear fires have ceased
at the end of a star’s life, gravity can literally crush a star on all sides,
thereby packing a vast amount of matter into a very small sphere.

When stars have more than several solar masses, the critical size at
which the escape velocity equals that of light is not, as for Earth, of
centimeter dimensions. For typically massive stellar core remnants, this
critical size is comparable to kilometers. For example, a ten-solar-mass
star would have a critical size of about thirty kilometers. This critical
size below which astronomical objects are predicted to disappear is
given a special name. Astronomers call it the “event horizon,” a region
within which no event can ever be seen, heard, or known by anyone
outside. Accordingly, the event horizons of Earth and of a ten-solar-
mass star equal one centimeter and thirty kilometers, respectively.

We might then claim that magicians really could make coins and rab-
bits disappear provided they squeezed their hands hard enough. Even

people could disappear if compressed to a size smaller than 10723
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centimeter! In English units, that’s a trillionth of a trillionth of an inch.
Gravity won't naturally do it to us, though, again because we are just not
massive enough. The collective gravitational pull of all the atoms in our
bodies falls far short of the force needed to compact us to this minus-
cule size. Nor does any technological device presently known come
close to doing so.

The important point here is the following: Should no force, or coun-
teracting agent of some sort, be capable of withstanding the self-gravity
of a celestial object having several solar masses or more, then such a hulk
will naturally collapse of its own accord to an ever-diminishing size.
Theory demands that the infall of such a massive object will not even
stop at its event horizon. An event horizon is not a physical boundary
of any type, just a communications barrier. The massive object shrinks
right on past it to smaller sizes, presumably on its way toward becom-
ing an infinitely small point—singularity again. We say “presumably”
because physicists are unsure if any undiscovered forces can halt the cat-
astrophic collapse somewhere between the event horizon and the point
of singularity. This, again, is the realm of the as-yet-unconceived sub-
ject of quantum gravity, the holy grail of the previous Particle Epoch.

Black holes are products largely of Einstein’s relativity theory, although
a logical extrapolation of Newton’s law of gravity does permit their ex-
istence. Whereas the Newtonian theory of gravity describes many other
odd phenomena in the Universe, only the Einsteinian theory of space-
time can properly account for the truly bizarre properties of black holes
where matter becomes extraordinarily dense. Of particular interest, and
to make a connection with the spacetime concepts of the prologue, the
mass contained within a black hole is expected to warp greatly both
space and time in its vicinity. Close to the hole, the gravitational force
becomes overwhelming and the curvature of spacetime extreme. At the
event horizon itself, the curvature is so severe that spacetime folds over
onto itself, causing objects within it to become trapped and disappear.

Several props can help us visualize the curvature of spacetime near a
black hole. Each way is, however, only an analogy. The problem here,
as earlier in the case of the whole Universe, is our inability to deal con-
ceptually with four dimensions. Here’s one such fanciful analogy de-
signed to elucidate the formation of black holes and the spacetime warp
caused by them:

Imagine a large group of people living on an enormous rubber
sheet—a gigantic trampoline of sorts. Deciding to hold a reunion, all
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except one person converge on a given location at a given time. Their
reunion is to be an event in spacetime. The one person remaining be-
hind can still keep in touch by means of “message balls” rolled out to
him along the rubber sheet. These balls are the analogue of radiation
traveling at the velocity of light, while the rubber sheet mimics the fab-
ric of spacetime itself.

As the people converge, the rubber sheet sags under their growing
weight. Their accumulating mass in a small place creates an increasingly
large spacetime curvature. The message balls can still reach the lone per-
son residing far away in nearly flat spacetime, but they arrive less fre-
quently as the sheet becomes progressively more warped.

Finally, when enough people have gathered at the appointed spot,
their mass becomes too great for the rubber to support. The sheet
breaks and compresses them into a bubble, sending them into oblivion
and severing communications with the lone survivor outside. Regard-
less of the speed of the last message ball, it cannot quite outrun the
downward-stretching sheet.

Analogously, a black hole is theorized to warp spacetime completely
around on itself, thereby isolating it from the rest of the Universe.

... a black hole is theorized to warp spacetime completely around on itself, thereby isolating it from
the rest of the Universe.

Two important caveats pertain to black holes. The first is that they’re
not cosmic vacuum cleaners; they don't cruise around interstellar space,
sucking up everything in sight. The movements of objects near black
holes mimic those of any object near a region of concentrated mass. The
only difference is that, in the case of a black hole, objects skirt or orbit
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about a dark, invisible region, where nothing at all can be seen. Neither
emitted nor reflected radiation of any sort emanates from the position
of the black hole itself.

Black holes, then, don’t go out of their way to drag in matter, but if
some matter does happen to infall via the normal pull of gravity, it will
be unable to get out. Black holes are like turnstiles, permitting matter
to flow in only one direction—inward. Swallowing matter, they con-
stantly increase their mass as well as their event horizons, for the region
of invisibility also depends on the amount of mass trapped inside.
Those black holes that really do exist in space are probably enlarging
their mass and size, some more than others, all of them apparently gulp-
ing, eating, growing.

A whirlpool is an apt analogy for the grip that black holes have on
matter. Whirlpools of water, for example, tend to have attractive affects
on nearby fish. Since the speed of the water is greater closer to the cen-
ter of the whirlpool, fish entering an area where the water speed is faster
than the fish can swim will be sucked inward. Those closest in will never
make it out.

Another notable point is that strong gravity near black holes causes
great tidal stress. An unfortunate person, falling feet first into a black
hole, would find himself stretched enormously in height, all the while
being squeezed laterally. He would, moreover, be literally torn apart, for
the pull of gravity would be stronger at his feet than at his head. He
wouldn’t stay in one piece for more than a fraction of a second after
passing the event horizon. Similar distortion and breakup apply to any
kind of matter near a black hole. Whatever falls in—gas, people, robots,
whatever—is vertically stretched and horizontally compressed in the
process of being accelerated to high speeds. The upshot is numerous
and violent collisions among the torn-up debris, causing much heating
of the matter that plunges into the hole.

This rapid destruction of infalling matter by tides and collisions is so
efficient that, prior to submersion below the hole’s event horizon, even
matter outside a black hole can be effectively converted to heat energy
while falling inward. Although radiation ceases to be detectable once
the hot matter dips below the event horizon, regions just outside black
holes are expected to be energetically emitting, mostly in the X-ray part
of the spectrum since the matter is so hot. To distant observers, contrary
to popular belief, black holes can then appear as bright points of radia-
tion and prodigious sources of energy.
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With this in mind, and being only partly facetious, perhaps black-
hole research may eventually result in practical applications after all.
Through some marvel of technology, our descendants might someday
learn how to compact garbage to an almost incredibly small size—after
which it would disappear! Not only that, the crushed garbage would
emit copious amounts of energy in return. Maybe black holes are just
what the doctor ordered for technological civilizations long on pollu-
tion and short on energy. An ability to tap this energy safely may be a
major milestone in the history of any long-lived civilization.

Of much interest is the obvious question, What lies within the event
horizon of a black hole? What’s it like deep inside? The answers are
simple: No one knows.

Some researchers maintain that the inner workings of black holes are
irrelevant. In situ observations could conceivably be done by robots sent
“down under” to test the nature of space and time beneath the event
horizon, but that information could never reach the rest of us outside.
Apparently, no theory offered to explain the hidden recesses of black
holes could ever be put to the experimental test. Anyone’s guess seems
as valid as anyone else’s. Perhaps the inner sanctums of black holes then
represent the ultimate in the unknowable. For that very reason, though,
other researchers argue that it’s of utmost importance to unravel the na-
ture of black holes, lest we someday begin to worship them. Sounds
ridiculous, but whole segments of humankind have often revered the
unknowable, venerating that which cannot be tested experimentally.
Come to think of it, many still do in twenty-first-century society.

What sense are we to make of black holes? The basis for these out-
landish objects is the relativistic concept that mass curves spacetime—
an admittedly weird phenomenon, yet one that has been partially tested
locally in our Solar System. The larger the mass concentration, the
greater the warp, and thus the stranger the observational consequences.
Perhaps. Some theorists are convinced that relativity is incorrect, or at
least incomplete, when applied to black holes. It does seem nonsensical
to claim that very massive astronomical objects will collapse cata-
strophically to infinitely small points. Not even our wildest imagina-
tions can visualize such phenomena; science-fiction stories fall short,
mathematicians are baffled. Maybe the current laws of physics are in-
adequate in the vicinity of a singularity; precisely a# the point of singu-
larity, general relativity is probably absurd. On the other hand, perhaps
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matter trapped in black holes never does compress all the way down to
that mathematically arcane singularity. Perhaps matter just approaches
this most bizarre state in all of science, in which case relativity theory
may still hold true.

This is where in many accounts, even by leading scientists, writers
often launch into discussions of parallel universes, multiple universes,
hyperspace, warp drive, worm holes, time travel, other dimensions, and
a host of other “possibilities,” both remote and fanciful. But these and
other like-minded speculations are not within the scope of this book.
Here, we strive to stay on reasonably solid ground, appealing to empir-
ical findings and acquired data while admitting our ignorance wherever
it lay. And when it comes to the secluded sanctorum of black holes, the
honest answer is that scientists just don’t know what to make of them—
nor will we likely ever learn much until the frontier subject of quantum
gravity is realized and mastered.

Despite their freakishness, black holes do seemingly populate Nature.
In addition to the “smallish,” stellar black-hole candidates best assessed
in the next Stellar Epoch, many astronomers contend that the much
larger galaxies display convincing evidence for black holes. Particularly
intriguing are the centers of galaxies, including the core of our own
Milky Way, some thirty thousand light-years from Earth. Our Galaxy’s
midsection should provide us with a stunning view, given that it’s teem-
ing with so many billions of densely packed stars. But we don’t see its
brilliance because its midst is completely obscured by dust, denying
studies with optical telescopes; even the largest such devices can visually
see only about a tenth of the way toward the galactic center. Fortu-
nately, longer-wavelength, radio and infrared observations are possible,
enabling us to probe more deeply into the heart of the Galaxy (much
like radar cuts through thick fog on Earth). And what was found in the
innermost few hundred light-years initially yielded spectacularly unex-
pected results; now, in retrospect some two decades later, the findings
seem typical of the black holes probably lurking in the hearts of galax-
ies everywhere.

At the Milky Way’s core, infrared sensing shows thousands of stars
swarming per cubic light year—a stellar density more than a million
times greater than in our solar neighborhood. Giant nebulae tens of
light-years across, rich in gas and embedded among even bigger clouds
loaded with dust, reside in a ringlike structure more than a thousand
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light-years across, the whole formation housing some tens of thousands
of solar masses and rotating at the fast clip of a hundred kilometers per
second (or more than two hundred thousand miles per hour). And in
the center of the ring is an intense radio source—the dynamical nucleus
of our Galaxy.

On even smaller scales, high-resolution radio maps show an inner
ring of gas less than ten light-years across, rotating even more rapidly (at
more than a thousand kilometers per second) and resembling a colossal
whirlpool at the very center of our Galaxy. This remarkable realm, quite
unlike anything near Earth, has been closely monitored ever since it was
first found some twenty years ago, including recent outbursts at X-ray
wavelengths that imply the presence of a spinning, white-hot accretion
disk of million-degree-Celsius gas right in the middle of it all. Magical
and mysterious, yet not mystical, the enshrouded nature of this most
perplexing piece of galactic real estate so far and foreign is slowly being
deciphered.

Frustrated late one evening at the Harvard Observatory, some col-
leagues wandered to Cambridge Common, where we perched ourselves
on a bench near the edge of the park. Straining to fathom the locations
of crosswalks, benches, and trees, we gained some insight into the prob-
lem of trying to map the Milky Way while stuck inside it. Barring our-
selves from walking, bicycling, or otherwise sauntering about, we soon
discovered that charting the park’s layout is no easy task. Any resulting
map would likely be subject to distortion, obscuration, and incom-
pleteness. Statues and signposts—and especially the grand monument
near the common’s center—seemed especially strange and intriguing
from a distance, for they resembled none of the familiar shrubs and
benches near the outer part of the park. And so it is with our Milky Way
Galaxy. Relegated perhaps forever to the galactic boondocks, we strain
to unravel the spread of stars, gas, and dust in that part of the Universe
we call home.

Models capable of accounting for most of the galactic-center obser-
vations to date stipulate that a rapidly rotating halo of thin, hot, ionized
matter surrounds a furiously spinning vortex of even hotter, denser mat-
ter. This swirling mess of stars, gas, and dust is apparently orbiting—and
here’s the punch line—a tremendously compact object housing a few
million solar masses, all packed into a region comparable to our Solar
System. Such an enormously massive and compact blob is needed to give
the maelstrom some structural integrity—to prevent the whirlpool of
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gas from dispersing into the outer regions of the Galaxy. Fast rotations
doubtless produce strong centrifugal forces and, unless a huge mass were
gravitationally pulling back, the gas would be flung away like mud from
the edge of the spinning bicycle wheel. The implication that millions
of stars are compressed to planetary-system dimensions follows from
simple, well-understood physics, even if the result borders on surrealism.

Though the details are controversial, a consensus now seems at hand
that a supermassive, ultracompact “something” resides at the hub of our
Milky Way Galaxy. As best we can tell, that something can be only one
thing—a black hole. Not to worry, the hole currently seems rather qui-
escent, if not dormant, and in any case is more than two billion times
farther from Earth than is the Sun.

Our Milky Way isn’t alone in having a troublesome core. Recent ob-
servations imply the presence of supermassive objects in or near the
middle of many other galaxies. The evidence here is much the same as
for our own Galaxy, with gas and stars in the innermost regions of sev-
eral normal galaxies, including perhaps nearby Andromeda, observed to
be rapidly whirling—apparently, again, centered on black holes of mil-
lions of solar masses. And although the active galaxies cannot be seen as
well owing to their greater distances, observations of them also suggest
that highly compact regions lurk in their hearts, usually housing even
more gyrating matter than at the cores of the normal galaxies. Aston-
ishingly, for some of the most active galaxies, several billion—not mil-
lion, but billion—solar masses are implied, all within a region less than
a few light-years across. Perhaps these central whirlpools are remnants
of the primordial eddies that gave rise to the galaxies, as noted below.

Astronomers now sense that the center of virtually every galaxy is in-
habited by a supermassive black hole. Normal galaxies such as our own
probably have relatively small holes of “mere” millions of solar masses,
most of them, as in our Galaxy, now relatively inactive for lack of fuel.
Those galaxies considered more active have larger black holes, often on
the order of billions of solar masses, as betrayed by their more intense
radiation. It is this enhanced emission of energy that makes them “ac-
tive,” largely because we see many of the distant, active galaxies in their
youth, when fuel was more plentiful.

As antic as this scenario seemed when first proposed some twenty
years ago, astrophysicists now generally agree that the great energetics
of the active galaxies are naturally explained by matter perishing within
the clutches of supermassive black holes. Thus, we discern one of the
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greatest paradoxes in science, as forewarned earlier in this section: black
holes trigger some of the brightest objects in the Universe—all of it
caused by matter being gobbled, distorted, accelerated, and heated be-
fore disappearing below their event horizons. How the enigmatic jets
perpendicular to a black hole’s accretion disk manage to launch away
matter despite the powerful gravity of the hole, however, remains one
big puzzle.

