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PREFACE

Cosmology is the study of the universe as a whole, including its birth
and perhaps its ultimate fate. Not surprisingly, it has undergone
many transformations in its slow, painful evolution, an evolution of-
ten overshadowed by religious dogma and superstition.

The first revolution in cosmology was ushered in by the intro-
duction of the telescope in the 1600s. With the aid of the telescope,
Galileo Galilei, building on the work of the great astronomers
Nicolaus Copernicus and Johannes Kepler, was able to open up the
splendor of the heavens for the first time to serious scientific inves-
tigation. The advancement of this first stage of cosmology culmi-
nated in the work of Isaac Newton, who finally laid down the
fundamental laws governing the motion of the celestial bodies.
Instead of magic and mysticism, the laws of heavenly bodies were
now seen to be subject to forces that were computable and repro-
ducible.

A second revolution in cosmology was initiated by the introduc-
tion of the great telescopes of the twentieth century, such as the one
at Mount Wilson with its huge 100-inch reflecting mirror. In the
1920s, astronomer Edwin Hubble used this giant telescope to over-
turn centuries of dogma, which stated that the universe was static
and eternal, by demonstrating that the galaxies in the heavens are
moving away from the earth at tremendous velocities—that is, the
universe is expanding. This confirmed the results of Einstein's the-
ory of general relativity, in which the architecture of space-time, in-
stead of being flat and linear, is dynamic and curved. This gave the
first plausible explanation of the origin of the universe, that the
universe began with a cataclysmic explosion called the “big bang,”
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which sent the stars and galaxies hurtling outward in space. With
the pioneering work of George Gamow and his colleagues on the big
bang theory and Fred Hoyle on the origin of the elements, a scaf-
folding was emerging giving the broad outlines of the evolution of
the universe.

A third revolution is now under way. It is only about five years
old. It has been ushered in by a battery of new, high-tech instru-
ments, such as space satellites, lasers, gravity wave detectors, X-ray
telescopes, and high-speed supercomputers. We now have the most
authoritative data yet on the nature of the universe, including its
age, its composition, and perhaps even its future and eventual
death.

Astronomers now realize that the universe is expanding in a run-
away mode, accelerating without limit, becoming colder and colder
with time. If this continues, we face the prospect of the “big freeze,”
when the universe is plunged into darkness and cold, and all intel-
ligent life dies out.

This book is about this third great revolution. It differs from my
earlier books on physics, Beyond Einstein and Hyperspace, which helped
to introduce to the public the new concepts of higher dimensions
and superstring theory. In Parallel Worlds, instead of focusing on
space-time, I concentrate on the revolutionary developments in cos-
mology unfolding within the last several years, based on new evi-
dence from the world’s laboratories and the outermost reaches of
space, and new breakthroughs in theoretical physics. It is my inten-
tion that it can be read and grasped without any previous introduc-
tion to physics or cosmology.

In part 1 of the book, I focus on the study of the universe, sum-
marizing the advances made in the early stages of cosmology, culmi-
nating in the theory called “inflation,” which gives us the most
advanced formulation to date of the big bang theory. In part 2, I fo-
cus specifically on the emerging theory of the multiverse—a world
made up of multiple universes, of which ours is but one—and dis-
cuss the possibility of wormholes, space and time warps, and how
higher dimensions might connect them. Superstring theory and
M-theory have given us the first major step beyond Einstein’s origi-
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nal theory; they give further evidence that our universe may be but
one of many. Finally, in part 3, I discuss the big freeze and what sci-
entists now see as the end of our universe. I also give a serious,
though speculative, discussion of how an advanced civilization in
the distant future might use the laws of physics to leave our uni-
verse trillions of years from now and enter another, more hospitable
universe to begin the process of rebirth, or to go back in time when
the universe was warmer.

With the flood of new data we are receiving today, with new tools
such as space satellites which can scan the heavens, with new grav-
ity wave detectors, and with new city-size atom smashers nearing
completion, physicists feel that we are entering what may be the
golden age of cosmology. It is, in short, a great time to be a physicist
and a voyager on this quest to understand our origins and the fate of

the universe.
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CHAPTER ONE

Baby Pictures of the Universe

The poet only asks to get his head into the heavens. It is
the logician who seeks to get the heavens into his head.
And it is his head that splits.

—G. K. Chesterson

WHEN I was a cuiLD, I had a personal conflict over my beliefs. My
parents were raised in the Buddhist tradition. But I attended
Sunday school every week, where I loved hearing the biblical stories
about whales, arks, pillars of salt, ribs, and apples. I was fascinated
by these Old Testament parables, which were my favorite part of
Sunday school. It seemed to me that the parables about great floods,
burning bushes, and parting waters were so much more exciting
than Buddhist chanting and meditation. In fact, these ancient tales
of heroism and tragedy vividly illustrated deep moral and ethical
lessons which have stayed with me all my life.

One day in Sunday school we studied Genesis. To read about God
thundering from the heavens, “Let there be Light!” sounded so much
more dramatic than silently meditating about Nirvana. Out of naive
curiosity, I asked my Sunday school teacher, “Did God have a
mother?” She usually had a snappy answer, as well as a deep moral
lesson to offer. This time, however, she was taken aback. No, she

replied hesitantly, God probably did not have a mother. “But then
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where did God come from?” I asked. She mumbled that she would
have to consult with the minister about that question.

I didn't realize that I had accidentally stumbled on one of the
great questions of theology. I was puzzled, because in Buddhism,
there is no God at all, but a timeless universe with no beginning or
end. Later, when I began to study the great mythologies of the world,
I learned that there were two types of cosmologies in religion, the
first based on a single moment when God created the universe, the
second based on the idea that the universe always was and always
will be.

They couldn’t both be right, I thought.

Later, I began to find that these common themes cut across many
other cultures. In Chinese mythology, for example, in the beginning
there was the cosmic egg. The infant god P’an Ku resided for almost
an eternity inside the egg, which floated on a formless sea of Chaos.
When it finally hatched, P’an Ku grew enormously, over ten feet per
day, so the top half of the eggshell became the sky and the bottom
half the earth. After 18,000 years, he died to give birth to our world:
his blood became the rivers, his eyes the sun and moon, and his voice
the thunder.

In many ways, the P'an Ku myth mirrors a theme found in many
other religions and ancient mythologies, that the universe sprang
into existence creatio ex nihilo (created from nothing). In Greek
mythology, the universe started off in a state of Chaos (in fact, the
word “chaos” comes from the Greek word meaning “abyss”). This fea-
tureless void is often described as an ocean, as in Babylonian and
Japanese mythology. This theme is found in ancient Egyptian
mythology, where the sun god Ra emerged from a floating egg. In
Polynesian mythology, the cosmic egg is replaced by a coconut shell.
The Mayans believed in a variation of this story, in which the uni-
verse is born but eventually dies after five thousand years, only to be
resurrected again and again to repeat the unending cycle of birth
and destruction.

These creatio ex nihilo myths stand in marked contrast to the cos-
mology according to Buddhism and certain forms of Hinduism. In
these mythologies, the universe is timeless, with no beginning or
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end. There are many levels of existence, but the highest is Nirvana,
which is eternal and can be attained only by the purest meditation.
In the Hindu Mahapurang, it is written, “If God created the world,
where was He before Creation? . . . Know that the world is uncre-
ated, as time itself is, without beginning and end.”

These mythologies stand in marked contradiction to each other,
with no apparent resolution between them. They are mutually ex-
clusive: either the universe had a beginning or it didn't. There is, ap-
parently, no middle ground.

Today, however, a resolution seems to be emerging from an en-
tirely new direction—the world of science—as the result of a new
generation of powerful scientific instruments soaring through outer
space. Ancient mythology relied upon the wisdom of storytellers to
expound on the origins of our world. Today, scientists are unleash-
ing a battery of space satellites, lasers, gravity wave detectors, inter-
ferometers, high-speed supercomputers, and the Internet, in the
process revolutionizing our understanding of the universe, and giv-
ing us the most compelling description yet of its creation.

What is gradually emerging from the data is a grand synthesis
of these two opposing mythologies. Perhaps, scientists speculate,
Genesis occurs repeatedly in a timeless ocean of Nirvana. In this
new picture, our universe may be compared to a bubble floating in
a much larger “ocean,” with new bubbles forming all the time.
According to this theory, universes, like bubbles forming in boiling
water, are in continual creation, floating in a much larger arena, the
Nirvana of eleven-dimensional hyperspace. A growing number of
physicists suggest that our universe did indeed spring forth from a
fiery cataclysm, the big bang, but that it also coexists in an eternal
ocean of other universes. If we are right, big bangs are taking place
even as you read this sentence.