Not inconceivably, the most energetic objects in the Universe—the
innocuous-looking yet powerful quasars—might be ruled by hyper-
massive black holes that regularly consume whole stars. Roughly ten
stars devoured per year would do it for typical quasars; a thousand stars
per year, or therefore a few per day, would be needed to explain the
brightest of them. If true, then black holes in quasars might be even
more massive, more compact, and more abnormal than the billion-
solar-mass objects implied for the active galaxies. This idea, however
hard to swallow intellectually—since it’s so foreign compared to the
more mundane events near us in space and time—can seemingly ex-

Evidence of a supermassive black hole.

At left is a combination of an optical photo and a radio image of a giant elliptical galaxy (called NGC
4261). Its visible part is the blob at center, whereas the invisible radio-emitting lobes at top and bot-
tom extend hundreds of thousands of light-years beyond. At right is a close-up photo of the galaxy’s
core, revealing a whirling disk of hot gas surrounding a bright hub that likely harbors a black hole con-
taining several million times the mass of our Sun. Source: National Radio Astronomy Observatory/Space
Telescope Science Institute.
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plain most quasar observations. It also has the added advantage of re-
sembling the process thought to power smaller-scale yet still violent re-
gions, such as normal galactic centers and stellar X-ray sources within
galaxies, implying that unifying principles may be at work on many
scales in Nature.

Clearly, a complete understanding of the powerhouse galaxies lies
partly buried deep in their cores, awaiting future explorers to discover,
unravel, and share their secrets. There, their central engines are both the
instigators of change and the recipients of change; again akin to bio-
logical events broadly considered, black holes drive change and adapt to
it. Yet the timescales for noticeable change differ so markedly—in biol-
ogy on the order of thousands to millions of years for species change, in
astronomy easily millions to billions of years for architectural change.
Astrophysicists are still learning to decipher the clues hidden within in-
visible radiation emitted by alien environments near hugely massive
and totally invisible black holes. We are only beginning to appreciate
the full magnitude of these strange new realms deep in the hearts of
galaxies.

Some final words of caution regarding black holes, large and small:
Forces may yet be discovered capable of withstanding the relentless pull
of gravity, even that near exceedingly massive and compact astronomi-
cal objects. Magnetism and rotation have not yet been fully incorpo-
rated into black-hole theory, and no one knows what to expect regard-
ing the behavior of gravity on deeply submicroscopic, quantum scales.
Massive clusters of dark stars and ultradense pools of elementary par-
ticles have been proposed as alternatives to black holes, as have queer
and inventive groupings of more exotic kinds of dark matter. That these
are all terribly hard problems to solve is an understatement, so much so
that some of the best minds confess ignorance as to how to go about
even attacking them. Serious research regarding realistic models of
black holes is only beginning at many observatories around the world.
Skepticism is healthy in science. Unless astrophysicists can find di-
rect, or compellingly indirect, evidence for the existence of black holes,
neither of which is currently at hand, then the whole concept of black
holes may well turn out to be no more than a whim of human fantasy—
another case of mathematics gone awry without the check and balance
of tested physical law. The nature of matter, energy, space, and time
deep down inside event horizons may be no more significant than a
challenging and amusing academic problem devoid of reality.
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On the other hand, the Universe did emerge from what seems to
have been a naked singularity some fourteen billion years ago. Of all the
amassments now known or suspected to be part of our cosmic inven-
tory, black-hole singularities might just be the keys needed to unlock an
understanding of the creation state from which the Universe arose. By
theoretically studying the nature of black holes, and especially by ob-
servationally probing their physical behavior, we shall perhaps someday
be in a better position to address zhe most fundamental problem of all—
the origin of the Universe itself.

Regardless of how galaxies populate space or how they emit their radi-
ation, an even more basic question comes to mind: Where did the
galaxies come from? How did the grandest of material structures arise
from an early Universe comprising a uniform mixture of hot matter and
intense radiation? Do galaxies form by engorging already-made stars, or
do stars gestate in already-made galaxies? Which came first, stars or
galaxies? Not least, how do galaxies evolve, once formed?

Fortunately, we can address these and other questions pertaining to
the Matter Era with more assurance than the rather uncertain events of
the Radiation Era previously described in the Particle Epoch. Even here,
though, substantial puzzles remain about the details of the galaxy-
formation process. Astrophysicists are now tackling the issue of galaxy
origins and have identified its main problems, but they have not yet
solved them.

Lack of good observational knowledge of the galaxies themselves cre-
ates the basic enigma. Galaxies can be classified according to their gross
morphology and their energy budgets, as done above. But we have thus
far no explanation for the observed properties of all the galaxies in terms
of, for example, the simple gas laws that describe our rather detailed
knowledge of stars, a topic of focus next in the Stellar Epoch. Not sur-
prisingly, it’s hard to fathom how galaxies emerge and change when we
don’t quite know what they are.

When put under bright lights and interrogated, astronomers admit
they know only a few grand and mutual facts about galaxies. Together,
these common denominators are helping us begin to understand the
events that produced these most majestic of all objects in the Universe.

First, the galaxies are out there. That’s a telling datum, for we do
know that the galaxies exist. And our civilization should be mightily
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proud of that fact; no other life form on Earth knows, or ever has
known, of the presence of the galaxies. Yet their mere existence doesn’t
help us much to decipher their origins. Given the galaxies’ expanse and
magnificence—in vast numbers, in any direction, as far as our best tel-
escopes can see—we are left perplexed and wondering: Just how did
these awesome structures come into being?

Second, there are now no young galaxies. Said another way, no galax-
ies seem to be originating at the present time. Some may be still grow-
ing and developing as they accrete more matter, but none seems to have
emerged within the past ten billion years or so. Since all normal galax-
ies contain some old stars, and since most active galaxies are far away in
space (and thus in time), the bulk of the observed galaxies must have
come forth long ago. Whatever the seminal mechanism, it was surely
widespread in the early parts of the Matter Era. But if the galaxies orig-
inated so prolifically in the younger Universe, then why aren’t they still
doing so now?

Yet another common factor derives from the finding that most galax-
ies house comparable amounts of matter. The capacity of virtually every
individual galaxy thus far measured ranges between a billion and a tril-
lion solar masses. Normal galaxies appear to have about that many stars
and, as best can be determined, active galaxies also include roughly this
much matter in some form. No known galaxy is much smaller and none
much larger. They all seem to average a hundred billion stars, or their
equivalent, much like our own Milky Way Galaxy, give or take a factor
of ten for giant ellipticals or dwarf irregulars. Why should Nature’s
grandest intact assemblies have such a narrow range of sizes? What pre-
cludes the construction of galaxies containing, for instance, a quadrillion
stars?

To summarize, reiterate, and clarify: There is no evidence that galax-
ies are originating at the present time, nor have any done so within the
past many billions of years. Galaxies do seem to be evolving currently,
as noted toward the end of this Galactic Epoch, including additional
growth as new matter occasionally falls into already established galaxies.
But if new galaxies were emerging only now, astronomers should have
spotted some objects having sizes and morphologies somewhere be-
tween well-defined galaxies and sheer empty space. We know of no such
nearby, amorphous, “half-baked” objects. Furthermore, the regions be-
yond the galaxy clusters—the intergalactic voids—don’t seem to con-
tain much matter, if any at all. Whenever and however the galaxies did
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form, they apparently did so very efficiently, sweeping up almost all the
(normal) matter available and leaving little behind for further assembly.

What's more, key theoretical ideas presented in the next Stellar
Epoch strongly suggest that stars ought to be forming now within galax-
ies. The bulk of most galaxies most likely formed first, yielding envi-
ronmental conditions ripe for the later formation of the stars we now
see richly populating galaxies. These ideas have been handsomely veri-
fied in the past couple of decades by splendid observations of wide-
spread locations throughout our Milky Way, where stars are known to
be originating slowly but surely from the galactic hodgepodge of loose
gas and dust. Recent stellar census implies that roughly ten new stars
now form in our Galaxy each year.

To address the issue of galaxy formation, imagine a giant cloud of hy-
drogen and helium atoms embedded in a weakening sea of radiation,
some hundreds of millions of years after the big bang. This giant cloud
should not be regarded as filling the entire Universe; rather, think of
only a small sector of the cosmos, yet one still millions of light-years
across. Although universal expansion continued apace, such a huge
clump of mass would not have indefinitely expanded; local gravity had
slowed the cloud to a maximum size, after which it began to fall back
on itself. The cosmic temperature and density had dropped greatly since
the onset of the Matter Era. Radiation was no longer sufficiently intense
to shatter atomic matter, as fully formed hydrogen and helium atoms
were then numerous enough to exert a collective influence of their own.
Electromagnetic and nuclear forces bound elementary particles within
atoms, while gravity in turn bound the atoms within the giant cloud.
All the known forces that now direct the evolution of matter were al-
ready operating well enough to grant the cloud some structural in-
tegrity of its own. Vast parcels of matter were becoming distinguishable
from one another, each isolated in a fragmenting cosmos, a state of af-
fairs strongly contrasting with the uniform mixing and chaotic violence
of the earlier Radiation Era.

Despite its growing stability locally and its steady recession globally,
the initially homogeneous cloud would have surely experienced occa-
sional fluctuations—small irregularities in the gas density that came
and went at random. No cloud, whether a terrestrial fluffy cloud in
Earth’s atmosphere, a tenuous interstellar cloud in our Milky Way, or
the primordial cloud visualized here in the young and formative Uni-
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verse, can remain completely homogeneous indefinitely. Eventually, as
one atom somewhere in the cloud accidentally moved closer to another,
that part of the cloud became just a little denser than the rest. The
atoms might have then separated, dispersing this density fluctuation, or
they might have acted together to attract a third atom to enhance it. In
this way, small pockets of gas arose anywhere in the cloud simply by
virtue of random atomic motions. Each pocket of enhanced matter was
a temporary condensation in an otherwise rarefied medium. The whole
process is not unlike the billowing clouds of a terrestrial thunderstorm,
collecting, growing, and eventually forming condensation nuclei that
give rise to rain.

|74

Vast parcels of matter were becoming distinguishable from one another . ..

Provided some density fluctuations further developed by gravita-
tionally attracting many more atoms, they could have conceivably
grown into clumps of matter that became the seeds of galaxies. Theo-
retical calculations support the idea that such chancy gas fluctuations
could have been the forerunners—protogalaxies—of today’s galaxies.
But—and this is an important but—these same calculations suggest
that, given the slow rate of chance encounters, the protogalaxies would
only just be forming at the present time. Yet, as noted, astronomers have
no evidence whatever that galaxies are now orginating; we have found
few, if any regions caught in the act midway between full-fledged galax-
ies and intergalactic nothingness.

Extremely long times—typically several tens of billions of years—are
needed for enough randomly moving atoms to coalesce into a large
pocket of gas that can be rightfully called a galaxy. This lengthy dura-
tion is not surprising given the absolutely gargantuan quantity of atoms
in a typical galaxy—namely, nearly a million billion billion billion bil-
lion billion billion billion atoms. How do we know that? Well, each
galaxy houses about a hundred billion stars, each star averages a million
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billion billion billion grams, and each gram has a million billion billion
atoms, all of which adds up to a very big number. That'’s why as-
tronomers prefer scientific notation, in which case the number is some
10%8 atoms—clearly an awful lot of atoms to collect regardless of the no-
tation used. Consequently, it takes a great while for Nature to do it at
random.

But—and this is an even bigger but—no scientist ever said that
galaxies were built by random events, by chance and chance alone.
Some philosophers of science or historians of science or others who, like
postmodernists, tend to criticize the methodology of science yet have
never practiced science themselves, have occasionally made such claims
to champion the cause of pure chance. By contrast, few natural scien-
tists have ever argued that chance and only chance plays a role in any
physical phenomenon. Rather, Nature almost surely operates by com-
bining chance with necessity, randomness with determinism—a basic,
unifying issue to which we shall return several times in this book, espe-
cially when describing the origin and evolution of life in later epochs.

A time of several tens of billions of years is of course well longer than
the current age of the Universe—meaning that no galaxies should now
exist. So, despite the likelihood that random density fluctuations in an
otherwise homogeneous gas could have eventually produced galaxies,
is unlikely that the galaxies we now see emerged strictly in this way.
Chance cannot be the sole factor governing the origin of these truly im-
mense cosmic systems. Still, the idea of naturally arising spots of differ-
ent gas densities remains a powerful concept, for it’s a reasonably well
understood process not requiring any unknown forces or unique con-
ditions. If we could find an agent or mechanism, some means or an-
other, that would accelerate the growth of the gargantuan number of
atoms needed to form a galaxy, then we might begin to understand their
origins.

To clarify the oft-misunderstood issue of chance versus necessity:
Chance surely does play some role in galaxy formation, especially as the
initial trigger that starts the fragmentation of primordial clouds. Other,
more deterministic agents in the early Matter Era, such as turbulence or
shocks, likely enhanced the growth of the inhomogeneities so that myr-
iad galaxies could have formed in a timescale shorter than the age of the
Universe. Or, perhaps the seeds of the galaxies were sown at the quan-
tum level much earlier, in the chaotic events of the Radiation Era as pro-
posed below. Whatever it was and however it worked, the enhancement
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process must have been surprisingly effective since observations clearly
imply that the bulk of virtually all galaxies formed long ago, apparently
within the first few billion years after the big bang,.

The problem of galaxy formation is currently a tough one for astro-
physicists. Its solution has exasperated many brilliant minds and is still
not yet in hand. The origin of galaxies appeals to theorists with fertile
imaginations (to visualize conditions so long ago) and computing skills
(to keep track of all those atoms), and especially to those willing to
make unorthodox assumptions. This is one of the trickiest areas of as-
tronomy to appreciate, for few hard facts are known about galaxies, and
fewer still about the physical events that formed them long ago.

One hard fact that is clearly known, however, is the first one noted
above: galaxies do exist. They populate the Universe in great abun-
dance. Somehow they came into being, and somehow they got to be
where and when we find them now in space and time. Let’s consider in
greater detail some of the specific galaxy formation scenarios recently
proposed by theoreticians.

Astrophysicists today seek to identify ways that random gas fluctuations
might have been enhanced earlier in the Universe. If some factor could
be found that might have speeded the growth of the density irregulari-
ties, the galaxy-formation problem might be solvable. One such possi-
bility assumes that the Universe was quite turbulent long ago—a not al-
together unreasonable idea since turbulence involves the inevitable
“confusion” or disordered motion of matter (the gas) within a rapidly
moving medium (space itself).

Once the Matter Era dawned, all the atoms within the vast primor-
dial clouds were set into motion not only from the expulsion of the
bang but also from the heat of the fireball. The gas then had some “di-
rected” kinetic energy—outward, from the ordered expansion of the
Universe. It also had some “undirected” thermal energy—random,
from the disordered aftermath of the blazing inferno. Intact pockets of
gas undoubtedly surged this way and that, whirling here and shearing
there amid collisions with one other, in addition to the disarrayed agi-
tation of each of the individual atoms. In particular, turbulence proba-
bly aided the growth of spinning eddies at those places where density
fluctuations had already become established in the early Universe.

Turbulent eddies of this sort can be visualized by watching water
swirl down the drain of a bathtub. In a sense, the swirling eddies them-
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selves are turbulence. Even better examples can be created by moving
your hand gently through water, or a teaspoon through coffee; swirling
eddies naturally emerge in the wake of this turbulence. Water flowing
past rocks in a stream also gives an appreciation for the whirlpools that
naturally arise in its aftermath.

Probably the best examples of the effects of turbulence are the fluffy
clouds of Earth’s atmosphere. Especially vivid in photographs of the
tops of clouds, taken with Earth-orbiting satellites, kilometer-sized ed-
dies can be seen as density enhancements of the atmospheric gas. Such
whirling eddies are known to become more pronounced whenever air
currents are particularly turbulent. Should they grow, in this case by ac-
cumulating additional amounts of moisture, the eddies may well form
stormy depressions and occasionally even hurricanes hundreds of kilo-
meters across.

Here is a case, then, where studies of a terrestrial phenomenon—
Earth’s weather—may help us understand one of today’s most vexing
extraterrestrial problems. Planetary hurricanes roughly mimic the over-
all morphology, the pancake shape, the differential rotation, and the
disposition of energy within spiral galaxies. Though these two systems
are entirely unrelated and of vastly different sizes, their many resem-
blances might teach us something about galaxy formation via the study
of hurricane formation. In particular, since most meteorologists agree
that some sort of turbulent “priming” is needed to trigger hurricanes,
the early stages of such storms could conceivably be used by astron-
omers to extract clues about the turbulence-enhanced density fluctua-
tions that gave rise to protogalaxies long ago.

It's worth pursuing this idea a little further. Despite the inevitable
cooling caused by the expansion of the Universe, each localized eddy
within a large gas cloud must begin to heat. It can’t avoid it. Eddies are
sites not only of turbulence but also of rising heat within a steadily cool-
ing cloud. The heat results from friction caused by frequent collisions
among the increasingly dense collections of atoms within each eddy.
The process is a simple one, not unlike the heat derived by rubbing our
hands together on a cold wintry day.

Eventually, individual eddies must rid themselves of some of this
newly acquired energy, much as the Sun or any other heated object
needs to unload energy, lest it blow up. The eddies in the protogalactic
cloud did it by radiating away some of their heat. In this way, a large
cloud containing lots of eddies can cool even faster than would the nor-
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mal, homogenous clouds of the expanding Universe. As it cools, the en-
tire cloud contracts a little, thereby increasing the density and hence the
heat within each eddy. Both the individual eddies and the whole cloud
simultaneously radiate some of this newly gained energy into space,
thereby allowing further contraction of the parent cloud and its smaller
eddies. On and on, this cycle of contracting, heating, radiating, cool-
ing, and contracting proceeds—all fundamentally driven by gravity.
The cycle may operate at different speeds for each eddy, particularly
since some eddies will be more successful than others at sweeping up ad-
ditional gas from the parent cloud.

It’s easy to conceptualize a cluster of galaxies forming in this way,
with each eddy becoming a member galaxy within that cluster. Alter-
natively, perhaps only one or a few galaxies formed within each of the
vast primordial clouds of the early Matter Era, after which gravity grad-
ually swept the galaxies into the very much larger galaxy clusters now
seen scattered throughout the Universe. Either way, fragmentation
models of this sort resemble a “top-down” approach to galaxy birth
whereby huge clouds give rise to litters of young galaxies—a process
known in the trade as “monolithic collapse.”

As nice as this galaxy-formation scenario seems, it, too, runs into
some serious problems once mathematics are applied to it. Calculations
show that timing is once again an issue but not, as above, because the
eddies take too long to form. Here, it’s more a case of competing
timescales between physical events affecting the eddies: the time needed
for capture and contraction of the gas in a turbulent eddy is longer than
the typical time for the random dissipation of that eddy. In other words,
eddies tend to break up long before they have a real chance to bind
tightly. Turbulent eddies do enhance the random gas fluctuations, but
they don’t last long enough to form galaxies.

Any kind of eddy, then—in the bathtub or in the early Universe—
comes and goes in iffy sorts of ways, all governed by the laws of statis-
tical physics. Eddies appear, disappear, and reappear at different parts
of either a terrestrial atmospheric cloud of moist air or an extraterres-
trial galactic cloud of primordial gas. Occasionally, a terrestrial eddy
does indeed grow to form a flourishing hurricane, or a primordial eddy,
presumably a genuine galaxy. But the expected rarity of their rapid
growth implies that turbulent eddies cannot be the sole solution to
the problem of the ancient formation of the galaxies or of galaxylike
objects.
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Mainstream astrophysicists prefer to avoid radical theories of galaxy
formation—such as a weird one postulating the ballooning of compact,
primordial blobs (called by some “white holes”) for which there’s no
evidence whatever. They head back to first principles and embrace
once again the basic notion of random gas fluctuations developing
into something bigger—a “bottom-up” approach that groups smaller
chunks of matter to build galaxies. Still, some additional means must be
found to speed the growth of such fluctuations in the gas-radiation mix
of the early cosmic fireball. Current research therefore centers on other
ways that might have enhanced, or accelerated, the growth of simple gas
fluctuations.

The general scenario now favored by the astronomical community—
an idea known as hierarchical clustering—postulates an early Universe
that was not homogeneous. Instead, it’s imagined to have been pep-
pered, even in the Particle Epoch, with minute density clumps. In other
words, the eddies got a head start even in the Radiation Era and there-
after acted as seeds for the growth of galaxies early in the Matter Era.
These already-formed pockets of gas would then have developed during
the Galactic Epoch to fabricate at least the essential features of galaxies
seen today. Although this idea initially sounded like a cop-out to many
astronomers, observational evidence for these truly primeval inhomo-
geneities was marvelously confirmed in the first few years of the twenty-
first century, allowing theorists to breathe a sigh of relief that they might
be on the right track.

Our only direct probe into the early Universe is the cosmic back-
ground radiation noted near the end of the prologue and again briefly
in the previous Particle Epoch. Launched at the end of the Radiation
Era, some half-million years after the start of all things, the radio pho-
tons now engulfing us grant some inkling of the wild physical condi-
tions prevailing at the time. Briefly explained, radiation is influenced by
the gravity of growing clumps of matter, so that as the density of the
clumps varied from place to place in the early Universe, the observed ra-
diation—then launched and now observed—ought to show slight tem-
perature variations from place to place on the sky. Such “ripples” in the
temperature of the background radiation have indeed been spotted,
though only weakly, at the level of parts per million. That is, given that
the average temperature of the fossil radiation is about 3 degrees ab-
solute, or —270 degrees Celsius, the minute thermal variations that have
been detected by radio receivers aboard Earth-orbiting satellites, most
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notably the Wilkinson Microwave Anisotropy Probe (WMAP), are
only on the order of millionths of one degree. Yet they are in accord
with those expected for a wide range of theoretical models of galaxy for-
mation, including the superclusters, voids, filaments, and bubbles ob-
served all across the firmament.

Here, in a nutshell, is the basic idea of hierarchical clustering, con-
sidered more of an ongoing process than a single event: Extremely
small-scale fluctuations in the matter density present before the time of
inflation—an inevitable consequence of quantum physics operating in
the very early Universe well less than a second old—would have been
stretched and amplified by inflation to a size and scale typifying whole
galaxies and even larger. The subsequent growth of those gravitational
instabilities, already established when the Radiation Era gave way to the
Matter Era, probably led to the gradual formation of self-gravitating
collections of matter. Should this idea be correct, then the vast assem-
blages of matter we see today as galaxies, galaxy clusters, and even the
gargantuan galaxy superclusters are the progeny of subatomic quantum
effects prevalent when the Universe was a mere 1073 second old.

Evidence of galactic origins.

This is a map of temperature variations in the cosmic background radiation measured across the en-
tire sky, much more sensitive than the one shown in the prologue. Here, the thermal changes are
minute, amounting to mere millionths of a degree Celsius, yet they display clear departures from an
otherwise uniform sea of radiation dating back to about a half-million years after the big bang. These
variations, shown here as shades of grey and implying clumps of enhanced density, were probably the
“seeds” from which galaxies began forming in the earlier Universe. Source: Wilkinson Microwave
Anisotropy Probe.
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The accepted mechanism of galaxy formation, still only roughly un-
derstood, is then a familiar one to experts of star formation, as will be
examined in detail in the Stellar Epoch. Nature quite naturally selects
mass-density fluctuations that gravitationally induce cycles of contract-
ing, heating, radiating, cooling, and eventual flattening into disk-
shaped objects. But, just when we feel good about getting closer to
grasping reality, another complication sets in. For galaxies, unlike for
stars, these events didn’t likely involve only normal matter; dark matter
has been implicated to some (unknown) extent, and that clearly con-
fuses things.

Given the prevailing conditions in the early Universe, specifically at
the interface of the Matter and Radiation Eras, only regions of higher-
than-average density containing more than a million times the mass of
the Sun would have begun to contract. However, if galaxies grew long
ago exclusively from the fluctuations within normal matter (in the ab-
sence of dark matter), those density fluctuations should manifest them-
selves now as a clear observable imprint of /zrge temperature variations
in today’s cosmic background radiation; that imprint is not observed.

Instead, if dark matter was involved, it might have acted as that long-
sought agent, or gravitational scaffolding, to help normal matter clump
earlier in the Universe. The reason is that dark matter—whatever its
true nature—interacts only weakly with normal matter and with radia-
tion. So, its natural tendency to gravitationally infall (for dark matter
still exerts gravity) was neither hindered by radiation, nor expected to
leave a large signature on the cosmic background radiation. Accord-
ingly, dark matter, being ten times more abundant than normal matter,
probably clumped first and then acted as an accelerant to draw normal
matter into the regions of highest density. This scenario explains why so
much dark matter seems to reside in the vicinity of the visible galaxies.
That’s where the dark matter initially concentrated, thus attracting the
normal matter that became the galaxies now so luminously seen. The
brightly lit galaxies resemble the visible tips of mostly hidden icebergs,
or the illuminated bulbs on an otherwise dark Christmas tree.

Of course, all this modeling is a little shaky given that astronomers
don’t yet know the nature of that dark matter. To be honest, some of the
uncertainty is welcome, allowing theorists much freedom in choosing
dark matter’s properties while seeking to match galaxy-formation mod-
els with observed structures in the sky—and that, in turn, might imply
valuable information about the dark matter. To be just as honest, the
theorists may be—to make a bad pun—whistling in the dark, as their
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models depend on vast quantities of abnormal matter that is only in-
ferred and has never been detected.

In any case, the seeds of galaxy formation were likely sown in the very
early Universe when small density fluctuations in the primordial matter
began to grow. The initial masses of these pregalactic blobs were quite
small by galactic standards—perhaps only a few million, yet more likely
a few billion, solar masses, comparable to those of the smallest, irregu-
lar galaxies. Those irregulars now seen scattered all around the edges of
galaxy clusters may well be the building blocks of galaxies—the so-
called baby galaxies. As we shall see in the final section of this Galactic
Epoch, a growing consensus champions the idea that today’s big galax-
ies formed by the repeated merging and accumulation of smaller ob-
jects. This is indeed a “bottom-up” scheme, but not one that begins
with objects as small as stars and planets, rather, with million-to-billion-
solar-mass blobs that emerged near the start of the Matter Era.

Support for this hierarchical scenario is moderate and derives from
two fronts. Theoretical backing is provided mainly by computer simu-
lations stipulating how normal (baryonic) and abnormal (dark) matter
might have interacted with radiation during the Universe’s first few bil-
lion years. These models demonstrate that merging was a viable phe-
nomenon in the Galactic Epoch and could have conceivably led to the
formation (and evolution) of the many varied galaxies observed today.
Although the models have wide latitude among their input parameters,
while at the same time suffer from computer codes obviously not as ro-
bust as the real cosmos, no “showstoppers” have yet intruded—nothing
in the theoretical analyses that leads us to believe we are not on the right
track, finally.

Observational support derives from the finding that some of the
most remote galaxies (namely, those seen in their youth) appear dis-
tinctly smaller and less regular than those found nearby. Deep, long-
exposed images acquired by the world’s most powerful telescopes—
such as the Hubble Space Telescope in orbit, the Keck Observatory in
Hawaii, and the Very Large Telescope in Chile—show evidence for dis-
tant and distorted spheroids containing a million to a billion solar
masses (but no distinct stars) in regions typically a few thousand light-
years across—roughly the size and scale expected for pregalactic build-
ing blocks. We seem to be seeing these blobs as they were some twelve
billion years ago, perhaps poised to merge into larger, galaxy-sized ob-
jects. Alas, not all astronomers buy this interpretation, as the data are
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sketchy, the images fuzzy, and the modeling simplified. It remains un-
clear if anyone has yet seen a genuine “baby” galaxy or any luminous ob-
ject caught in the act of galactic birth—another of science’s unachieved
grails.

Which came first: black holes or galaxies? In other words, did super-
massive black holes form initially and then accumulate around them
matter that eventually became genuine galaxies, or did the galaxies form
much as we see them now, after which they gave birth to holes at their
cores as early matter migrated toward their centers? This is the first of
several chicken-or-egg conundrums encountered in cosmic evolution,
most of them unresolved or at least not solved satisfactorily to date.
That’s probably because nothing in Nature is black or white, few solu-
tions are clean and clear; rather, reality, and especially our models of it,
possess shades of gray throughout.

Favoring the “inside-out” idea, whereby black holes form first, is the
notion that in any gravitationally bound system the densest things tend
to infall early on, followed by the host galaxy taking shape around the
central hole. Some data bolster this idea demographically: given that
quasars are more abundant than galaxies as we probe farther back in
time—and where there are quasars, there are likely supermassive black
holes—it would seem that black holes led the way.

By contrast, the radiative effects of the really big black holes might
have actually hindered the formation of host galaxies, meaning that
the galaxies probably formed first. If so, then the process was more
“outside-in,” whereby the galaxies came first, at least in rough form,
after which the stars, gas, and dust later trickled toward the cores to cre-
ate the huge black-hole engines. Computer simulations do imply that
powerful jets associated with young, massive holes would have blown
away surrounding material, possibly preventing the formation of galax-
ies at all. Furthermore, many supermassive black holes are still actively
accreting matter, implying that the process of creating them is actually
quite slow, perhaps taking many billions of years to settle at the cores of
already formed galaxies.

The answer, citing those shades of gray again, likely mixes aspects of
both models—that is, massive black holes and enveloping galaxies may
have formed together. Astronomers have discovered recently that the
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mass of the central black hole is proportional to the bulge of their host
galaxy, so the construction of both might well have been tightly wedded
and coeval in Nature.