Physicists and astronomers around the world are now speculat-
ing about what these parallel worlds may look like, what laws they
may obey, how they are born, and how they may eventually die.
Perhaps these parallel worlds are barren, without the basic ingredi-
ents of life. Or perhaps they look just like our universe, separated by
a single quantum event that made these universes diverge from
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ours. And a few physicists are speculating that perhaps one day, if
life becomes untenable in our present universe as it ages and grows
cold, we may be forced to leave it and escape to another universe.

The engine driving these new theories is the massive flood of data
that is pouring from our space satellites as they photograph rem-
nants of creation itself. Remarkably, scientists are now zeroing in on
what happened a mere 380,000 years after the big bang, when the
“afterglow” of creation first filled the universe. Perhaps the most
compelling picture of this radiation from creation is coming from a
new instrument called the WMAP satellite.

THE WMAP SATELLITE

“Incredible!” “A milestone!” were among the words uttered in
February 2003 by normally reserved astrophysicists as they de-
scribed the precious data harvested from their latest satellite. The
WMAP (Wilkinson microwave anisotropy probe), named after pio-
neering cosmologist David Wilkinson and launched in 2001, has
given scientists, with unprecedented precision, a detailed picture of
the early universe when it was a mere 380,000 years old. The colos-
sal energy left over from the original fireball that gave birth to stars
and galaxies has been circulating around our universe for billions of
years. Today, it has finally been captured on film in exquisite detail
by the WMAP satellite, yielding a map never seen before, a photo of
the sky showing with breathtaking detail the microwave radiation
created by the big bang itself, what has been called the “echo of cre-
ation” by Time magazine. Never again will astronomers look at the
sky in the same way again.

The findings of the WMAP satellite represent “a rite of passage
for cosmology from speculation to precision science,” declared John
Bahcall of the Institute for Advanced Study at Princeton. For the
first time, this deluge of data from this early period in the history of
the universe has allowed cosmologists to answer precisely the most
ancient of all questions, questions that have puzzled and intrigued
humanity since we first gazed at the blazing celestial beauty of the
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night sky. How old is the universe? What is it made of? What is the
fate of the universe?

(In 1992, a previous satellite, the COBE [Cosmic Background
Explorer satellite] gave us the first blurry pictures of this back-
ground radiation filling the sky. Although this result was revo-
lutionary, it was also disappointing because it gave such an
out-of-focus picture of the early universe. This did not prevent the
press from excitedly dubbing this photograph “the face of God.” But
a more accurate description of the blurry pictures from COBE would
be that they represented a “baby picture” of the infant universe. If
the universe today is an eighty-year-old man, the COBE, and later
the WMAP, pictures showed him as a newborn, less than a day old.)

The reason the WMAP satellite can give us unprecedented pic-
tures of the infant universe is that the night sky is like a time ma-
chine. Because light travels at a finite speed, the stars we see at night
are seen as they once were, not as they are today. It takes a little over
a second for light from the Moon to reach Earth, so when we gaze at
the Moon we actually see it as it was a second earlier. It takes about
eight minutes for light to travel from the Sun to Earth. Likewise,
many of the familiar stars we see in the heavens are so distant that
it takes from 10 to 100 years for their light to reach our eyes. (In
other words, they lie 10 to 100 light-years from Earth. A light-year is
roughly 6 trillion miles, or the distance light travels in a year.) Light
from the distant galaxies may be hundreds of millions to billions of
light-years away. As a result, they represent “fossil” light, some emit-
ted even before the rise of the dinosaurs. Some of the farthest objects
we can see with our telescopes are called quasars, huge galactic en-
gines generating unbelievable amounts of power near the edge of the
visible universe, which can lie up to 12 to 13 billion light-years from
Earth. And now, the WMAP satellite has detected radiation emitted
even before that, from the original fireball that created the uni-
verse.

To describe the universe, cosmologists sometimes use the example
of looking down from the top of the Empire State Building, which
soars more than a hundred floors above Manhattan. As you look down
from the top, you can barely see the street level. If the base of the
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Empire State Building represents the big bang, then, looking down
from the top, the distant galaxies would be located on the tenth floor.
The distant quasars seen by Earth telescopes would be on the seventh
floor. The cosmic background measured by the WMAP satellite would
be just half an inch above the street. And now the WMAP satellite has
given us the precise measurement of the age of the universe to an as-
tonishing 1 percent accuracy: 13.7 billion years.

The WMAP mission is the culmination of over a decade of hard
work by astrophysicists. The concept of the WMAP satellite was first
proposed to NASA in 1995 and was approved two years later. On June
30, 2001, NASA sent the WMAP satellite aboard a Delta II rocket into
a solar orbit perched between Earth and the Sun. The destination
was carefully chosen to be the Lagrange point 2 (or L2, a special point
of relative stability near Earth). From this vantage point, the satel-
lite always points away from the Sun, Earth, and Moon and hence
has a totally unobstructed view of the universe. It completely scans
the entire sky every six months.

Its instrumentation is state-of-the-art. With its powerful sensors,
it can detect the faint microwave radiation left over from the big
bang that bathes the universe, but is largely absorbed by our atmo-
sphere. The aluminum-composite satellite measures 3.8 meters by 5
meters (about 11.4 feet by 15 feet) and weighs 840 kilograms (1,850
pounds). It has two back-to-back telescopes that focus the microwave
radiation from the surrounding sky, and eventually it radios the
data back to Earth. It is powered by just 419 watts of electricity (the
power of five ordinary lightbulbs). Sitting a million miles from
Earth, the WMAP satellite is well above Earth’s atmospheric distur-
bances, which can mask the faint microwave background, and it is
able to get continuous readings of the entire sky.

The satellite completed its first observation of the full sky in
April 2002. Six months later, the second full sky observation was
made. Today, the WMAP satellite has given us the most comprehen-
sive, detailed map of this radiation ever produced. The background
microwave radiation the WMAP detected was first predicted by
George Gamow and his group in 1948, who also noted that this radia-
tion has a temperature associated with it. The WMAP measured this
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temperature to be just above absolute zero, or between 2.7249 to
2.7251 degrees Kelvin.

To the unaided eye, the WMAP map of the sky looks rather unin-
teresting; it is just a collection of random dots. However, this collec-
tion of dots has driven some astronomers almost to tears, for they
represent fluctuations or irregularities in the original, fiery cata-
clysm of the big bang shortly after the universe was created. These
tiny fluctuations are like “seeds” that have since expanded enor-
mously as the universe itself exploded outward. Today, these tiny
seeds have blossomed into the galactic clusters and galaxies we see
lighting up the heavens. In other words, our own Milky Way galaxy
and all the galactic clusters we see around us were once one of these
tiny fluctuations. By measuring the distribution of these fluctua-
tions, we see the origin of the galactic clusters, like dots painted on
the cosmic tapestry that hangs over the night sky.

Today, the volume of astronomical data is outpacing scientists’ the-
ories. In fact, I would argue that we are entering a golden age of cos-
mology. (As impressive as the WMAP satellite is, it will likely be

This is a “baby picture” of the universe, as it was when it was only 380,000
years old, taken by the WMAP satellite. Each dot most likely represents a tiny
quantum fluctuation in the afterglow of creation that has expanded to create

the galaxies and galactic clusters we see today.
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dwarfed by the Planck satellite, which the Europeans are launching in
2007; the Planck will give astronomers even more detailed pictures of
this microwave background radiation.) Cosmology today is finally com-
ing of age, emerging from the shadows of science after languishing for
years in a morass of speculation and wild conjecture. Historically, cos-
mologists have suffered from a slightly unsavory reputation. The pas-
sion with which they proposed grandiose theories of the universe was
matched only by the stunning poverty of their data. As Nobel laureate
Lev Landau used to quip, “cosmologists are often in error but never in
doubt.” The sciences have an old adage: “There’s speculation, then
there’s more speculation, and then there’s cosmology.”