We can pose this unsolved riddle in another related way: Did the
galaxies precede the stars or was it the other way around? The answer is
important for the cosmic-evolutionary scenario since, as told here, the
Galactic Epoch precedes the Stellar Epoch. Is this justified? Most mod-
ern arguments do favor early origins for galaxies, followed by later for-
mation of stars and then planets within those galaxies. But the latest
data are beginning to soften that view or at least to muddy the waters a
bit.

Recent findings suggest that some star formation must have occurred
early in the Galactic Epoch, since traces of heavy elements, such as car-
bon, silicon, magnesium, and iron, are observed to have been present
ten billion years ago. We know this because quasars, being typically a
hundred times brighter than normal galaxies, act like thin-beam cosmic
flashlights, illuminating that part of intergalactic space between the
quasars and Earth. And in the quasars’ spectra—when their light is
split into its component colors—is clear evidence for minute amounts
of heavy elements (about a hundred times less than those in the Sun),
implying that at least some stars lived and died back then, for stars are
the only places known where heavy elements are made. (Astronomers
take the “heavies’—sometimes also called metals, to the dismay of
chemists—to mean any element more massive than helium.)

The idea that some massive stars preceded the galaxies is bolstered by
evidence (from quasar spectra) that early in the Matter Era the Universe
was reionized, separating atoms everywhere into ions and electrons,
much as had been the case in the earlier plasma-rich Radiation Era. This
would have been a relatively brief period, probably less than a billion
years following the “cosmic dark ages” when no luminous objects any-
where—no quasars, stars, or any other kind of light-emitting bodies
whatever—had yet graced the cosmos. All was completely and totally
dark, from the first half-million years—when the Universe became neu-
tralized and cosmic expansion redshifted the background radiation out
of the visible and into the infrared part of the spectrum—to roughly a
half-billion years after the bang, when gravity finally but only locally
overcame expansion enough to begin clumping matter into spherical
structures. As the first glowing objects—almost surely the building
blocks of fledgling galaxies—began emerging from those dark ages, a
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renaissance of light began to flow through the Universe. The details are
murky, but a consensus has emerged:

Surely quasars and possibly massive stars formed in the young Uni-
verse, starting no more than a billion years into the arrow of time. Ob-
jects smaller than a million solar masses would not likely have clumped,
given the rapidly expansive conditions at the time; the thermodynam-
ics in that warm environment would tend to dissipate smaller clumps.
The quasars largely lit up (and ionized) matter near the start of the
Galactic Epoch, possibly aided by ultraviolet radiation from the earliest
stars. In addition, those “first stars” quickly created some heavy ele-
ments through the same kind of nuclear-fusion events that occur in
stars today, as later explained in the Stellar Epoch—so quickly that all
these first massive stars are now long gone, having dramatically expired
as supernovae (or having been eaten by black holes—it’s possible!)
within those first few billion years. Although we do see plenty of quasars
in the earlier Universe, not a shred of observational evidence exists for
those first stars—which means either that they did all disappear some-
how (if theory is right) or that they never existed (if theory is wrong).
Nor have astronomers ever found any stars with zero heavy-element
content within them, as would be the case for any celestial objects
among the first genuine stars. Perhaps the quasars themselves did all the
reionizing, without the need for any early stars.

The upshot is that mostly big, million-to-billion-solar-mass blobs
likely took shape early in the Galactic Epoch. These were the building
blocks of galaxies—almost surely quasars and their black-hole engines,
and possibly massive star groupings that resembled today’s globular star
clusters, which still linger in the haloes of many nearby galaxies. The
quasars were clearly there then, probably thousands of times more pop-
ulous than now; our telescopes spy on them in the distant past, a few
billion years after the big bang, when the number of quasars peaked.
(None of them resides near us in space or time; the closest quasar is
more than two billion light-years distant, the last of a dying breed.) As
best we can explore those truly ancient times, the primordial blobs are
mostly gone, presumably having merged together quickly to build the
galaxies. Those blobs, either lit with stars or not, must have repeatedly
merged to make virtually all the galaxies within the first few billion
years—which is probably why, even in our own Milky Way, most glob-
ular star clusters in the halo average twelve billion years in age and none
is younger than nine billion years. To what extent stars were already up
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and running in those formative blobs, or whether the stars originated
mostly after the fledgling galaxies had formed, is frankly unknown.

Astronomers are closely examining the latest data from both stars
and galaxies, struggling to get the timing and sequencing correct. The
task is nontrivial, for we are looking way back in time, trying to decipher
events long over and done. To date, these data imply major assembly of
the galaxies from smaller blobs mostly within two to four billion years
after the bang; later formation was not as robust, if only because uni-
versal expansion was continuing to carry those building blocks and the
young galaxies away from one another, reducing the number of inter-
actions. By contrast, stars’ formation rates peaked some five to ten bil-
lion years after the bang; this we know by tracking back in time their
ultraviolet radiation—the hallmark of newborn stars. In the main,
then, the origin of most galaxies definitely preceded that of most stars.
Although star production has been declining during for the past several
billion years, stars still do now originate—which means, again in the
main (for these are averages over all the details), that the Galactic Epoch
preceded the Stellar Epoch.

When did galaxy formation stop, or has it? Astronomers are divided on
this issue, too, which may be more semantics than astrophysics. Some
contend that at a fairly well-determined time in the past—given by the
age of the globular clusters in our Galaxy, for example—most galaxy
formation was over. If true, then all galaxies are old, in fact nearly
equally old and on the of order twelve billion years. Other astronomers
demur, citing evidence that many galaxies seem to experience repeated
collisions and mixing with dwarf satellite galaxies over extended periods
of time—perhaps even up to the present day. If so, then galaxies might
be said to be still forming today.

What constitutes an origin in contrast to evolution? Most experts
have reached a tentative consensus that billion-solar-mass protogalaxies
became established in some form or another relatively early on, proba-
bly within the first couple of billion years of the Matter Era. Virtually
all galaxies originated contemporaneously long ago as simply structured
yet distinct objects. Their emergence was clearly the dominant feature
of the Galactic Epoch. In addition, ongoing mergers, interactions, and
rearrangements within and among the galaxies ever since are regarded
as evolution—developmental changes that further bulked up the galax-
ies with each successive merger. To be sure, astronomers have ample ev-
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idence that galaxies have evolved in response to external factors, indeed
that evolution continues among the galaxies today.

Much of the fascination felt by workers studying the subject of galaxy
formation derives from our inability to disprove many contending the-
ories. An array of ideas remains possible, there being only meager ex-
perimental data to discriminate among the details. However, this state
of affairs will not likely last long when new data begin pouring in at
rapid pace as telescopes of the twenty-first century become powerful
“time machines” designed to probe the far away and long ago. New and
ambitious projects—to name just one, the Sloan Digital Sky Survey
now underway—are expected to map accurately several million galax-
ies in the northern sky in the next few years. Until galactic data become
demonstrably better, however, researchers familiar with the sophisti-
cated mathematics of notoriously tough subjects such as fluid mechan-
ics, turbulent physics, and magnetohydrodynamics will continue to jus-
tify their interests by tinkering with the problem of the galaxies’ origins.
For despite heroic efforts of the past few decades to unlock the secrets
of galaxy formation, the specifics of a tested, plausible process have thus
far eluded discovery.

However galaxies might have originated, either their formative stages or
subsequent evolutionary events led to the myriad galaxies now seen in
the nighttime sky. We observe loose and tight spiral galaxies with mix-
tures of old and new stars, large and small ellipticals containing only old
stars, dwarf irregular, and explosively active galaxies, let alone the baf-
fling quasars whose central engines may not house any stars at all.
With such a zoo of galaxylike objects littering the Universe, we natu-
rally wonder if any overall pattern or evolutionary scheme interrelates all
the various types of galaxies. The answer is, none discerned presently. As
best we know, no identifiable physical mechanisms underlie all the galax-
ies and no clear developmental bonds relate one type of galaxy to an-
other. Whoever does discover strong evolutionary links among the galax-
ies, akin to those connecting stars as discussed next in the Stellar Epoch,
not to mention the elaborate relations among life-forms described later
in the Biological Epoch, will get their names in textbooks forever.
Astronomers decades ago proposed an evolutionary progression
among normal galaxies, starting with the nearly spherical ellipticals that
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gradually became squashed ellipticals, eventually changing into closed
spirals, followed by open spirals, and finally culminating in irregular
galaxies. The central idea here is that galaxies originate with a more or
less spherical shape and, as they grow older, their rotation tends to flat-
ten them, first producing some ellipticity and then some spiral arms,
prior to their breaking up as aged irregular galaxies. However, therein
lies a problem: this type of evolutionary notion requires all elliptical
galaxies to be young and all irregular galaxies old—which isn't the case
at all. Observationally, elliptical galaxies are not young. They are popu-
lated with only old stars, nearly depleted of interstellar gas and dust, and
display no evidence of active star formation.

On the other hand, given that the elliptical galaxies are so clearly old,
then perhaps the evolutionary sequence runs in the opposite sense.
Maybe irregulars are young and, having formed first, gradually evolve
into ellipticals. It’s easy to imagine loose spiral galaxies wrapping up into
tighter spirals and eventually becoming elliptical galaxies. But troubles
abound here, too. Apart from the obvious puzzle of how beautiful spi-
rals might have emerged from the contorted irregulars, it’s hard to rec-
oncile this idea with the abundance of old stars observed in the irregu-
lar and loose-spiral galaxies. Simply put: If irregular and loose spiral
galaxies are the starting point in a scheme of galactic evolution, then all
of them should be young. But they’re not. Virtually all irregulars and
spirals contain a mix of old and new stars. The existence of old stars is
inconsistent with the nature of a youthful galaxy. The fact that as-
tronomers know of no “dead galaxies” doesn’t help our understanding
either.

Alas, normal galaxies do not likely evolve directly from one type to
another. Spirals don’t seem to be ellipticals with arms, nor do ellipticals
appear to be spirals without arms. No unambiguous parent-child rela-
tionships connect these huge cosmic systems—other than the idea that
all galaxies are cousins that trace their birth to the same grandparent,
namely, the turbulence of the gases in the aftermath of the big bang. In-
deed, all galaxies’ dispositions probably result partly from the intrinsic
physical conditions extant in the gas clouds from which they originated
more than ten billion years ago and partly from environmental interac-
tions with other galaxies ever since.

Frankly, this contrast between intrinsic and surrounding influences
is not much different from the way that biological species evolve, com-
bining aspects of their internal genes with those of their external envi-
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ronment. In the above paragraph, we could replace the word galaxy
with the word organism and still be reasonably correct. Apparently, the
nature-versus-nurture struggle extends beyond the living world. All
through this book, we shall be confronted with the issue of whether sys-
tems change inherently or in response to external events. The answer for
astronomical galaxies, as for biological life, is probably, both. And much
like human life, wherein genes are estimated to influence well less than
half of human behavior, environmental effects probably dominate
changes among the galaxies too.

Astronomers do have ample evidence that galaxies change in response
to external, environmental factors, long after the first pregalactic frag-
ments originated. As already noted, given the size, scale, and groupings
of galaxies, collisions and interactions among them are commonplace
events. This is especially true for the dark-matter halos surrounding
many spiral galaxies, including our own, and probably those around all
galaxies. Computer simulations performed during the past decade show
that these dark halos are strongly involved in, and influenced by, such
galactic interactions.

As galaxies orbit or encounter one another, halo material from one
galaxy can become stripped by tidal forces exerted by the other. The
freed matter often ends up in a common envelope surrounding both
galaxies; occasionally it’s lost entirely to (that is, flung out of) the sys-
tem. In this way, even small galaxies can severely distort larger ones, de-
pending upon the angle and proximity of interaction and the energy
transferred between them. In some cases, over the course of hundreds
of millions of years—a span of cosmic time that powerful computers
can model in minutes—the simulations illustrate how close encounters
between galaxies can cause spiral arms to appear where none existed be-
fore. The pinwheeling arms are literally drawn out of one or both galax-
ies, as they pass by in each others’ wakes like giant ships at sea.

Such environmental factors may be the sole source of galaxies’ spiral
arms, implying that “arms” are evolutionary appendages, not products
of birth. If so, then even our home Milky Way plausibly got its arms by
interacting with another galaxy at some time in the past. Our Galaxy’s
stellar census surely does contain evidence that it has feasted on its
neighbors, now seen as remnant, elongated clumps of elderly stars cap-
tured into the Milky Way’s halo and disk billions of years ago. Perhaps

the culprits were systems as small as the Magellanic Clouds now orbit-
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ing in the halo of the Milky Way, or the Sagittarius dwarf galaxy now
being torn apart and subsumed by our Galaxy on its far side, opposite
the Sun. Previous, long-ago encounters with a larger, comparable galac-
tic system, such as the nearby spiral galaxy, Andromeda, is another pos-
sibility. Andromeda does currently have a component of motion toward
us, meaning that our two giant galactic systems are destined for a close
encounter that could cause both to become tidally disrupted and even-
tually more elliptical. Even more dire (or spectacular, depending on
one’s viewpoint), these two grand spirals might merge together during
their next encounter—the result often glibly called Milkyomeda—
though that won't happen for another several billion years.

Mergers and acquisitions may well be common among galaxies in
clusters, triggering changes in shape well after their initial formation. To
appreciate such evolutionary events, however, we need to contemplate
extremely long durations of time. And that’s where computer simula-
tions again come in handy. The simulations clearly show that interact-
ing galaxies occasionally tend to gravitate toward one another, eventu-
ally merging. What's more, those simulations imply that giant elliptical
galaxies probably grew via generations of mergers with spiral galaxies,
potentially explaining why the big ellipticals reside near the core of
galaxy clusters and the somewhat smaller spirals toward their perimeter.
Colloquially termed “galactic cannibalism,” or “galaxy gobbling,” these
are the cases in which the galaxies experience very close encounters,
often, in fact, direct collisions. Still, the interactions are sluggish, their
explosiveness muted. The last big impacts seemingly occurred eight to
ten billion years ago, after which most galaxies, dispersed somewhat by
cosmic expansion, have enjoyed a relatively peaceful existence.

Despite these fanciful terms, astronomers have acquired remarkable
observational support for such cannibalism, as actual imagery shows
smaller galaxies at or near the central regions of large galaxies, appar-
ently in the process of being “digested” as the larger galaxy gobbles them
up and consumes them. Such cannibalism may also explain why super-
massive galaxies—those having roughly ten times more mass than typ-
ical galaxies—are often found near the centers of rich galaxy clusters.
The relatively nearby Virgo cluster of galaxies, some sixty million light-
years distant, offers a prime example. There, a titanic, trillion-solar-
mass galaxy known as Messier 87 resides in the middle of this cosmic ar-
chipelago, ostensibly ruling the cluster’s dynamics. Having dined on its
companions, this supermassive galaxy now lies in wait, patiently await-
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ing more “food” to fall into the gravitational grip of its three-billion-
solar-mass black hole. The other, smaller galaxies swarming around in
the outskirts of this and other galaxy clusters like it are almost surely
destined to be someday integrated into the swelling central “beasts” at
the heart of their evolving systems.

Nothing in this area of research is clear cut. The above ideas repre-
sent frontier thinking, which is itself evolving with each generation of
astronomers. Puzzles abound at every turn: Some isolated elliptical
galaxies reside in the “field” well outside clusters, which would seem
hard to explain as the result of mergers. (Perhaps they have already gob-
bled up everything around them.) Spiral galaxies often populate the
outskirts of galaxy clusters where encounters would seem to be rare and
thus not conducive to the growth of spiral arms. (Perhaps they are in
wide orbits about the cluster core, obeying Kepler’s laws and spending
most of their time far from the center.) And the irregular galaxies don’t
seem to fit into any evolutionary scheme—unless, ironically, they are
the larger galaxies’ building blocks staring us right in the face. (Perhaps
those irregulars that still exist are the survivors, having so far managed
to avoid extinction.)

Simply stated, owing to their distance and therefore their dimness,
galaxies are hard to observe and the observations even harder to inter-
pret. Many galactic secrets still lurk within them, awaiting new probes
and new insights by future generations of astronomers eager to solve
one of the great unresolved riddles in all of science—the origin and evo-
lution of normal galaxies, abundantly and ubiquitously scattered
through the Universe.

Evolutionary links between normal galaxies and active galaxies are more
robust, though they, too, are hotly debated. A time sequence starting
with quasars and proceeding to active galaxies and finally to normal
galaxies, implying a continuous range of cosmic energy, has been bol-
stered in recent years. Adjacent objects along this sequence are almost
indistinguishable from one another, meaning that all galaxies, regard-
less of type, might have similar “engines” at various stages of activity—
such as supermassive black holes, which virtually all galaxies do seem to
have at their cores. For example, weak quasars have some commonality
with the most explosive of the active galaxies, whilst the feeblest active
galaxies often resemble the most energetic members of the normal
galaxies. Such a chain of cosmic verve suggests that galaxylike objects
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originated as quasars some twelve billion years or so ago, after which
their emissive powers gradually declined, becoming active galaxies and
eventually normal galaxies. This continuity among all galaxies has been
strengthened recently as astronomers have become convinced that the
black-hole energy-generation mechanism can account for the lumi-
nosities of quasars, active galaxies, and the central regions of most nor-
mal galaxies.

This unifying idea maintains that the quasars are actually ancestors
of all (or most of) the galaxies. Consistent with the observed fact that
quasars were more common in the past than they are today, galaxies do
seem to have been more active long ago than they are now. Far too re-
mote for us to resolve any individual stars within them, the quasars are
detectable at great distances only because of their tremendously ener-
getic central engines. Precisely because of their great distances, we per-
ceive them as they once were in their blazing youth. As their core activ-
ity decayed with time, quasars assumed forms closer to those of more
familiar and nearby galaxies. They essentially “wound down” while run-
ning out of fuel to feed their central black holes, eventually becoming
the relatively quiescent normal galaxies now observed closer to us in
space and time.

Should this view be proved correct, then maybe even our Milky Way
Galaxy was once a brilliant quasar. Most ironic, if true. For decades, as-

A time sequence starting with quasars, then active galaxies, finally normal galaxies . . .
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tronomers have struggled to decipher the Herculean quasars, especially
their prodigious energy emission, only to find, perhaps, that we live in-
side an old, burned-out one—a time-tamed version of a quasar that
once lit up the far away and the long ago.

For this quasar-evolutionary idea to hold, we ought to be able to see
the vague outlines, however far away, of the more normal galaxies sur-
rounding the quasars. Until quite recently, astronomers were hard-
pressed to discern any galactic structure whatever in quasar images.
However, the Hubble Space Telescope has done yeoman service since
the mid-1990s by indeed finding “host” galaxies around some of the dis-
tant quasars. The evidence is in the form of very dimly glowing “fuzz”
now seen to be faintly enveloping a few dozen of the brighter quasars
studied to date. The quasars really do seem to be residents within the
centers of normal galaxies, rich in ordinary matter beyond their bright
cores; the fuzz is apparently the accumulated soft emission of innumer-
able unresolved stars or stars-to-be. Some of the deepest, long-exposure
quasar images even show suggestive evidence for spiral arms.

Although attractive, this quasar — active galaxy — normal galaxy
evolutionary sequence has its drawbacks. Not all astronomers have yet
embraced the idea, arguing that evolutionary links may not exist at
all. They suggest that the powerful quasars are merely extreme mani-
festations of the explosive phenomena seen in virtually all galaxies.
After all, even the center of our own Milky Way is known to be ex-
pelling matter and radiation. The same can be said for active galaxies
and quasars, though on vastly larger scales. Perhaps all these objects are
part of the same family without there being any evolutionary sequence
linking its members, just as evolutionary changes cannot be said to
bridge different races within the human species. Each galaxy type or
human race is distinctly different. One race of humans doesn’t evolve
into another, and similarly one type of galaxy might not necessarily
evolve into any other. Instead, all the galaxies might be quite ordinary
galaxies that formed long ago, though some were endowed with espe-
cially explosive central regions. Those able to exercise their explosive-
ness more than others for some still unknown reason are called quasars,
while those hardly able to fire up their cores much at all are called nor-
mal galaxies.

Why the quasars emit radiation so prodigiously, even violently, is also
unknown, though there is the notion that more fuel was available at ear-
lier times. And for how long the quasars endure in their bright phase,
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adequately supplied with fuel, is also unknown; certainly they cannot
do so indefinitely, lest their central black holes consume their whole
being. The answers presumably lay buried within the relatively un-
charted centers of galaxies, including the startling idea, now subject
to heated debate, that quasars originally formed and regularly flare
as supermassive black holes themselves merge, especially during the
Galactic Epoch within a few billion years after the big bang.

Future research focused on the cores of galaxies will probably provide
the best insights for deciphering the secrets of the bright and shining
quasars, whose troubling properties of huge energy yet small size once
threatened to topple the laws of physics. Even if their details are sorely
lacking, their main issues now seem reasonably solved and the laws of
physics intact. Rather than jeopardizing our knowledge of the cosmos,
these violent objects have become an integral part of the thread of un-
derstanding that binds our own Galaxy to the earliest epochs of the
Universe in which we live.

Our knowledge of the galaxies, especially their origin and evolution, is
inadequate. How each of them materialized, endowed with peculiar
shapes and prodigious energies, remains largely unsolved. Their enigma
is deepened by the fact that astronomers cannot find any galaxy unam-
biguously in the act of formation. Parts of all of them seem almost as
old as the Universe itself, their youthful exuberance still beyond the
clear reach of our best telescopes. Furthermore, even when galaxies do
evolve, their changes are so agonizingly slow, compared to the duration
of our technological civilization, as to make them appear immutable. If
our understanding of galaxies seems sketchy, that’s because it is; in some
ways, galaxy research is only now coming into its own.

Currently, the origin and evolution of galaxies pose more problems
than the formation of stars, which we can observe directly; than the evo-
lution of stars, which we can decipher clearly; than the origin of life,
which we can test in our laboratories; than the evolution of life, which
we can study in action; even than the origins of intelligence, culture,
and technology, all of which we can probe tangibly with fossils and ar-
tifacts unearthed from layers of historical rubble. Practically everything
else discussed in this book is on firmer ground than the origin and evo-
lution of galaxies. Exempt those eternal perplexities about the origin of
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the Universe itself, the subject of galaxy formation is the foremost miss-
ing link in the scenario of cosmic evolution.

Galaxies, though, are so very important. Apart from the creation of
atoms, the formation of galaxies (perhaps along with some massive, ex-
tinct stars) was the first great accomplishment of the Matter Era. Until
we learn a great deal more about how gravity leverages even slight ini-
tial gas irregularities into conspicuous density contrasts, our under-
standing of galaxy origins, and hence of cosmic evolution, will remain
incomplete and unsatisfactory. Yet the promise is great, the potential
payoff even greater. With the physicists unable to build accelerators on
Earth sufficiently energetic to reproduce the earliest instants of time, it
is the astronomers who, by studying the macrorealm of galaxies and
their large-scale structure, are beginning to provide tests, albeit indirect
ones, of the grand unification of particles and forces in the microrealm.

Astronomers now stand on the threshold of a golden age of galaxy re-
search, much of which is a century or so behind stellar research if only
because the galaxies are so dim and distant and therefore tricky to study.
The equipment scheduled to debut during the early years of the new
millennium will have greater sensitivity to collect more radiation as well
as higher resolution to clarify the spread of that radiation, thereby al-
most surely advancing our knowledge of the origin and evolution of
galaxies. Over the entire range of phenomena—from the earliest onset
of density fluctuations in the primordial Universe, through the emer-
gence of activity in the centers of galaxies, and on to the slow conver-
sion of galactic gas into stars and planets—observations with novel in-
struments on the ground and in orbit are poised to provide a wealth of
new and exciting data that hold clues to nothing less than some of the
most profound and ancient cosmic secrets.
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STARS ARE GLOWING BALLS of gas, tenuous and hot on the outside,
dense and hotter on the inside. Sized midway between the smallest and
largest of all known objects, stars are bigger than atoms by roughly the
same factor of a billion billion by which they are dwarfed by galaxy
clusters.

Except for their shape, stars do not resemble hard, rocky planets in
any way whatever. Normal stars are immensely larger and tremendously
hotter than planets, and they experience changes in a completely dif-
ferent manner. They have no real surface, let alone any hard, solid mat-
ter as has Earth. Stars are simply composed of loose gas held intact by
the relentless pull of their own gravity, which, at their cores, manages to
compact that gas enough to trigger thermonuclear fusion.

This same gravity forces the gas to take on an austere geometrical
configuration—a sphere. Wherever gravity dominates, it compels mat-
ter to adopt a round shape, which is Nature’s minimum energy config-
uration for objects of sufficiently large mass. All the known stars, plan-
ets, and moons are spheres, or very nearly so.

Gravity is not the only force operating in stars. Otherwise, the in-
ward pull of this all-pervasive force would shrink stars to such a small
size that, as black holes, they could not radiate any heat and light.
Competing against gravity in a star is the pressure of its heated gas,
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which, pushing outward, tries to disperse the star into space. The result
is a structural balance, or stable condition: gravity in, pressure out.
That’s the simple prescription for a star—any star.

The star we know best is the Sun. Ole Sol is an average star whose
properties lie in the middle of the observed ranges of mass, size, bright-
ness, and composition for all known stars. Its very mediocrity is what
makes the Sun so interesting to astronomers—it’s “typical.” Its proxim-
ity to us is also useful, allowing us to see this star “up close.” Only eight
light-minutes away, the Sun is some three hundred thousand times
closer than our next nearest neighbor, the Alpha Centauri star system
some four light-years away. Accordingly, we know far more about the
Sun than about any of the other distant points of light in the Universe.
Our parent star is a benchmark against which we compare many other
objects in the cosmos.

Stars are fascinating for many reasons, though two prevail. First and
foremost, stars play essential roles in the heating and lighting of any
nearby planets. For us, the energy of our Sun is critically important not
only for the origin of life on Earth, but also for the continued mainte-
nance and further development of that life. Without a nearby star,
Earth would be a frozen, barren wasteland—a boulder so unimaginably
hostile that life as we know it could not possibly exist.

Second, stars are the furnaces where heavy elements are forged. Col-
liding viciously, the light nuclei of hydrogen and helium fuse into the
more complex nuclei at the cores of more than a hundred chemical el-
ements such as carbon, nitrogen, oxygen, silicon, and iron. “Better liv-
ing through chemistry” is surely a theme (and not just an industrial slo-
gan) prominent later in our cosmic-evolutionary scenario, and the
building blocks of chemistry began in the stars. Without the heavies,
nothing around us—not the ground, not the air, not much of Earth it-
self—would exist.

Stars, then, are key in the evolution of both matter and life; they
might be absolute prerequisites for any kind of life. Stars themselves
participate in the great, ongoing process of change in the Universe, the
so-called stellar evolution involving aspects of adaptation and selec-
tion—though not as dramatically so as for the biological evolution of
life-forms encountered later in the Biological Epoch. “Generations” of
billions of stars were “born,” have “lived,” and have “died” since our
Galaxy originated some twelve billion years ago. By forming in galaxies



134 STELLAR EPOCH

everywhere and by providing heat, light, and heavy elements for plan-
ets and life to follow, stars of this Stellar Epoch segue nicely from the
previous Galactic Epoch to the next Planetary Epoch. Stars are a piv-
otally important, integral part of the cosmic-evolutionary story.

During the second half of the twentieth century, astrophysicists learned
a great deal about how stars pass through phases of youth, maturity, and
aging—through developmental and evolutionary paces. Although they
appear immutable in the nighttime sky—secure in their remote and
steady brilliance night after night—stars do actually change their ap-
pearance over great durations of time. The giant red star Betelgeuse in
the constellation Orion and the dwarf-white companion to Sirius, the
Dog Star, among myriad yellowish stars like our Sun, are not really dif-
ferent types of stars. Rather, each is at a distinct stage in the changing
“life cycle” of nearly all stars.

As with all aspects of evolution broadly considered, change is central,
though among the stars it is woefully slow. Some stars are old and
bloated, some young and luminous. Others are long gone, having liter-
ally run out of fuel and perished eons ago. Still others are only now
emerging from the interstellar hodgepodge of surging gas and dust—
those vast and dark regions in and among the stars of our nighttime sky.
Much of this change is unobvious because stellar life cycles are astro-
nomically longer than human life spans—often billions of years com-
pared to hardly a hundred, or millions of millennia compared to less
than a century. Throughout all of evolution, we usually see change in
snapshots—here and there in Nature, quick and sometimes dirty—
each nonetheless helping us depict that broad and big picture of natu-
ral history writ large.

Stars are of fundamental scientific significance. Few things in science
are more basic than the way stars shine, or in astronomy than the
way they form. Do astronomers really understand the origin of stars?
Can we describe the specific formative stages in the changing galactic
matter that eventually produce stars? What about the evidence—is
there any experimental support for our ideas? Questions like these are
now under intellectual attack at observatories around the world. The
answers are not yet crystal clear, but remarkable progress has been made
in the past few decades. As it stands now, our knowledge of star forma-
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tion is a robust combination of theoretical insight and observational
fact.

The Stellar Epoch offers a better description of matter on scales
smaller than galaxies than does the Galactic Epoch on scales larger than
galaxies. In other words, we know much more about the origin and evo-
lution of stars than we do about galaxies. Gravitational instabilities, in-
voked with partial success for galaxies, can be modeled more effectively
to understand the formation of stars within those galaxies, regardless of
how the galaxies themselves arose. Much as was the case in the early
Universe, chance mixes with necessity to affect change. At the outset,
random fluctuations often occur at various parts of large gas clouds
within any already-formed galaxy. Although such chancy fluctuations
alone prove insufficient to cluster huge amounts of matter into galaxies,
calculations imply that the process should work much better—and
more quickly—to assemble smaller clumps of matter into stars.
Swirling eddies of loose gas in interstellar space are cooler and denser
than those of the primordial fireball, hence well suited to collecting
enough matter to mold individual stars or groups of stars, after which
they contract, heat, and eventually ignite their nuclear fires.