As a physics major at Harvard in the late 1960s, I briefly toyed
with the possibility of studying cosmology. Since childhood, I've al-
ways had a fascination with the origin of the universe. However, a
quick glance at the field showed that it was embarrassingly primi-
tive. It was not an experimental science at all, where one can test
hypotheses with precise instruments, but rather a collection of
loose, highly speculative theories. Cosmologists engaged in heated
debates about whether the universe was born in a cosmic explosion
or whether it has always existed in a steady state. But with so little
data, the theories quickly outpaced the data. In fact, the less the
data, the fiercer the debate.

Throughout the history of cosmology, this paucity of reliable data
also led to bitter, long-standing feuds between astronomers, which
often raged for decades. (For example, just before astronomer Allan
Sandage of the Mount Wilson Observatory was supposed to give a
talk about the age of the universe, the previous speaker announced
sarcastically, “What you will hear next is all wrong.” And Sandage,
hearing of how a rival group had generated a great deal of publicity,
would roar, “That’s a bunch of hooey. It's war—it’s war!”)

THE AGE OF THE UNIVERSE

Astronomers have been especially keen to know the age of the uni-
verse. For centuries, scholars, priests, and theologians have tried to
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estimate the age of the universe using the only method at their dis-
posal: the genealogy of humanity since Adam and Eve. In the last
century, geologists have used the residual radiation stored in rocks
to give the best estimate of the age of Earth. In comparison, the
WMAP satellite today has measured the echo of the big bang itself to
give us the most authoritative age of the universe. The WMAP data
reveals that the universe was born in a fiery explosion that took
place 13.7 billion years ago.

(Over the years, one of the most embarrassing facts plaguing cos-
mology has been that the age of the universe was often computed to
be younger than the age of the planets and stars, due to faulty data.
Previous estimates for the age of the universe were as low as 1 to 2
billion years, which contradicted the age of Earth [4.5 billion years]
and the oldest stars [12 billion years]. These contradictions have now
been eliminated.)

The WMAP has added a new, bizarre twist to the debate over what
the universe is made of, a question that the Greeks asked over two
thousand years ago. For the past century, scientists believed that
they knew the answer to this question. After thousands of painstak-
ing experiments, scientists had concluded that the universe was ba-
sically made of about a hundred different types of atoms, arranged in
an orderly periodic chart, beginning with elemental hydrogen. This
forms the basis of modern chemistry and is, in fact, taught in every
high school science class. The WMAP has now demolished that belief.

Confirming previous experiments, the WMAP satellite showed
that the visible matter we see around us (including the mountains,
planets, stars, and galaxies) makes up a paltry 4 percent of the total
matter and energy content of the universe. (Of that 4 percent, most
of it is in the form of hydrogen and helium, and probably only 0.03
percent takes the form of the heavy elements.) Most of the universe
is actually made of mysterious, invisible material of totally unknown
origin. The familiar elements that make up our world constitute only
0.03 percent of the universe. In some sense, science is being thrown
back centuries into the past, before the rise of the atomic hypothesis,
as physicists grapple with the fact that the universe is dominated by
entirely new, unknown forms of matter and energy.
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According to the WMAP, 23 percent of the universe is made of a
strange, undetermined substance called dark matter, which has
weight, surrounds the galaxies in a gigantic halo, but is totally in-
visible. Dark matter is so pervasive and abundant that, in our own
Milky Way galaxy, it outweighs all the stars by a factor of 10.
Although invisible, this strange dark matter can be observed indi-
rectly by scientists because it bends starlight, just like glass, and
hence can be located by the amount of optical distortion it creates.

Referring to the strange results obtained from the WMAP satel-
lite, Princeton astronomer John Bahcall said, “We live in an implau-
sible, crazy universe, but one whose defining characteristics we now
know.”

But perhaps the greatest surprise from the WMAP data, data that
sent the scientific community reeling, was that 73 percent of the uni-
verse, by far the largest amount, is made of a totally unknown form of
energy called dark energy, or the invisible energy hidden in the vac-
uum of space. Introduced by Einstein himself in 1917 and then later
discarded (he called it his “greatest blunder”), dark energy, or the en-
ergy of nothing or empty space, is now re-emerging as the driving
force in the entire universe. This dark energy is now believed to cre-
ate a new antigravity field which is driving the galaxies apart. The ul-
timate fate of the universe itself will be determined by dark energy.

No one at the present time has any understanding of where this
“energy of nothing” comes from. “Frankly, we just don’t understand
it. We know what its effects are [but] we're completely clueless . . .
everybody's clueless about it,” admits Craig Hogan, an astronomer at
the University of Washington at Seattle.

If we take the latest theory of subatomic particles and try to com-
pute the value of this dark energy, we find a number that is off by
10'2° (that’s the number 1 followed by 120 zeros). This discrepancy be-
tween theory and experiment is far and away the largest gap ever
found in the history of science. It is one of our greatest embarrass-
ments—our best theory cannot calculate the value of the largest
source of energy in the entire universe. Surely, there is a shelf full
of Nobel Prizes waiting for the enterprising individuals who can un-
ravel the mystery of dark matter and dark energy.
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INFLATION

Astronomers are still trying to wade through this avalanche of data
from the WMAP. As it sweeps away older conceptions of the uni-
verse, a new cosmological picture is emerging. “We have laid the cor-
nerstone of a unified coherent theory of the cosmos,” declares
Charles L. Bennett, who led an international team that helped to
build and analyze the WMAP satellite. So far, the leading theory is
the “inflationary universe theory,” a major refinement of the big
bang theory, first proposed by physicist Alan Guth of MIT. In the in-
flationary scenario, in the first trillionth of a trillionth of a second,
a mysterious antigravity force caused the universe to expand much
faster than originally thought. The inflationary period was unimag-
inably explosive, with the universe expanding much faster than the
speed of light. (This does not violate Einstein’s dictum that nothing
can travel faster than light, because it is empty space that is ex-
panding. For material objects, the light barrier cannot be broken.)
Within a fraction of a second, the universe expanded by an unimag-
inable factor of 105°.

To visualize the power of this inflationary period, imagine a bal-
loon that is being rapidly inflated, with the galaxies painted on the
surface. The universe that we see populated by the stars and galaxies
all lies on the surface of this balloon, rather than in the interior. Now
draw a microscopic circle on the balloon. This tiny circle represents
the visible universe, everything we can see with our telescopes. (By
comparison, if the entire visible universe were as small as a subatomic
particle, then the actual universe would be much larger than the vis-
ible universe that we see around us.) In other words, the inflationary
expansion was so intense that there are whole regions of the universe
beyond our visible universe that will forever be beyond our reach.

The inflation was so enormous, in fact, that the balloon seems
flat in our vicinity, a fact that has been experimentally verified by
the WMAP satellite. In the same way that the earth appears flat to
us because we are so small compared to the radius of Earth, the uni-

verse appears flat only because it is curved on a much larger scale.
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By assuming that the early universe underwent this process of in-
flation, one can almost effortlessly explain many of the puzzles con-
cerning the universe, such as why it appears to be flat and uniform.
Commenting on the inflation theory, physicist Joel Primack has said,
“No theory as beautiful as this has ever been wrong before.”

THE MULTIVERSE

The inflationary universe, although it is consistent with the data
from the WMAP satellite, still does not answer the question: what
caused inflation? What set off this antigravity force that inflated the
universe? There are over fifty proposals explaining what turned on
inflation and what eventually terminated it, creating the universe
we see around us. But there is no universal consensus. Most physi-
cists rally around the core idea of a rapid inflationary period, but
there is no definitive proposal to answer what the engine behind in-
flation is.

Because no one knows precisely how inflation started, there is
always the possibility that the same mechanism can take place
again—that inflationary explosions can happen repeatedly. This is
the idea proposed by Russian physicist Andrei Linde of Stanford
University—that whatever mechanism caused part of the universe
to suddenly inflate is still at work, perhaps randomly causing other
distant regions of the universe to inflate as well.

According to this theory, a tiny patch of a universe may suddenly
inflate and “bud,” sprouting a “daughter” universe or “baby” uni-
verse, which may in turn bud another baby universe, with this bud-
ding process continuing forever. Imagine blowing soap bubbles into
the air. If we blow hard enough, we see that some of the soap bubbles
split in half and generate new soap bubbles. In the same way, uni-
verses may be continually giving birth to new universes. In this sce-
nario, big bangs have been happening continually. If true, we may
live in a sea of such universes, like a bubble floating in an ocean of
other bubbles. In fact, a better word than “universe” would be “mul-

. ”n " ”
tiverse or megaverse.
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Linde calls this theory eternal, self-reproducing inflation, or
“chaotic inflation,” because he envisions a never-ending process of
continual inflation of parallel universes. “Inflation pretty much
forces the idea of multiple universes upon us,” declares Alan Guth,
who first proposed the inflation theory.

This theory also means that our universe may, at some time, bud
a baby universe of its own. Perhaps our own universe may have got-
ten its start by budding off from a more ancient, earlier universe.

As the Astronomer Royal of Great Britain, Sir Martin Rees, has
said, “What’s conventionally called ‘the universe’ could be just one
member of an ensemble. Countless other ways may exist in which
the laws are different. The universe in which we've emerged belongs
to the unusual subset that permits complexity and consciousness to
develop.”

All this research activity on the subject of the multiverse has
given rise to speculation about what these other universes may look
like, whether they harbor life, and even whether it’s possible to
eventually make contact with them. Calculations have been made by

Theoretical evidence is mounting to support the existence of the multiverse, in
which entire universes continually sprout or “bud” off other universes. If true,
it would unify two of the great religious mythologies, Genesis and Nirvana.
Genesis would take place continually within the fabric of timeless Nirvana.
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scientists at Cal Tech, MIT, Princeton, and other centers of learning
to determine whether entering a parallel universe is consistent with

the laws of physics.

M-THEORY AND THE ELEVENTH DIMENSION

The very idea of parallel universes was once viewed with suspicion
by scientists as being the province of mystics, charlatans, and
cranks. Any scientist daring to work on parallel universes was sub-
ject to ridicule and was jeopardizing his or her career, since even to-
day there is no experimental evidence proving their existence.

But recently, the tide has turned dramatically, with the finest
minds on the planet working furiously on the subject. The reason for
this sudden change is the arrival of a new theory, string theory, and
its latest version, M-theory, which promise not only to unravel the
nature of the multiverse but also to allow us to “read the Mind of
God,” as Einstein once eloquently put it. If proved correct, it would
represent the crowning achievement of the last two thousand years
of research in physics, ever since the Greeks first began the search
for a single coherent and comprehensive theory of the universe.

The number of papers published in string theory and M-theory is
staggering, amounting to tens of thousands. Hundreds of interna-
tional conferences have been held on the subject. Every single major
university in the world either has a group working on string theory
or is desperately trying to learn it. Although the theory is not
testable with our feeble present-day instruments, it has sparked
enormous interest among physicists, mathematicians, and even ex-
perimentalists who hope to test the periphery of the theory in the
future with powerful gravity wave detectors in outer space and huge
atom smashers.

Ultimately, this theory may answer the question that has dogged
cosmologists ever since the big bang theory was first proposed: what
happened before the big bang?

This requires us to bring to bear the full force of our physical
knowledge, of every physical discovery accumulated over the cen-
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turies. In other words, we need a “theory of everything,” a theory of
every physical force that drives the universe. Einstein spent the last
thirty years of his life chasing after this theory, but he ultimately
failed.

At present, the leading (and only) theory that can explain the di-
versity of forces we see guiding the universe is string theory or, in
its latest incarnation, M-theory. (M stands for “membrane” but can

”n ou

also mean “mystery,” “magic,” even “mother.” Although string the-
ory and M-theory are essentially identical, M-theory is a more mys-
terious and more sophisticated framework which unifies various
string theories.)

Ever since the Greeks, philosophers have speculated that the ul-
timate building blocks of matter might be made of tiny particles
called atoms. Today, with our powerful atom smashers and particle
accelerators, we can break apart the atom itself into electrons and
nuclei, which in turn can be broken into even smaller subatomic
particles. But instead of finding an elegant and simple framework,
it was distressing to find that there were hundreds of subatomic par-
ticles streaming from our accelerators, with strange names like neu-
trinos, quarks, mesons, leptons, hadrons, gluons, W-bosons, and so
forth. It is hard to believe that nature, at its most fundamental
level, could create a confusing jungle of bizarre subatomic particles.

String theory and M-theory are based on the simple and elegant
idea that the bewildering variety of subatomic particles making up
the universe are similar to the notes that one can play on a violin
string, or on a membrane such as a drum head. (These are no or-
dinary strings and membranes; they exist in ten- and eleven-
dimensional hyperspace.)

Traditionally, physicists viewed electrons as being point parti-
cles, which were infinitesimally small. This meant physicists had to
introduce a different point particle for each of the hundreds of sub-
atomic particles they found, which was very confusing. But accord-
ing to string theory, if we had a supermicroscope that could peer into
the heart of an electron, we would see that it was not a point parti-
cle at all but a tiny vibrating string. It only appeared to be a point
particle because our instruments were too crude.
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This tiny string, in turn, vibrates at different frequencies and
resonances. If we were to pluck this vibrating string, it would
change mode and become another subatomic particle, such as a
quark. Pluck it again, and it turns into a neutrino. In this way, we
can explain the blizzard of subatomic particles as nothing but dif-
ferent musical notes of the string. We can now replace the hundreds
of subatomic particles seen in the laboratory with a single object, the
string.

In this new vocabulary, the laws of physics, carefully constructed
after thousands of years of experimentation, are nothing but the
laws of harmony one can write down for strings and membranes.
The laws of chemistry are the melodies that one can play on these
strings. The universe is a symphony of strings. And the “Mind of
God,” which Einstein wrote eloquently about, is cosmic music res-
onating throughout hyperspace. (Which raises another question: If
the universe is a symphony of strings, then is there a composer? I ad-
dress this question in chapter 12.)

MUSICAL ANALDGY STRING COUNTERPART

Musical notation Mathematics

Violin strings Superstrings

Notes Subatomic particles

Laws of harmony Physics

Melodies Chemistry

Universe Symphony of strings

“Mind of God” Music resonating through
hyperspace

Composer ?

THE END OF THE UNIVERSE

The WMAP not only gives the most accurate glimpse of the early uni-
verse, it also gives the most detailed picture of how our universe will
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die. Just as the mysterious antigravity force pushed the galaxies
apart at the beginning of time, this same antigravity force is now
pushing the universe to its final fate. Previously, astronomers
thought that the expansion of the universe was gradually winding
down. Now, we realize that the universe is actually accelerating,
with the galaxies hurtling away from us at increasing speed. The
same dark energy that makes up 73 percent of the matter and energy
in the universe is accelerating the expansion of the universe, push-
ing the galaxies apart at ever increasing speeds. “The universe is be-
having like a driver who slows down approaching a red stoplight and
then hits the accelerator when the light turns green,” says Adam
Riess of the Space Telescope Institute.

Unless something happens to reverse this expansion, within 150
billion years our Milky Way galaxy will become quite lonely, with
99.99999 percent of all the nearby galaxies speeding past the edge of
the visible universe. The familiar galaxies in the night sky will be
rushing so fast away from us that their light will never reach us. The
galaxies themselves will not disappear, but they will be too far for
our telescopes to observe them anymore. Although the visible uni-
verse contains approximately 1oo billion galaxies, in 150 billion
years only a few thousand galaxies in the local supercluster of galax-
ies will be visible. Even further in time, only our local group, con-
sisting of about thirty-six galaxies, will comprise the entire visible
universe, with billions of galaxies drifting past the edge of the hori-
zon. (This is because the gravity within the local group is sufficient
to overcome this expansion. Ironically, as the distant galaxies slip
away from view, any astronomer living in this dark era may fail to
detect an expansion in the universe at all, since the local group of
galaxies itself does not expand internally. In the far future, as-
tronomers analyzing the night sky for the first time might not real-
ize that there is any expansion and conclude that the universe is
static and consists of only thirty-six galaxies.)

If this antigravity force continues, the universe will ultimately
die in a big freeze. All intelligent life in the universe will eventually
freeze in an agonizing death, as the temperature of deep space
plunges toward absolute zero, where the molecules themselves can



20 Michio Kaku

hardly move. At some point trillions upon trillions of years from
now, the stars will cease to shine, their nuclear fires extinguished as
they exhaust their fuels, forever darkening the night sky. The cosmic
expansion will leave only a cold, dead universe of black dwarf stars,
neutron stars, and black holes. And even further into the future, the
black holes themselves will evaporate their energy away, leaving a
lifeless, cold mist of drifting elementary particles. In such a bleak,
cold universe, intelligent life by any conceivable definition is physi-
cally impossible. The iron laws of thermodynamics forbid the trans-
fer of any information in such a freezing environment, and all life
will necessarily cease.