Astrophysicists have built intricate models of the stages through
which gas clouds evolve to become genuine stars. These models, like
those of the early Universe, are essentially “number-crunching experi-
ments” performed on powerful, high-speed computers. But here, in the
Stellar Epoch, we have many data with which to test the models. The
computational factors include mass, heat, rotation, magnetism, elemen-
tal abundances, and a few other physical conditions typifying a chang-
ing interstellar cloud. These factors resemble the ingredients of an elab-
orate recipe, yet in this case the recipe is mathematical and teems with
symbolic equations. And as is true for any new recipe, although the types
of ingredients are known, the amounts of each are often uncertain.

Huge computer programs, built during the past twenty years and
containing as many as a million lines of code, enable theorists to use
trial-and-error routines for this multifaceted problem of star formation.
Though computers do nothing more than calculate numbers rapidly,
they can do this basic task more agreeably than humans, adjusting and
readjusting the many ingredients to best match the theoretical predic-
tions of the models with the observational findings of actual stars in the
Milky Way.

The accuracy of these models is presently mediocre, for it’s tricky to
take that third step of the scientific method and test them experimen-
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tally. To stress an oft-repeated quandary, no one has ever seen an inter-
stellar cloud or a genuine star parade through all of its evolutionary
paces. The lifetime of a human being, or even the duration of our civi-
lization, is very much shorter than the time for a cloud to contract and
form a star. Since about thirty million years (or about a million human
generations) are needed to concoct a star such as our Sun, no one per-
son can realistically expect to observe any celestial object proceed
through its full pageant of star birth.

The stellar models are not without observational support, however.
Telescopic monitoring of various gas clouds at many stages of their evo-
lutionary trek helps refine our knowledge of star formation. Modern
technology enables astronomers to peek at interstellar clouds and nas-
cent stars for hints and clues about their embryonic development. Stud-
ies of invisible radio and infrared radiation emitted by cool, tenuous
galactic regions have proved especially useful, though we are still learn-
ing to grope in the dark where young stars emerge; like mammals, the
bright stars incubate in total darkness. By studying numerous interstel-
lar clouds, often at unrelated places along the Milky Way, we can now
piece together an observational understanding of many key stages of
prestellar evolution.

Current efforts of astronomers and astrophysicists resemble those of
anthropologists and archaeologists, who unearth bones and artifacts at
many unrelated locales strewn across our planet’s surface. Not having
lived at the time of our ancient ancestors, the social scientists sift the
scattered rubble and ponder the myriad remains, trying to decipher
how all of it can be pieced together into an overall mosaic of human
evolution. Likewise, space scientists observe a panoply of celestial ob-
jects in many disparate parts of our Galaxy, seeking to fathom how each
one fits into the larger scheme of stellar evolution. The terrestrial bones
and extraterrestrial objects are much like segments of a puzzle. The pic-
ture becomes clear only when each piece is found, identified, and fitted
properly relative to all the others.

Imagine a large plot of interstellar real estate somewhere in the Milky
Way. By definition, interstellar matter is that which exists beyond each
of the stars—in short, matter scattered throughout the black and vast
expanses among the myriad stars in our nighttime sky. Most people
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think nothing exists there, for, sure enough, a clear night shows only
darkness among all the minute points of glowing starlight. But the
darkness of outer space only affirms the limits of our human vision.

Not much matter resides in any one interstellar region, but some
most surely exists. Interstellar matter is a trillion trillion times less dense
than that in either stars or planets, in fact thinner than the best vacuum
achievable on Earth by pumping all the air out of a cylinder. (Such lab-
oratory vacuums still contain some million atoms in each cubic cen-
timeter.) Even so, interstellar space is so huge that small amounts of
matter here and there can accumulate to play a significant role. It’s not
unlike the prospect of becoming a multimillionaire by collecting a mere
penny from every person in North America. Even minute quantities
can add up to extremely large amounts, given enough space and time.
All told, roughly as much mass resides in the immense realms of inter-
stellar space as in the stars themselves.

The interstellar medium, then, includes the mostly invisible and rar-
efied regions from which all stars arise at birth—in any galaxy. In our
own Galaxy, it forms a disk nearly a thousand light-years thick that ex-
tends for the full hundred-thousand-light-year width of the Milky Way.
We also now realize, as noted later in this Stellar Epoch, that interstel-
lar space is the very same domain into which many stars explode at
death. It’s one of the busiest crossroads through which matter passes
anywhere in the Universe.

Interstellar matter is largely a mixture of gas and dust. Much of the
gas is made of thinly dispersed atoms (mostly hydrogen, H, and a little
helium, He), though frequently clusters of atoms—molecules (mostly
diatomic hydrogen, H,)—are evident. The interstellar gas density aver-
ages a single atom per cubic centimeter, except in those places where it
clumps into richer groups of atoms sometimes reaching a thousand to
a million times greater density. And it is in those denser “clouds” that
interesting things happen, such as star formation. In general, though,
the interstellar medium is so sparsely populated that harvesting all the
gas in a region the size of Earth would yield barely enough matter to
make a pair of dice.

As thinly spread as is the gas, interstellar dust is even more so; only
one dust particle lurks in the darkness for every trillion atoms of gas.
That’s much like a single dust grain residing in a volume of interstellar
space equivalent to that housed in the New Orleans Superdome. By dust,
we mean solid particles made mostly of heavy elements, not terribly un-
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like the fine chalk dust that settles on blackboard ledges or domestic dust
that lurks under beds and in closets; tiny particles in a terrestrial fog or
cigarette smoke might be even better examples. The dust was, and still
is, probably manufactured in the cool, outer atmospheres of old stars.
Still, the vastness of space grants dust a role; an imaginary cylinder one
square meter in cross section and extending from Earth to Alpha Cen-
tauri would contain more than ten billion billion dust particles.

We can also think of the dust in this way: by enlarging a solid dust
particle about a billion times (or by collecting a billion of them in one
place), it might resemble a rocky asteroid; a trillion times, perhaps the
core of primitive Earth. Small parcels can accumulate impressively in
realms as expansive as the Milky Way.

Despite their rarity, dust particles make interstellar space a relatively
dirty place. If we were able to capture such a parcel of interstellar mat-
ter and compress it to the typical density on Earth, the resulting gray
fog would be so thick that we wouldn’t be able to see our hands in front
of us. Pound for pound, space is heavily “polluted” with dust, but that
dust is normally sprinkled throughout enormous tracts of galactic ter-
ritory. By comparison, Earth’s atmosphere is about a million times less
dusty. So, place humanity’s pollution problems into perspective; com-
pared to the Galaxy in general and on a fair scale, Earth is a relatively
clean place.

If the gas and dust of interstellar space had remained evenly dispersed
forever, neither stars nor planets, and certainly not life, would have ever
formed. The sky would be absolutely dark and no one would exist to
know it. Fortunately, the interstellar medium is not immutable. Like
everything else, it changes its disposition.

Theory suggests that matter contained within the dark regions of
space will naturally fluctuate in density and eventually fragment into
larger clumps typically spanning tens to hundreds of light-years. Be-
cause these dark regions are just that—dark—they have always been
difficult or impossible for astronomers to visually inspect. Quite
frankly, there’s literally nothing to see in a dark region—which, by the
way, partly explains why humankind has been, until relatively recently,
virtually ignorant about star formation since the birth of astronomy
thousands of years ago.

Dark and dusty regions of interstellar space are inaccessible to study
by optical means; they simply emit no light. Even stars behind these re-
gions are invisible because dust diverts their radiation from reaching
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Earth, hopelessly scattering it like automobile headlights in fog. That
doesn’t mean that the murky galactic recesses are totally impenetrable,
however. Marvels of modern technology, such as parabolic-dish radio
telescopes and heat-seeking infrared satellites, permit the sampling of
invisible regions for their long-wavelength emissions, which are able to
penetrate the debris of interstellar space. In the same way that soldiers
use infrared sensors to locate the enemy at night, and for the same rea-
sons that airport radars operate properly in the worst winter weather, in-
frared and radio astronomers can detect invisible radiation from the
utter darkness of interstellar space.

Analysis of the radiation emitted by interstellar matter has now con-
firmed theoretical predictions that parts of the near-void among the stars
of any galaxy are clumped into large gassy clouds. Their overall mor-
phology tends to resemble the irregular, fluffy clouds of Earth’s atmo-
sphere, but there the resemblance ends. Interstellar clouds are billions of
times larger than the entire Earth. They also amass and disperse, that is,
come and go, billions of times more slowly than terrestrial clouds.

Radio and infrared observations have proved that interstellar clouds
are not only tenuous but cold as well, often containing no more than a
hundred atoms per cubic centimeter at temperatures hovering close to
absolute zero. This density, though enhanced somewhat due to a cloud’s
bulk, is still extremely low, in fact still lower than that of the best vacu-
ums attainable in physics laboratories around the world; for compari-
son, the normal density of air on Earth is more than a billion billion
atoms per cubic centimeter. Typical cloud temperatures, some —250 de-
grees Celsius, are also extremely low, for the lowest possible temperature
(at which atomic motion virtually ceases) is —273 degrees Celsius. We
can thus fairly visualize an interstellar cloud as a wispy, frosty entity, but
even that is an understatement.

Now imagine a small portion of an interstellar cloud, for instance a par-
cel of gas and dust calved from a larger cloud and much less than a light-
year across. Given the cloud’s flimsiness, such a parcel doesn’t house
many atoms. Yet unless the cloud is as cold as physically possible, each
atom will still have some random motion owing to its heat, however
minute. And each atom will be slightly influenced by the gravitational
force exerted by all the other neighboring atoms, however small the
mass of each atom. If only a few atoms coalesced accidentally for a mo-
ment, their combined gravitational pull would be insufficient to bind
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them permanently into a distinct clump, which would then disperse as
quickly as it formed. The effect of heat, even for the frigid interstellar
atoms, wins this battle with gravity.

Suppose we now widen our sights to include more than just a few
atoms. Instead, consider fifty, a hundred, or even a thousand atoms.
Would a group of that many atoms exert a net gravitational force strong
enough to prevent the clump from dispersing as in the previous ex-
ample? Just how many atoms are needed for gravity to bind them into
a tight-knit assembly?

Answers to these questions cannot be obtained from a simple study
of gravity alone; nor can they be found among the solutions at the back
of any science textbook. Correct solutions depend not only on gravity
but also on several other physical factors noted earlier such as heat, ro-
tation, magnetism, and turbulence. These additional agents tend to in-
fluence the evolution of an interstellar cloud, for, although they should
not be regarded as antigravity, they do compete against gravity.

Take heat, for example. Most of the slight warmth of interstellar
clouds derives from rare yet inevitable collisions among the atoms.
More frequent collisions mean greater friction and thus more heat, just
as rapidly rubbing our hands together generates more warmth than
doing so sluggishly. Heat gives a cloud of gas some buoyancy that tends
to offset gravity. Heat is, in fact, the main reason that the Sun doesn’t
collapse; the outward pressure of its heated gas counteracts the inward
pull of its gravity. The amount of heat contained within an interstellar
cloud is, of course, small by solar standards—which is why bright stars
are lit up and dark clouds are not. Consequently, thermal effects that
compete strongly with gravity once stars form do not really play a large
role until after interstellar clouds contract and become hotter.

Rotation—that is, spin—can also compete with gravity. A contract-
ing cloud having even a small spin tends to develop a bulge around its
midsection. This bulge is a sure sign that some of the matter is trying to
defy gravity and thus disperse. As the cloud compresses on its way to be-
coming a star, its spin necessarily increases, just as a figure skater rotates
faster with her arms retracted—a prescriptive principle of physics
known as “conservation of angular momentum.” Any rapidly rotating
object exerts an outward force; the faster the spin, the greater the force,
as anyone can feel while bearing the brunt of a circular ride at an amuse-
ment park. In the case of an interstellar gas cloud, atoms near its edge
are especially vulnerable to escape if the pull of gravity is insufficient to
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retain them. Should a contracting cloud increase its spin so much that
gravity can no longer bind it, then the cloud would simply disband, re-
leasing its atoms back into interstellar space. Mud flung from a rapidly
spinning bicycle wheel is a good example: outward forces dominate any
surface tension tending to keep the mud on the wheel. The only way an
interstellar cloud can preserve itself against the threat of dissipation via
rotation is to gather more and more atoms, thereby increasing its col-
lective strength of gravity. The upshot is this: rapidly rotating inter-
stellar clouds need more mass to guarantee continued contraction to-
ward starlike objects than do clouds having no rotation at all.

Magnetism, turbulence, and several other physical effects can also
hinder the contraction of a gas cloud. Magnetic forces permeate inter-
stellar clouds, much as they do more strongly the Sun and Earth; in all
these cases, the magnetism probably arises from the motions of charged
particles. Gas turbulence, or disordered bulk motion, is also present
within each cloud, yet nearly intractable mathematically; turbulence is
possibly the result of collisions among clouds over eons of time or shock
waves pummeling the clouds as cosmic rays from exploded stars plow
into them. Observations made during the past few decades show that
most interstellar clouds are very cold, spin slowly, and are only slightly
magnetized and turbulent, so individually these factors shouldn’t
amount to much. But theory suggests that, taken together, even small
quantities of each of these agents sometimes unite to compete effec-
tively with gravity.

So it’s not a simple case of gravity sweeping up matter to build a star.
Many additional factors serve to complicate the process, making star
formation challenging to understand in detail. The upshot is that even
those clouds that do manage to contract often do so in highly distorted
ways, greatly altering the dynamical behavior and subsequent evolution
of a typical gas cloud.

We now return to our original question: How many (hydrogen and
helium) atoms need to accumulate for the collective pull of gravity to
prohibit a pocket of gas, once formed, from dispersing back into the
surrounding interstellar environment? The answer, even for a cool
cloud having no rotation or magnetism, is a very large number. In fact,
nearly a thousand billion billion billion billion billion billion (i.e., 10%7)
atoms are needed for gravity to bind a gaseous condensation. There’s no
doubt about the truly huge magnitude of this number. It’s much larger
than the number of grains of sand on all the beaches of the world
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(~10%2), even larger than the million billion billion billion billion billion
(i.e., 10°!) elementary particles in all the atomic nuclei throughout the
entire Earth. It’s large compared to anything with which we are famil-
iar because there’s simply nothing on Earth comparable to a star.

This number, 1057 atoms, just about equals the mass or our Sun—
which is no coincidence. Our Sun is an ordinary, average star (if a little
on the small side), implying that most stars form from galactic frag-
ments having approximately this number of atoms. In all, stars origi-
nate from slightly larger and smaller clumps, for the range of known
stars varies from about one-tenth to one hundred times the mass of our
Sun—a rather small variation in astronomical terms, but a variation
nonetheless among populations of stars.