The first realization that the universe may eventually die in ice
was made in the eighteenth century. Commenting on the depressing
concept that the laws of physics seemingly doom all intelligent life,
Charles Darwin wrote, “Believing as I do that man in the distant fu-
ture will be a far more perfect creature than he now is, it is an in-
tolerable thought that he and all other sentient beings are doomed
to complete annihilation after such long-continued slow progress.”
Unfortunately, the latest data from the WMAP satellite seem to con-

firm Darwin's worst fears.

ESCAPE INTD HYPERSPACE

It is a law of physics that intelligent life within the universe will
necessarily face this ultimate death. But it is also a law of evolution
that when the environment changes, life must either leave, adapt,
or die. Because it is impossible to adapt to a universe that is freezing
to death, the only options are to die—or to leave the universe itself.
When facing the ultimate death of the universe, is it possible that
civilizations trillions of years ahead of us will assemble the neces-
sary technology to leave our universe in a dimensional “lifeboat”
and drift toward another, much younger and hotter universe? Or
will they use their superior technology to build a “time warp” and
travel back into their own past, when temperatures were much

warmer?
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Some physicists have proposed a number of plausible, although
extremely speculative schemes, using the most advanced physics
available, to provide the most realistic look at dimensional portals or
gateways to another universe. The blackboards of physics laborato-
ries around the world are full of abstract equations, as physicists
compute whether or not one might use “exotic energy” and black
holes to find a passageway to another universe. Can an advanced civ-
ilization, perhaps millions to billions of years ahead of ours in tech-
nology, exploit the known laws of physics to enter other universes?

Cosmologist Stephen Hawking of Cambridge University once
quipped, “Wormbholes, if they exist, would be ideal for rapid space
travel. You might go through a wormhole to the other side of the
galaxy and be back in time for dinner.”

And if wormholes and dimensional portals are simply too small
to permit the final exodus from the universe, then there is another
final option: to reduce the total information content of an advanced,
intelligent civilization to the molecular level and inject this through
the gateway, where it will then self-assemble on the other side. In
this way, an entire civilization may inject its seed through a dimen-
sional gateway and reestablish itself, in its full glory. Hyperspace,
instead of being a plaything for theoretical physicists, could poten-
tially become the ultimate salvation for intelligent life in a dying
universe.

But to fully understand the implications of this event, we must
first understand how cosmologists and physicists have painstakingly
arrived at these astounding conclusions. In the course of Parallel
Worlds, we review the history of cosmology, stressing the paradoxes
that have infested the field for centuries, culminating in the theory
of inflation, which, while consistent with all the experimental data,

forces us to entertain the concept of multiple universes.



CHAPTER TWD

The Paradoxical Universe

Had I been present at the creation, I would have given
some useful hints for the better ordering of the universe.

—Alphonse the Wise

Damn the solar system. Bad light; planets too distant;
pestered with comets; feeble contrivance; could make a
better [universe] myself.

—Lord Jeffrey

N THE pLAY As You Like It, Shakespeare wrote the immortal

words

All the world’s a stage,
And all the men and women merely players.

They have their exits and their entrances.

During the Middle Ages, the world was indeed a stage, but it was a
small, static one, consisting of a tiny, flat Earth around which the
heavenly bodies moved mysteriously in their perfect celestial orbs.
Comets were seen as omens foretelling the death of kings. When the
great comet of 1066 sailed over England, it terrified the Saxon sol-
diers of King Harold, who quickly lost to the advancing, victorious
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troops of William the Conqueror, setting the stage for the formation
of modern England.

That same comet sailed over England once again in 1682, again in-
stilling awe and fear throughout Europe. Everyone, it seemed, from
peasants to kings, was mesmerized by this unexpected celestial visi-
tor which swept across the heavens. Where did the comet come
from? Where was it going, and what did it mean?

One wealthy gentleman, Edmund Halley, an amateur astronomer,
was so intrigued by the comet that he sought out the opinions of one
of the greatest scientists of the day, Isaac Newton. When he asked
Newton what force might possibly control the motion of the comet,
Newton calmly replied that the comet was moving in an ellipse as a
consequence of an inverse square force law (that is, the force on the
comet diminished with the square of its distance from the sun). In
fact, said Newton, he had been tracking the comet with a telescope
that he had invented (the reflecting telescope used today by as-
tronomers around the world) and its path was following his law of
gravitation that he had developed twenty years earlier.

Halley was shocked beyond belief. “How do you know?” de-
manded Halley. “Why, I have calculated it,” replied Newton. Never
in his wildest dreams did Halley expect to hear that the secret of
the celestial bodies, which had mystified humanity since the first
humans gazed at the heavens, could be explained by a new law of
gravity.

Staggered by the significance of this monumental breakthrough,
Halley generously offered to pay for the publication of this new the-
ory. In 1687, with Halley’s encouragement and funding, Newton
published his epic work Philosophiae Naturalis Principia Mathematica
(Mathematical Principles of Natural Philosophy). It has been hailed as one
of the most important works ever published. In a single stroke, sci-
entists who were ignorant of the larger laws of the solar system were
suddenly able to predict, with pinpoint precision, the motion of
heavenly bodies.

So great was the impact of Principia in the salons and courts of
Europe that the poet Alexander Pope wrote:
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Nature and nature’s laws lay hid in the night,

God said, Let Newton Be! and all was light.

(Halley realized that if the comet’s orbit was an ellipse, one
might be able to calculate when it might sail over London again.
Searching old records, he found that the comets of 1531, 1607, and
1682 were indeed the same comet. The comet that was so pivotal to
the creation of modern England in 1066 was seen by people through-
out recorded history, including Julius Caesar. Halley predicted that
the comet would return in 1758, long after Newton and Halley had
passed away. When the comet did indeed return on Christmas Day
that year, on schedule, it was christened Halley’s comet.)

Newton had discovered the universal law of gravity twenty years
earlier, when the black plague shut down Cambridge University and
he was forced to retreat to his country estate at Woolsthorpe. He
fondly recalled that while walking around his estate, he saw an ap-
ple fall. Then he asked himself a question that would eventually
change the course of human history: if an apple falls, does the moon
also fall? In a brilliant stroke of genius, Newton realized that apples,
the moon, and the planets all obeyed the same law of gravitation,
that they were all falling under an inverse square law. When
Newton found that the mathematics of the seventeenth century
were too primitive to solve this force law, he invented a new branch
of mathematics, the calculus, to determine the motion of falling ap-
ples and moons.

In Principia, Newton had also written down the laws of mechan-
ics, the laws of motion that determine the trajectories of all terres-
trial and celestial bodies. These laws laid the basis for designing
machines, harnessing steam power, and creating locomotives, which
in turn helped pave the way for the Industrial Revolution and mod-
ern civilization. Today, every skyscraper, every bridge, and every
rocket is constructed using Newton's laws of motion.

Newton not only gave us the eternal laws of motion; he also over-
turned our worldview, giving us a radically new picture of the uni-

verse in which the mysterious laws governing celestial bodies were
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identical to the laws governing Earth. The stage of life was no longer
surrounded by terrifying celestial omens; the same laws that applied

to the actors also applied to the set.

BENTLEY'S PARADDX

Because Principia was such an ambitious work, it raised the first dis-
turbing paradoxes about the construction of the universe. If the
world is a stage, then how big is it? Is it infinite or finite? This is an
age-old question; even the Roman philosopher Lucretius was fasci-
nated by it. “The Universe is not bounded in any direction,” he
wrote. “If it were, it would necessarily have a limit somewhere. But
clearly a thing cannot have a limit unless there is something outside
to limit it . . . In all dimensions alike, on this side or that, upward
or downward throughout the universe, there is no end.”

But Newton's theory also revealed the paradoxes inherent in any
theory of a finite or infinite universe. The simplest questions lead to
a morass of contradictions. Even as Newton was basking in the fame
brought to him by the publication of Principia, he discovered that his
theory of gravity was necessarily riddled with paradoxes. In 1692, a
clergyman, Rev. Richard Bentley, wrote a disarmingly simple but dis-
tressing letter to Newton. Since gravity was always attractive and
never repulsive, wrote Bentley, this meant that any collection of
stars would naturally collapse into themselves. If the universe was
finite, then the night sky, instead of being eternal and static, should
be a scene of incredible carnage, as stars plowed into each other and
coalesced into a fiery superstar. But Bentley also pointed out that if
the universe were infinite, then the force on any object, tugging it to
the left or right, would also be infinite, and therefore the stars
should be ripped to shreds in fiery cataclysms.