Spanning ten to a hundred light-years, typical interstellar clouds usually
harbor thousands of times more matter than in normal stars. Observa-
tions prove this, especially as regards the so-called giant molecular
clouds, which dwarf all other “objects” in the Galaxy (well, save the pos-
sible black hole and its accretion disk at the core of the Milky Way). If
these clouds are to become the birthplaces of stars, they cannot remain
homogeneous blobs. The clouds must gradually break up into smaller
parcels, often less than a light-year across. Theory suggests that frag-
mentation into subunits occurs naturally because of inherent gravita-
tional instabilities; the result is localized inhomogeneities in the gas. A
single such cloud can therefore divide into tens, even hundreds, of frag-
ments or clumps, each imitating the shrinking behavior of the larger,
parent cloud as a whole, albeit contracting even faster than the bigger
cloud in which it’s embedded.

In fact, astronomers have no evidence that stars are born in isolation,
one star from one cloud. Some interstellar clouds end their long evolu-
tionary trek either by forming several stars each much larger than our
Sun or clusters of hundreds of stars each comparable to or smaller than
the Sun. In reality, most clouds give rise to a whole family, or popula-
tion, of stars, smaller ones outnumbering larger ones (much as at the
seashore small pebbles far outnumber larger boulders). Perhaps all stars
originate as members of groups. Those now appearing alone and iso-
lated in space, such as our Sun, probably wandered away from the rest
of their litter, though only after all were fully formed.

Once a fragment assumes its own identity within an interstellar
cloud, it passes through a series of inevitable stages. It first begins to
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contract as gravity grows with the ever-accumulating group of atoms;
the fragment literally shrinks under the stress of its own weight. Simul-
taneously, as the density rises, the atoms collide more frequently, in turn
causing the increasingly compact fragment to warm steadily.

By the time a typical self-heating fragment has shrunk to about a
tenth of a light-year—which is yet hundreds of times the size of our
Solar System—its temperature has risen to nearly zero degrees Celsius.
That’s still colder than our twenty-degree-Celsius room-temperature
standard on Earth, but it’s a lot warmer than the original interstellar
cloud prior to its clumping. This individual, gaseous blob has begun the
long, formative trek that will ultimately produce a star. However, it
must change still further, reorganizing itself into a smaller, denser, hot-
ter object, before it can be rightfully called a genuine star.

Our description is more than a theoretical scenario. Its rough outline
has now been clearly, though not visually confirmed, using specialized
equipment developed during the past quarter-century. Radio and in-
frared observations have produced solid evidence that huge interstellar
clouds are, in fact, fragmenting into smaller clumps of gas. Pockets
of slightly hotter and denser matter within otherwise tenuous, cold,
and enormous clouds are now known to be the rule rather than the
exception.

Fragmentation might be expected to continue indefinitely, dividing
again and again and ultimately yielding ever-smaller clumps impossible
to form stars. Fortunately, the process halts before it’s too late. Rising
gas density stops the process of fragmentation from reducing all parts of
the cloud without limit, lest the cloud become homogeneous again. As
individual fragments compress their gas, they eventually become com-
pact enough to prohibit radiation from easily escaping. With the cloud’s
natural vent partially blocked, the trapped radiation causes the temper-
ature to rise, pressure to increase, and fragmentation to cease.

As each gas clump continues to evolve, computer models predict
much the same story: the fragment’s size diminishes, its density grows,
and its temperature rises at both its core and periphery. Several tens of
thousands of years after it first began contracting, a typical fragment’s
dimensions will have become comparable to those of our Solar System,
a size still ten thousand times larger than our Sun. Core temperatures at
this stage will have reached many thousands of degrees Celsius, values
greater than those inside the hottest steel furnace built by our civiliza-
tion on Earth.
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Roughly a million years later, the full expanse of an interstellar frag-
ment could fit within Earth’s orbit around the Sun. This increasingly
structured object is now looking less like an irregular fragment and
more like a round blob. Its core temperature has steadily mounted to
nearly a million degrees Celsius, and that manifests as a warming sur-
face that now begins to glow. Although charged elementary particles,
ripped from disintegrating atoms, are whizzing around inside, they are
still too sluggish to overcome their natural electromagnetic repulsion in
order to penetrate the smaller realm of the more powerful nuclear force.
In other words, the blob’s matter is still far from the ten million degrees
Celsius needed to initiate the nuclear fusion that will one day transform
this gaseous heap into a bona fide star. Nonetheless, the hot, dense ob-
ject at this stage resembles a star closely enough to merit the special
name protostar—an embryonic, glowing blob perched at the dawn of
star birth.

Theoretical modeling aside, is there any observational evidence that
hot, dense fragments have Solar System dimensions? Indeed there is.
Within the past couple of decades, radio and infrared telescopes have
captured radiation emitted by small clumps at or near the cores of many
cloud fragments. The diameter of each clump is hardly more than a
thousandth of a light-year, or just about the size of our Solar System.
Their total gas densities, inferred best from the radio observations,
reach nearly a billion particles per cubic centimeter. And their temper-
atures have been measured by infrared techniques to be many hundreds
of degrees Celsius. Most experts agree that these dense, warm blobs are
real protostars—Ilarge gassy balls about the size of Mercury’s orbit and
poised on the verge of stardom.

In a few such cases, especially in some of the better-known star-
forming regions several thousand light-years away, such as the Eagle and
Trifid nebulae, astronomers have been able to detect and monitor the
dynamical effects of infalling clumps. Not that the act of infall is di-
rectly seen, for the timescale typical of cloud contraction is millions of
years—well longer than the age of humankind. But, by studying
Doppler-shifted radio radiation (which is a velocity diagnostic) arising
from such suspect regions, we can clearly perceive cloud fragments well
on their way to becoming stars—or, more likely, clusters of stars.

The hunt for protostars themselves shifts to the infrared part of the
spectrum, since these objects should have more heat than their ances-



STELLAR EPOCH 145§

tral clouds. Some do indeed stand out as fuzzy little telltale sources of
heat, often deep inside cocoons of dust that hide protostars from direct
optical view. What's more, protostars often exhibit strong “winds” and
“jets” of fast-moving gas expanding outward at high velocities, typically
tens of kilometers per second; imagery often reveals the bipolar jets bil-
lowing from adolescent stars and churning up the surrounding inter-
stellar medium. The jets, which sometimes extend for a few light-years,
emanate perpendicular to much smaller disks where planets are proba-
bly beginning to form. Such outflows resemble the vastly larger lobes of
hot plasma seen near active galaxies, such as the quasars as noted earlier
in the Galactic Epoch, and are yet another way that young stars “man-
age” their energy budgets, all the while ridding themselves of excess en-
ergy. Eventually, such a star breaks through its placental envelope, its
winds blow away much of the disk, and henceforth its energy is emit-
ted less in the form of twin jets and more as a normal, uniformly bright,
visual star, such as our Sun today.

Notably, but only in a few of the closest stellar nurseries such as the
Orion Nebula some fifteen hundred light-years distant, circumstellar
disks have recently been spotted. Big telescopes are needed to resolve
the details, yet even a naked-eye amateur can spot this fuzzy nebula at
the business end of the “sword” hanging below the “hunter’s belt” of
three blue-white stars strikingly aligned in this winter-sky constellation.
There, relatively new stars by the dozens, including four notable ones
called the Trapezium group and viewable with good binoculars, glow
intensely, many of them as young as a hundred thousand years. At
higher magnification—though well beyond that discernible with even
the best binoculars—thin little oblong smudges are seen on digital im-
ages all through the Orion region, each one apparently a dirty disk.
Again, their size and scale resemble those of our Solar System, much as
expected for protostars and possibly planets emerging from the turbu-
lent mishmash of interstellar gas and dust.

Some protostellar objects emit intense, highly focused radiation,
much of it coming from small molecules containing two or more atoms
linked together. The radiation is especially intriguing because of its ter-
rific strength and localized source. The first observations, a few decades
ago, of radio radiation from one such blob were so mysterious that puz-
zled astronomers began calling the emitting molecules “mysterium.”
They were later identified properly as hydroxyl (hydrogen plus oxygen,

OH) molecules, and their enormously powerful signals are now known
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Evidence of stellar birth.

Glowing regions of hot, thin plasma, gaseous nebulae are signposts of star formation. Here, the Orion
Nebula, some fifteen hundred light-years away, is the closest of the rich stellar nurseries near the disk
of the Milky Way. Itself several light-years across, this nebula is embedded within a much larger, in-
visible molecular cloud extending hundreds of light-years. Observations have shown that the nebula
houses scores of young stars in addition to hundreds of new protostars. Source: European Southern Ob-
servatory/Space Telescope Science Institute.

to be enhanced or amplified by a special “maser” process a little like that
found in “lasers” on Earth.

The word /aser, the name of common everyday devices in super-
market checkout counters and compact-disk players, is actually an
acronym for /ight amplification by stimulated emission of radiation.
Lasers are artificial gadgets that emit concentrated streams of light radi-
ation in very narrow beams. Only within the past few decades has our
civilization become smart enough to build such tools, relying as they do
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on both advanced technology and a good understanding of atomic and
molecular physics. Lasers operate by exciting atoms or molecules in a
gas and then stimulating them to emit radiation simultaneously. In this
way, a tremendous burst of radiation can result, much more powerful
than that from an ordinary light bulb.

Masers are similar to lasers, except that they produce microwave (a
special type of radio) radiation rather than optical light. Physicists know
how to build them in terrestrial laboratories, though masers are very
delicate machines, requiring special conditions and much patience to
operate. When working properly, they are the best amplifiers known,
much more effective than the ordinary transistors that do yeoman ser-
vice in our personal computers and household appliances.

Interestingly enough, certain regions of interstellar space are natu-
rally suited to produce amplified microwave radiation. Protostellar
blobs apparently enjoy the special conditions required, first, to excite
some molecules and, second, to stimulate them to emit intensely. The
blobs’ warm temperatures and moderate densities seem ideal for this
unique emission mechanism. Accordingly, the intense maser radiation
observed from certain molecules—not just hydroxyl, but also water
vapor and a few others—can be analyzed for additional clues about
protostellar regions. Such studies frame one of the most exciting areas
of contemporary astrophysics.

The very fact that molecules populate the near void of interstellar space
is remarkable. Harsh radiation and alien environments would clearly
compromise the molecules’ existence unless they were protected, which
is probably why they are invariably found in and around the dark,
dense, and dusty parts of space. These are the giant molecular clouds
again, our Galaxy’s largest entities that overwhelm in both size and
mass, indeed often fully engulf, even the biggest nebulae, such as one
known as Sagittarius B2, not far from the Galaxy’s center. About a thou-
sand such molecular clouds are currently known in the Milky Way,
some of them millions of times more massive than our Sun. Ironically,
the minute dust grains within those huge clouds not only serve to shield
the fragile molecules but also likely act as catalysts to help form them.
The grains provide both a place where atoms can stick and react as well
as a means of dissipating any heat generated by the reaction, which
might otherwise destroy the newly formed molecules. Even so, the de-
tails of this new frontier subject—astrochemistry—are still subject to
debate and testing. After all, textbooks entitled General Chemistry are
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not general at all but are really books on terrestrial chemistry familiar to
us on Earth. The truly “general” or universal chemistry texts are only
now being written based on astronomers’ findings in the wider extra-
terrestrial domain where extraordinarily low temperatures and densities
prevail quite unlike anything naturally on Earth.

During the past few decades, well more than a hundred different
types of molecules have been detected in spectra (which display radia-
tion’s “fingerprints”), many of them in the particularly rich Sagittarius
B2 area. Given that they often radiate long radio waves, which can pen-
etrate dust, the molecules act as important tracers of a cloud’s structure
and physical properties as well as its chemistry. Carbon monoxide
(CO), ammonia (NH;), and water vapor (H,O) are especially ubiqui-
tous. Most intriguing, a pharmaceutical array of rather complex organic
(carbon-rich) molecules has also been discovered in the darkest and
densest of the molecular clouds, such as formaldehyde (H,CO, a pop-
ular cleaning fluid and preservative), formic acid (H,CO,, prominent
in ants and other insects), ethyl alcohol (C,HsOH, or galactic booze),
and cyanodecapentayne (HC, N, a thirteen-atom molecule not natu-
rally found on Earth). Their presence has fueled speculation about life
having originated in interstellar space, especially since a report by radio
astronomers in the mid-1990s (still unconfirmed) that deep space har-
bors glycine (NH,CH,COOH), which is one of the key ingredients of
protein molecules in living cells. The likelihood that such precursors of
life, indeed perhaps life itself, could have formed outside Earth makes
for another exciting interdisciplinary subject—astrobiology—to which
we shall return in the Chemical Epoch. Organic molecules in space are
harbingers of objects of greater complexity—to be sure, much greater
complexity—yet to come in this book.

The very existence of interstellar molecules has forced astronomers to
rethink and reobserve the vast realms well beyond Earth. In doing so,
we have begun to realize that this active, fertile domain is far from the
void suspected by theoreticians not so long ago. Regions of space re-
cently thought to contain nothing more than galactic “garbage”—the
empty-looking darkness among the nighttime stars—now play a criti-
cal role in our understanding of the interstellar medium in which stars,
and at least the building blocks of life, are born.

We are not done with protostars, which in this recounting have not
yet become real stars. Theory suggests that protostars should be a bit un-



STELLAR EPOCH 149

stable, as their inward pull of gravity doesn’t quite balance their outward
push of hot gas pressure. The temperature is still too low to establish that
“gravity-in, pressure-out” equality that guarantees stability—fortunately
for us, since if the heated gas managed to counter gravity before reach-
ing the point of nuclear burning, there would be no stars. The night-
time sky would be fully abundant in dim protostars, though completely
lacking in actual stars. And it’s likely that neither we nor any other
intelligent life-forms would exist to appreciate this distinctly duller
Universe.

Computer models predict that as protostars continue to follow the
dictates of gravity, the gas has no choice but to contract more, alas ever
so slightly. The result is renewed heating. But even after a thousand cen-
turies of infall, and with a core temperature of several million degrees
Celsius, not enough heat has yet built up to initiate nuclear fusion.
Only when the temperature deep down in the core reaches fully ten
million degrees Celsius do the nuclear reactions commence. Atomic nu-
clei then have enough thermal energy to slam violently into each other
and to overwhelm their own mutual repulsion by means of the very
same process described earlier for the transformation of hydrogen into
helium during the Particle Epoch. The upshot is more energy released
and a halt to the contraction. A genuine star has finally formed, its prin-
cipal function thereafter being the consumption of hydrogen, thereby
producing helium and especially energy.

So, even as the average cosmic density and temperature continue to
decline with the expansion of the Universe on the largest scales, small,
localized “islands” called stars arise wherein their densities and temper-
atures increase. Stars buck the cosmic trend of decreasing temperature
and density; they also go against the tendency of the Universe to be-
come more disordered, for stars are clearly sites of rising complexity and
greater order, especially as their thermal and elemental gradients
steepen with time from core to surface. These, in turn, accompany in-
creased energy flows, but again, only locally where stars reside. Such en-
ergy flows are likely key to the emergence of order and structure in the
Universe.