At first, it seemed as if Bentley had Newton checkmated. Either
the universe was finite (and it collapsed into a fireball), or it was in-
finite (in which case all the stars would be blown apart). Either pos-
sibility was a disaster for the young theory being proposed by
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Newton. This problem, for the first time in history, revealed the sub-
tle but inherent paradoxes that riddle any theory of gravity when
applied to the entire universe.

After careful thought, Newton wrote back that he found a loop-
hole in the argument. He preferred an infinite universe, but one
that was totally uniform. Thus, if a star is tugged to the right by an
infinite number of stars, this is canceled exactly by an equal tug of
another infinite sequence of stars in the other direction. All forces
are balanced in each direction, creating a static universe. Thus, if
gravity is always attractive, the only solution to Bentley’s paradox is
to have a uniform, infinite universe.

Newton had indeed found a loophole in Bentley’s argument.
But Newton was clever enough to realize the weakness of his own
response. He admitted in a letter that his solution, although techni-
cally correct, was inherently unstable. Newton's uniform but infi-
nite universe was like a house of cards: seemingly stable, but liable
to collapse at the slightest disturbance. One could calculate that if
even a single star is jiggled by a tiny amount, it would set off a chain
reaction, and star clusters would immediately begin to collapse.
Newton's feeble response was to appeal to “a divine power” that pre-
vented his house of cards from collapsing. “A continual miracle is
needed to prevent the Sun and the fixt stars from rushing together
through gravity,” he wrote.

To Newton, the universe was like a gigantic clock wound up at the
beginning of time by God which has been ticking away ever since, ac-
cording to his three laws of motion, without Divine interference.
But at times, even God himself had to intervene and tweak the uni-
verse a bit, to keep it from collapsing. (In other words, occasionally
God has to intervene to prevent the sets on the stage of life from col-
lapsing on top of the actors.)

OLBERS" PARADOX

In addition to Bentley's paradox, there was an even deeper paradox
inherent in any infinite universe. Olbers’ paradox begins by asking
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why the night sky is black. Astronomers as early as Johannes Kepler
realized that if the universe were uniform and infinite, then wher-
ever you looked, you would see the light from an infinite number of
stars. Gazing at any point in the night sky, our line of sight will
eventually cross an uncountable number of stars and thus receive an
infinite amount of starlight. Thus, the night sky should be on fire!
The fact that the night sky is black, not white, has been a subtle but
profound cosmic paradox for centuries.

Olbers’ paradox, like Bentley's paradox, is deceptively simple but
has bedeviled many generations of philosophers and astronomers.
Both Bentley’s and Olbers’ paradoxes depend on the observation
that, in an infinite universe, gravitational forces and light beams
can add to give infinite, meaningless results. Over the centuries,
scores of incorrect answers have been proposed. Kepler was so dis-
turbed by this paradox that he simply postulated that the universe
was finite, enclosed within a shell, and hence only a finite amount
of starlight could ever reach our eyes.

The confusion over this paradox is so great that a 1987 study
showed that fully 70 percent of astronomy textbooks gave the incor-
rect answer.

At first, one might try to solve Olbers’ paradox by stating that
starlight is absorbed by dust clouds. This was the answer given by
Heinrich Wilhelm Olbers himself in 1823 when he first clearly stated
the paradox. Olbers wrote, “How fortunate that the Earth does not
receive starlight from every point of the celestial vault! Yet, with
such unimaginable brightness and heat, amounting to go,000 times
more than what we now experience, the Almighty could easily have
designed organisms capable of adapting to such extreme conditions.”
In order that the earth not be bathed “against a background as bril-
liant as the Sun’s disk,” Olbers suggested that dust clouds must ab-
sorb the intense heat to make life on earth possible. For example, the
fiery center of our own Milky Way galaxy, which should by rights
dominate the night sky, is actually hidden behind dust clouds. If we
look in the direction of the constellation Sagittarius, where the cen-
ter of the Milky Way is located, we see not a blazing ball of fire but
a patch of darkness.
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But dust clouds cannot genuinely explain Olbers’ paradox. Over
an infinite period of time, the dust clouds will absorb sunlight from
an infinite number of stars and eventually will glow like the surface
of a star. Thus, even the dust clouds should be blazing in the night
sky.

Similarly, one might suppose that the farther a star is, the fainter
it is. This is true, but this also cannot be the answer. If we look at a
portion of the night sky, the very distant stars are indeed faint, but
there are also more stars the farther you look. These two effects
would exactly cancel in a uniform universe, leaving the night sky
white. (This is because the intensity of starlight decreases as the
square of the distance, which is canceled by the fact that the num-
ber of stars goes up as the square of the distance.)

0ddly enough, the first person in history to solve the paradox was
the American mystery writer Edgar Allan Poe, who had a long-term
interest in astronomy. Just before he died, he published many of his
observations in a rambling, philosophical poem called Eureka: A Prose

Poem. In a remarkable passage, he wrote:

Were the succession of stars endless, then the background of the sky
would present us an uniform luminosity, like that displayed by the
Galaxy—since there could be absolutely no point, in all that background, at
which would not exist a star. The only mode, therefore, in which, under
such a state of affairs, we could comprehend the voids which our tele-
scopes find in innumerable directions, would be by supposing that the
distance of the invisible background [is] so immense that no ray from

it has yet been able to reach us at all.

He concluded by noting that the idea “is by far too beautiful not to
possess Truth as its essentiality.”

This is the key to the correct answer. The universe is not infi-
nitely old. There was a Genesis. There is a finite cutoff to the light
that reaches our eye. Light from the most distant stars has not yet
had time to reach us. Cosmologist Edward Harrison, who was the
first to discover that Poe had solved Olbers’ paradox, has written,
“When I first read Poe’s words I was astounded: How could a poet, at
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best an amateur scientist, have perceived the right explanation 140
years ago when in our colleges the wrong explanation . . . is still be-
ing taught?”

In 1901, Scottish physicist Lord Kelvin also discovered the correct
answer. He realized that when you look at the night sky, you are
looking at it as it was in the past, not as it is now, because the speed
of light, although enormous by earth standards (186,282 miles per
second), is still finite, and it takes time for light to reach Earth from
the distant stars. Kelvin calculated that for the night sky to be
white, the universe would have to extend hundreds of trillions of
light-years. But because the universe is not trillions of years old, the
sky is necessarily black. (There is also a second, contributing reason
why the night sky is black, and that is the finite lifespan of the stars,
which is measured in billions of years.)

Recently, it has become possible to experimentally verify the cor-
rectness of Poe’s solution, using satellites like the Hubble space tele-
scope. These powerful telescopes, in turn, allow us to answer a
question even children ask: Where is the farthest star? And what lies
beyond the farthest star? To answer these questions, astronomers
programmed the Hubble space telescope to perform a historic task: to
take a snapshot of the farthest point in the universe. To capture ex-
tremely faint emissions from the deepest corners of space, the tele-
scope had to perform an unprecedented task: to aim at precisely the
same point in the sky near the constellation Orion for a total of sev-
eral hundred hours, which required the telescope to be aligned per-
fectly for four hundred orbits of Earth. The project was so difficult
that it had to be spread out over four months.

In 2004, a stunning photograph was released which made front-
page headlines around the world. It showed a collection of ten thou-
sand infant galaxies as they condensed out of the chaos of the big
bang itself. “We might have seen the end of the beginning,” declared
Anton Koekemoer of the Space Telescope Science Institute. The pho-
tograph showed a jumble of faint galaxies over 13 billion light-years
from Earth—that is, it took over 13 billion years for their light to
reach Earth. Since the universe itself is only 13.7 billion years old,
this means these galaxies were formed roughly half a billion years
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after creation, when the first stars and galaxies were condensing out
of the “soup” of gases left over from the big bang. “Hubble takes us
to within a stone’s throw of the big bang itself,” said astronomer
Massimo Stivavelli of the Institute.

But this raises the question: What lies beyond the farthest galax-
ies? When peering at this remarkable photograph, what is quite ap-
parent is that there is only blackness between these galaxies. This
blackness is what causes the night sky to be black. It is the ultimate
cutoff for light from the distant stars. However, this blackness in
turn is actually the background microwave radiation. So the final
answer to the question of why the night sky is black is that the night
sky is not really black at all. (If our eyes could somehow see mi-
crowave radiation, and not just visible light, we would see radiation
from the big bang itself flooding the night sky. In some sense, radia-
tion from the big bang comes out every night. If we had eyes able to
see microwaves, we could see that beyond the farthest star lies cre-
ation itself.)

EINSTEIN THE REBEL

Newton's laws were so successful that it took over two hundred years
for science to take the next fateful step, with the work of Albert
Einstein. Einstein started his career as a most unlikely candidate for
such a revolutionary. After he graduated with a bachelor’s degree
from the Polytechnic Institute in Zurich, Switzerland, in 1900, he
found himself hopelessly unemployable. His career was sabotaged by
his professors, who disliked this impudent, cocky student who often
cut classes. His pleading, depressing letters show the depths to
which he descended. He considered himself to be a failure and a
painful financial burden on his parents. In one poignant letter, he
confessed that he even considered ending his life: “The misfortune
of my poor parents, who for so many years have not had a happy mo-
ment, weighs most heavily on me . . . I am nothing but a burden to
my relatives . . . It would surely be better if I did not live at all,” he
wrote dejectedly.
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In desperation, he thought of switching careers and joining an
insurance company. He even took a job tutoring children but got into
an argument with his employer and was fired. When his girlfriend,
Mileva Maric, unexpectedly became pregnant, he realized sadly that
their child would be born illegitimate because he did not have the re-
sources to marry her. (No one knows what eventually happened to
his illegitimate daughter, Lieseral.) And the deep, personal shock he
felt when his father suddenly died left an emotional scar from
which he never fully recovered. His father died thinking his son was
a failure.

Although 1901-02 was perhaps the worst period in Einstein'’s life,
what saved his career from oblivion was the recommendation of a
classmate, Marcel Grossman, who was able to pull some strings and
secure a job for him as a lowly clerk at the Swiss Patent Office in

Bern.

PARADOXES OF RELATIVITY

On the surface, the Patent Office was an unlikely place from which
to launch the greatest revolution in physics since Newton. But it had
its advantages. After quickly disposing of the patent applications pil-
ing up on his desk, Einstein would sit back and return to a dream he
had when he was a child. In his youth, Einstein had read a book,
Aaron Bernstein's People’s Book on Natural Science, “a work which I read
with breathless attention,” he recalled. Bernstein asked the reader
to imagine riding alongside electricity as it raced down a telegraph
wire. When he was sixteen, Einstein asked himself a similar ques-
tion: what would a light beam look like if you could catch up to it?
Einstein would recall, “Such a principle resulted from a paradox
upon which I had already hit at the age of sixteen: If I pursue a beam
of light with the velocity ¢ (velocity of light in a vacuum), I should
observe such a beam of light as a spatially oscillatory electromag-
netic field at rest. However, there seems to be no such thing,
whether on the basis of experience or according to Maxwell’s equa-
tions.” As a child, Einstein thought that if you could race alongside
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a light beam, it should appear frozen, like a motionless wave.
However, no one had ever seen frozen light, so something was terri-
bly wrong.

At the turn of the century, there were two great pillars of physics
upon which everything rested: Newton's theory of mechanics and
gravity, and Maxwell’s theory of light. In the 1860s, Scottish physi-
cist James Clerk Maxwell had shown that light consists of vibrating
electric and magnetic fields constantly changing into each other.
What Einstein discovered, much to his shock, was that these two pil-
lars were in contradiction to each other, and that one of them had to
fall.

Within Maxwell’s equations, he found the solution to the puzzle
that had haunted him for ten years. Einstein found something that
Maxwell himself had missed: Maxwell’s equations showed that light
traveled at a constant velocity, no matter how fast you tried to catch
up to it. The speed of light c was the same in all inertial frames (that
is, frames traveling at constant velocity). Whether you were stand-
ing still, riding on a train, or sitting on a speeding comet, you would
see a light beam racing ahead of you at the same speed. No matter
how fast you moved, you could never outrace light.

This immediately led to a thicket of paradoxes. Imagine, for the
moment, an astronaut trying to catch up to a speeding light beam.
The astronaut blasts off in his rocket ship until he is racing neck-
and-neck with the light beam. A bystander on Earth witnessing this
hypothetical chase would claim that the astronaut and the light
beam were moving side by side to each other. However, the astronaut
would say something completely different, that the light beam sped
away from him, just as if his rocket ship were at rest.

The question confronting Einstein was: how can two people have
such different interpretations of the same event? In Newton's the-
ory, one could always catch up to a light beam; in Einstein’s world,
this was impossible. There was, he suddenly realized, a fundamental
flaw in the very foundation of physics. In the spring of 1905,
Einstein recalled, “a storm broke out in my mind.” In one stroke, he
finally found the solution: time beats at different rates, depending on how
fast you move. In fact, the faster you move, the slower time progresses.
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Time is not an absolute, as Newton once thought. According to
Newton, time beat uniformly throughout the universe, so that the
passage of one second on Earth was identical to one second on
Jupiter or Mars. Clocks beat in absolute synchronization throughout
the universe. To Einstein, however, different clocks beat at different
rates throughout the universe.

If time could change depending on your velocity, Einstein real-
ized, then other quantities, such as length, matter, and energy,
should also change. He found that the faster you moved, the more
distances contracted (which is sometimes called the Lorentz-
FitzGerald contraction). Similarly, the faster you moved, the heavier
you became. (In fact, as you approached the speed of light, time
would slow down to a stop, distances would contract to nothing, and
your mass would become infinite, which are all absurd. This is the
reason why you cannot break the light barrier, which is the ultimate
speed limit in the universe.)

This strange distortion of space-time led one poet to write:

There was a young fellow named Fisk
Whose fencing was exceedingly brisk.
So fast was his action,

The FitzGerald contraction

Reduced his rapier to a disk.

In the same way that Newton's breakthrough unified Earth-
bound physics with heavenly physics, Einstein unified space with
time. But he also showed that matter and energy are unified and
hence can change into each other. If an object becomes heavier the
faster it moves, then it means that the energy of motion is being
transformed into matter. The reverse is also true—matter can be
converted into energy. Einstein computed how much energy would
be converted into matter, and he came up with the formula E = mc?,
that is, even a tiny amount of matter m is multiplied by a huge num-
ber (the square of the speed of light) when it turns into energy E.
Thus, the secret energy source of the stars themselves was revealed
to be the conversion of matter into energy via this equation, which
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lights up the universe. The secret of the stars could be derived from
the simple statement that the speed of light is the same in all iner-
tial frames.

Like Newton before him, Einstein changed our view of the stage
of life. In Newton's world, all the actors knew precisely what time it
was and how distances were measured. The beating of time and the
dimensions of the stage never changed. But relativity gave us a
bizarre way of understanding space and time. In Einstein’s universe,
all the actors have wristwatches that read different times. This
means that it is impossible to synchronize all the watches on the
stage. Setting rehearsal time for noon means different things to dif-
ferent actors. In fact, strange things happen when actors race across
the stage. The faster they move, the slower their watches beat and
the heavier and flatter their bodies become.

It would take years before Einstein’s insight would be recognized
by the larger scientific community. But Einstein did not stand still;
he wanted to apply his new theory of relativity to gravity itself. He
realized how difficult this would be; he would be tampering with the
most successful theory of his time. Max Planck, founder of the quan-
tum theory, warned him, “As an older friend, I must advise you
against it for in the first place you will not succeed, and even if you
succeed, no one will believe you.”

Einstein realized that his new theory of relativity violated the
Newtonian theory of gravity. According to Newton, gravity traveled
instantaneously throughout the universe. But this raised a question
that even children sometimes ask: “What happens if the Sun disap-
pears?” To Newton, the entire universe would witness the disap-
pearance of the Sun instantly, at the same time. But according to
special relativity, this is impossible, since the disappearance of a star
was limited by the speed of light. According to relativity, the sudden
disappearance of the Sun should set off a spherical shock wave of
gravity that spreads outward at the speed of light. Outside the shock
wave, observers would say that the Sun is still shining, since gravity
has not had time to reach them. But inside the wave, an observer
would say that the Sun has disappeared. To resolve this problem,
Einstein introduced an entirely different picture of space and time.
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FORCE AS THE BENDING OF SPACE

Newton embraced space and time as a vast, empty arena in which
events could occur, according to his laws of motion. The stage was
full of wonder and mystery, but it was essentially inert and motion-
less, a passive witness to the dance of nature. Einstein, however,
turned this idea upside down. To Einstein, the stage itself would be-
come an important part of life. In Einstein’s universe, space and
time were not a static arena as Newton had assumed, but were dy-
namic, bending and curving in strange ways. Assume the stage of
life is replaced by a trampoline net, such that the actors gently sink
under their own weight. On such an arena, we see that the stage be-
comes just as important as the actors themselves.