Hearts of stars, then, are sites where atomic nuclei viciously collide,
interpenetrating the realm of the nuclear force, thus releasing copious
amounts of energy. Contrary to popular opinion, it’s not the nuclear re-
actions that create the high temperatures in stellar cores. Rather, it’s the
high temperatures that allow the nuclear reactions to proceed there.
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Only with a sufficiently high temperature—that’s the ten-million-
degree Celsius threshold just noted—can the positively charged proton
nuclei of hydrogen get up sufficient speed to ram into one another
fiercely enough to allow the nuclear force of attraction to overcome the
electromagnetic force of repulsion. As with many large-scale phenom-
ena in the cosmos, it’s gravity that triggers this change—a change that
causes fusion to literally light up the star—for the needed temperatures
rise only because the infalling cloud manages to convert some of its
gravitational potential energy into frictional heat.

Once fully formed, a star becomes a prodigious emitter of radiation.
Every second, our Sun fuses six hundred million tons of hydrogen into
helium, converting the equivalent of more than four tons of matter into
pure energy according to that same simple yet profound equation,
E = mc?. In gee-whiz terms, the Sun releases, again each second, an
amount of energy equivalent to the detonation of about trillion atomic
bombs. That’s more energy than humans have generated in all of his-
tory and the Sun does it each second. In fact, that’s enough solar energy,
if suitably focused, to evaporate all of Earth’s oceans in about six sec-
onds, or melt our planet’s crust in a mere three minutes. Fortunately,
the energy from the nuclear inferno moves up through the interior of a
star and is radiated isotropically, unfocusedly, and equally from all parts
of its surface in the guise of ordinary starlight.

All the starry points of light seen in the nighttime sky owe their ex-
istence to nuclear fires churning deep in the cores of each and every one
of them. Ponder all that astronomical activity, that sheer cosmic power,
while looking upward at the stars some clear, moonless evening. Even
the nocturnal quiescence is home to continual change, the black heav-
ens above pierced by the myriad, brilliant signposts of stellar birth.

The remarkable change from galactic cloud to contracting fragment to
protostellar blob to nascent star takes a few tens of millions of years.
Obviously a long time by human standards—in fact, tens of thousands
of millennia—this is still less than one percent of a typical star’s lifetime.
The entire process amounts to a steady metamorphosis—an evolution
of sorts—a gradual transformation of a cold, tenuous, flimsy pocket of
gas into a hot, dense, round star. The prime instigator in all this stellar
evolutionary change is, once again, gravity. And the net effect of it all is
increased energy flow and rising complexity.
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Once heat and gravity are balanced, a star like our Sun is stable. It ex-
periences “storms” at its surface in the form of flares, spots, and promi-
nences, but these are minor irritations for an object as large as the Sun
(though perhaps not so minor for any nearby planets). The star’s main
agenda is to produce energy steadily for some ten billion years. A com-
bination of theory and experiment implies that the Sun has already
done so for about half this duration. So “our star” can be regarded as
middle-aged, a celestial body expected to burn literally morning, noon,
and night for another five billion years into the future. (Its total lifetime
as a star, all the way through the red-giant and white-dwarf evolution-
ary stages explained below, is projected to be more like twelve billion
years.)

Stars smaller than our Sun take more time to form from interstellar
matter. They also last longer while fusing more slowly; they resemble ef-
ficient compact cars in that they carry less fuel but burn it more effec-
tively. For example, stars having one-tenth the Sun’s mass require nearly
a billion years for birth and should endure for as long as a trillion years.
Since the latter value is much longer than the current age of the Uni-
verse, all small stars that have ever formed must still be fusing hydrogen
into helium, producing a constant flux of energy for the benefit of any
attendant planets.

By contrast, stars larger than our Sun tend to form faster from inter-
stellar clouds, some in as little as a million years. The more massive stars
in fact seem to do everything at a quickened pace. They burn their hy-
drogen fuel more rapidly, and they pass through all their evolutionary
paces more quickly. The reason is that their greater masses gravitation-
ally compact the big stars more strongly, causing matter within them to
collide more frequently and violently, which, in turn, hastens their nu-
clear reactions. As a result, and somewhat surprisingly despite their
huge masses, the biggest stars endure for much less than the ten-billion-
year lifetime of our Sun. The most massive ones, for example, are nearly
a hundred times the mass of the Sun, yet last for only about ten million
years. They expend their stability with great flurry, a mere wink of an
eye on the normal scale of cosmic lifetimes; they resemble gas-guzzling
cars that carry more fuel but burn it less efficiently. Alas, a quickened
pace is not always a desirable one, for the big stars live fast and die
young. Just as it’s unhealthy for humans to rush through life, the largest
stars hardly seem to settle down at all. In the end, while small stars
shrivel up and fade away, stars more massive than our Sun perish by cat-
astrophically collapsing and then exploding. Apparently some clichés
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have universal applicability: the bigger they are, indeed the harder they
fall.

Other objects worth noting are the “failed stars,” for some cloud frag-
ments never do achieve legitimate stardom. The planet Jupiter is one
such case, having contracted under the influence of gravity and heated
up somewhat, yet not having enough mass for gravity to crush its mat-
ter to the point of nuclear ignition. With only about a thousandth the
Sun’s mass, Jupiter never evolved beyond the protostellar stage. Space
might well be heavily strewn with such compact, dark “clinkers” of un-
burned matter frozen in time.

Theory holds that some objects having at least a dozen Jupiter masses
might be able to ignite a special form of hydrogen, namely the isotope
deuterium, which has a proton and a neutron, but only for short peri-
ods of time. Deuterium is generally present only in trace amounts in any
celestial object, and this minimal fusion process stops as soon as it’s gone.
These objects, called brown dwarfs, are distinctly more massive than
Jupiter but a good deal less massive than the Sun. In fact, nearly a hun-
dred Jupiter masses (or a tenth of a solar mass) are needed to generate
core temperatures high enough to sustain the normal fusion process of
hydrogen — helium burning that is a hallmark of a true star. As-
tronomers know of no brown dwarfs in or near our Solar System, nor
anywhere in the extended solar neighborhood of thousands of cubic
light-years, but we are beginning to find some in the Milky Way beyond.

Even our best telescopes have difficulty spotting such brown dwarfs
in deep space. They are intrinsically very faint, glowing mostly with the
heat left over from their formation, and even a smattering of interstel-
lar dust further dims our view. Recent advances in detector technology,
especially in the infrared part of the spectrum where warmth can be
sensed against the cold background of space, have enabled astronomers
to begin to catalog what is perhaps a whole new population of these ob-
jects. It’s not inconceivable that hundreds of billions of brown dwarfs
populate our Galaxy, comparable in numbers to all the genuine stars in
the Milky Way. However, only a few dozen of these elusive objects have
been found to date—many in binary systems whose bright stellar mem-
ber often betrays the presence of a small, dark companion—yet that’s
enough to prove the reality of this intermediate stage of abortive stars.

Brown dwarfs’ inherent darkness makes them potentially relevant to
one of the great unsolved problems in science: Could they be part of the
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missing dark matter plaguing astronomy today? Until the past few
years, cosmic inventories had failed to account for these small, dim ob-
jects, now thought to be scattered liberally about the Galaxy. Clearly,
brown dwarfs must contribute something to the dark matter and some
astronomers are inclined to think that they might hide much of it.
However, given that they are made of normal, baryonic matter, brown
dwarfs cannot be the entire solution. Current censuses imply that their
small masses accumulate to no more than a few percent of our Galaxy’s
dark matter.

A whole array of smallish, compact bodies—from dwarf stars to as-
teroidal rocks and planet-sized objects, as well as myriad old and dead
stars encountered in the next section—could all be roaming the Milky
Way in prodigious numbers undetected thus far. Any object having a
size midway between, on the one hand, stars large enough to illuminate
themselves to become visible from afar and, on the other, atoms and
molecules small enough to reveal themselves spectroscopically even at
great distances, would be virtually undetectable by any observational
means currently available. Ironically, galactic space could be chock full
of “interstellar basketballs,” yet we have no way of knowing about
them.

Hardly anything notable befalls a star during most of its lifetime. Pro-
vided the nuclear events at its core continue to offset the relentless on-
slaught of gravity, nothing spectacular happens to the star as a whole.
Predictably, its core fuses hydrogen into helium, its surface erupts in
flares and storms, and its atmosphere releases vast amounts of radiation.
But, by and large, stars experience no sudden changes while in equilib-
rium. They simply “burn” hydrogen during this, the longest phase in
the history of all stars, lasting about ninety-nine percent of their total
lifetimes.

Actually, stars enjoy hydrostatic equilibrium, not thermodynamic
equilibrium. The former pertains to the structural integrity of a normal
star, noting again its delicate balance in the tug-of-war between gravity
pulling in and heat pushing out. Technically, it’s not heat that pushes out
as much as gas pressure; heat is a form of energy while pressure—the
product of temperature and density—is more akin to a force. Hydro-
static equilibrium—as in a “compressible fluid,” which is the way stars
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are modeled—tends to stabilize a star at every point within the star, to
keep it from collapsing or exploding, in either case catastrophically. By
contrast, thermodynamic equilibrium occurs when temperatures are
uniform throughout, a state most definitely not achieved by any star. In
fact, stars have a clear and obvious temperature gradient, from their fiery
cores to their cooler (but still hot) surfaces. What's more, such gradients
grow as stars age, driving them further from thermal equilibrium.

Note also, to make another clarification, that even in hydrostatic
equilibrium, a star like the Sun continues to change its luminosity—
that is, its rate of energy flow—ever so slightly over the course of its life-
time. Specifically, for the Sun’s case, that amounts to an increase in
brightness of about one percent every hundred million years. Although
that seems minute, extrapolating back some three or four billion years
means that the early Sun was probably only a third as luminous as it is
today—and that might pose a problem understanding the origin and
maintenance of life if planet Earth were at the time too cold for water
to be liquefied. We shall return to discuss this “faint-Sun paradox” later
in the Cultural Epoch.

Stars, then, in their normal, balanced state continue to produce en-
ergy indefinitely, pending some drastic change. The great struggle be-
tween heat and gravity remains stabilized, typically for billions of years.
Eventually, however, something drastic does occur: all stars eventually
exhaust their fuel.

Computer simulations are again our foremost guide to the specific
changes experienced by any star near death. Identifying numerous
physical and chemical factors and adjusting their values repeatedly, the-
oreticians have built models to describe the wide variety of stars seen in
the real Universe. Let’s first detail the finale of a star like our Sun, after
which we can extrapolate to all stars, large and small. Keep in mind,
though, that all these fatal events occur within the last one percent of a
star’s lifetime.

As the Sun ages, its hydrogen steadily depletes, at least in a small,
central core about a hundredth of the star’s full size. After nearly ten bil-
lion years of slow and steady burning, little hydrogen will remain within
the innermost fusion zone. The star literally runs out of gas. Much like
an automobile cruising along a highway at a constant speed for many
hours without a care in the world, its engine starts to cough and sput-
ter as the gas gauge approaches empty. Unlike automobiles, though,
stars are not easy to refuel.
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Widespread exhaustion of hydrogen in the stellar core causes the nu-
clear fires there to cease. Hydrogen combustion continues unabated in
the intermediate layers, above the core though well below the surface.
But the core itself normally provides the bulk of the support in a star,
acting as a foundation and guaranteeing stability. By contrast, the lack
of core burning assures instability because, although the outward gas
pressure weakens in the cooling core, the inward pull of gravity most as-
suredly does not. Gravity never lets up; it’s relentless. Once the outward
push against gravity is relaxed—even a little—structural changes in the
star become inevitable.

As the Sun ages, its hydrogen steadily depletes, at least in a small, central core . ..

Generation of more heat could bring the aged star back into hydro-
static balance. If, for example, the helium at the core began fusing into
some heavier element such as carbon, then all would be well once again,
for energy would be re-created as a by-product to help reestablish the
outward gas pressure. But the helium there cannot burn—not yet, any-
way. Despite the phenomenal temperature of millions of degrees, the
core is just too “cold” for helium to fuse into any heavier elements.

Recall that a temperature of at least ten million degrees Celsius is
needed to initiate the hydrogen — helium fusion cycle. That’s what it
takes for two colliding hydrogen nuclei (protons) to get up enough
steam to overwhelm the repulsive electromagnetic force between two
like charges. Otherwise, the nuclei cannot penetrate the realm of the
nuclear binding force and the fusion process simply doesnt work. Even
ten million degrees Celsius, however, is insufficient for helium fusion,
since each helium nucleus (two protons and two neutrons) has a net
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charge twice that of the hydrogen nucleus, making the repulsive elec-
tromagnetic force greater. To ensure successful fusion by means of a vi-
olent collision between helium nuclei, even higher temperatures are
needed. How high? About a hundred million degrees Celsius.

Lacking that degree of heat, the star’s core of helium “ash” does not
remain idle for long. Its hydrogen fuel spent, the core begins contract-
ing. It has to; there’s not enough pressure to hold back gravity. However,
this very shrinkage allows the gas density to increase, thereby creating
more heat as gas particle collisions become ever more frequent. Once
again, it’s gravity, in the guise of gravitational potential energy convert-
ing to frictional heat energy, that drives this process—indeed drives up
the temperature.

The increasingly hot core continues to roil the overlying layers of this
stellar furnace. It’s very much like a domestic thermostat that calls for
more heat in our homes, thereby keeping the air temperature comfort-
ably stable. In an aged star, Nature seeks more energy to restabilize
events, and when the star generates enough of it, negative feedback ter-
minates the contraction—at least for a while. (“Feedback” because, as
in a central heating system, a change in the effect is fed back to modify
its cause, and “negative” because the feedback loop controlling the
process ensures that the effect doesn't increase or decrease without
limit.) Buc first, higher temperatures—at this stage, well over ten mil-
lion degrees Celsius—cause hydrogen nuclei in the star’s intermediate
layers to fuse even more furiously than in the core before. All the while,
helium ash continues to pile up around the core.

The aged star is really in a predicament now. Its days are numbered.
The core is unbalanced and shrinking, on its way toward generating
enough heat for helium fusion. The intermediate layers are also scram-
bling to maintain some semblance of poise, fusing hydrogen into he-
lium at faster-than-normal rates. Alas, the gas pressure exerted by this
enhanced hydrogen burning does build up, forcing the star’s outermost
layers to expand; not even gravity can stop them. So, although the core
is shrinking, the overlying layers are expanding! Clearly, the star’s struc-
tural stability is completely ruined.

Two observable aspects of such a perverse star are interesting. To an as-
tronomer far away, this celestial object would seem gigantic, nearly a
hundred times larger than usual. Captured radiation would also imply
that the star’s surface was a little cooler than normal. This is not to say
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that the act of ballooning and chilling of an aged star could be observed
directly during any one human lifetime. The transition from a normal
star to an elderly giant still takes about a hundred million years.

The second change—surface cooling—is a direct result of the first
change—increased size. As the star expands, the sum total of its heat
spreads throughout a much larger stellar volume. Hence, visible radia-
tion emitted from such a cooling, yet still hot, surface shifts in color.
Like a white-hot piece of me