Think of a bowling ball placed on a bed, gently sinking into the
mattress. Now shoot a marble along the warped surface of the mat-
tress. It will travel in a curved path, orbiting around the bowling
ball. A Newtonian, witnessing the marble circling the bowling ball
from a distance, might conclude that there was a mysterious force
that the bowling ball exerted on the marble. A Newtonian might say
that the bowling ball exerted an instantaneous pull which forced the
marble toward the center.

To a relativist, who can watch the motion of the marble on the
bed from close up, it is obvious that there is no force at all. There is
just the bending of the bed, which forces the marble to move in a
curved line. To the relativist, there is no pull, there is only a push,
exerted by the curved bed on the marble. Replace the marble with
Earth, the bowling ball with the Sun, and the bed with empty space-
time, and we see that Earth moves around the Sun not because of the
pull of gravity but because the Sun warps the space around Earth,
creating a push that forces Earth to move in a circle.

Einstein was thus led to believe that gravity was more like a fab-
ric than an invisible force that acted instantaneously throughout
the universe. If one rapidly shakes this fabric, waves are formed
which travel along the surface at a definite speed. This resolves the
paradox of the disappearing sun. If gravity is a by-product of the
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bending of the fabric of space-time itself, then the disappearance of
the Sun can be compared to suddenly lifting the bowling ball from
the bed. As the bed bounces back to its original shape, waves are sent
down the bed sheet traveling at a definite speed. Thus, by reducing
gravity to the bending of space and time, Einstein was able to recon-
cile gravity and relativity.

Imagine an ant trying to walk across a crumpled sheet of paper.
He will walk like a drunken sailor, swaying to the left and right, as
he tries to walk across the wrinkled terrain. The ant would protest
that he is not drunk, but that a mysterious force is tugging on him,
yanking him to the left and to the right. To the ant, empty space is
full of mysterious forces that prevent him from walking in a straight
path. Looking at the ant from a close distance, however, we see that
there is no force at all pulling him. He is being pushed by the folds
in the crumpled sheet of paper. The forces acting on the ant are an
illusion caused by the bending of space itself. The “pull” of the force
is actually the “push” created when he walks over a fold in the pa-
per. In other words, gravity does not pull; space pushes.

By 1915, Einstein was finally able to complete what he called the
general theory of relativity, which has since become the architecture
upon which all of cosmology is based. In this startling new picture,
gravity was not an independent force filling the universe but the ap-
parent effect of the bending of the fabric of space-time. His theory
was so powerful that he could summarize it in an equation about an
inch long. In this brilliant new theory, the amount of bending of
space and time was determined by the amount of matter and energy
it contained. Think of throwing a rock into a pond, which creates a
series of ripples emanating from the impact. The larger the rock, the
more the warping of the surface of the pond. Similarly, the larger
the star, the more the bending of space-time surrounding the star.

THE BIRTH OF COSMOLOGY

Einstein tried to use this picture to describe the universe as a whole.
Unknown to him, he would have to face Bentley's paradox, formu-
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lated centuries earlier. In the 1920s, most astronomers believed that
the universe was uniform and static. So Einstein started by assum-
ing that the universe was filled uniformly with dust and stars. In
one model, the universe could be compared to a large balloon or bub-
ble. We live on the skin of the bubble. The stars and galaxies that we
see surrounding us can be compared to dots painted on the surface
of the balloon.

To his surprise, whenever he tried to solve his equations, he
found that the universe became dynamic. Einstein faced the same
problem identified by Bentley over two hundred years earlier. Since
gravity is always attractive, never repulsive, a finite collection of
stars should collapse into a fiery cataclysm. This, however, contra-
dicted the prevailing wisdom of the early twentieth century, which
stated that the universe was static and uniform.

As revolutionary as Einstein was, he could not believe that the
universe could be in motion. Like Newton and legions of others,
Einstein believed in a static universe. So in 1917, Einstein was forced
to introduce a new term into his equations, a “fudge factor” that pro-
duced a new force into his theory, an “antigravity” force that pushed
the stars apart. Einstein called this the “cosmological constant,” an
ugly duckling that seemed like an afterthought to Einstein’s theory.
Einstein then arbitrarily chose this antigravity to cancel precisely
the attraction of gravity, creating a static universe. In other words,
the universe became static by fiat: the inward contraction of the uni-
verse due to gravity was canceled by the outward force of dark en-
ergy. (For seventy years, this antigravity force was considered to be
something of an orphan, until the discoveries of the last few years.)

In 1917, the Dutch physicist Willem de Sitter produced another so-
lution to Einstein’s theory, one in which the universe was infinite
but was completely devoid of any matter; in fact, it consisted only of
energy contained in the vacuum, the cosmological constant. This
pure antigravity force was sufficient to drive a rapid, exponential
expansion of the universe. Even without matter, this dark energy
could create an expanding universe.

Physicists were now faced with a dilemma. Einstein’s universe

had matter, but no motion. De Sitter’s universe had motion, but no
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matter. In Einstein’s universe, the cosmological constant was neces-
sary to neutralize the attraction of gravity and create a static uni-
verse. In de Sitter’s universe, the cosmological constant alone was
sufficient to create an expanding universe.

Finally, in 1919, when Europe was trying to dig its way out of the
rubble and carnage of World War I, teams of astronomers were sent
around the world to test Einstein’s new theory. Einstein had earlier

proposed that the curvature of space-time by the Sun would be suf-
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In 1919, two groups confirmed Einstein’s prediction that light from a distant
star would bend when passing by the Sun. Thus, the position of the star would
appear to move from its normal position in the presence of the Sun. This is be-
cause the Sun has warped the space-time surrounding it. Thus, gravity does not

“pull.” Rather, space “pushes.”
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ficient to bend starlight that is passing in its vicinity. Starlight
should bend around the Sun in a precise, calculable way, similar to
the way glass bends light. But since the brilliance of Sun's light
masks any stars during the day, scientists would have to wait for an
eclipse of the Sun to make the decisive experiment.

A group led by British astrophysicist Arthur Eddington sailed to
the island of Principe in the Gulf of Guinea off the coast of West
Africa to record the bending of starlight around the Sun during the
next solar eclipse. Another team, led by Andrew Crommelin, set sail
to Sobral in northern Brazil. The data they gathered indicated an av-
erage deviation of starlight to be 1.79 arc seconds, which confirmed
Einstein's prediction of 1.74 arc seconds (to within experimental er-
ror). In other words, light did bend near the Sun. Eddington later
claimed that verifying Einstein’s theory was the greatest moment in
his life.

On November 6, 1919, at a joint meeting of the Royal Society and
the Royal Astronomical Society in London, Nobel laureate and Royal
Society president J. J. Thompson said solemnly that this was “one of
the greatest achievements in the history of human thought. It is not
the discovery of an outlying island but of a whole continent of new
scientific ideas. It is the greatest discovery in connection with grav-
itation since Newton enunciated his principles.”

(According to legend, Eddington was later asked by a reporter,
“There’s a rumor that only three people in the entire world under-
stand Einstein’s theory. You must be one of them.” Eddington stood
in silence, so the reporter said, “Don’t be modest, Eddington.”
Eddington shrugged, and said, “Not at all. I was wondering who the
third might be.”)

The next day, the London Times splashed the headline: “Revolution
in Science—New Theory of the Universe—Newton's Ideas Over-
thrown.” The headline marked the moment when Einstein became a
world-renowned figure, a messenger from the stars.

So great was this announcement, and so radical was Einstein’s
departure from Newton, that it also caused a backlash, as dis-
tinguished physicists and astronomers denounced the theory. At
Columbia University, Charles Lane Poor, a professor of celestial me-
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chanics, led the criticism of relativity, saying, “I feel as if I had been
wandering with Alice in Wonderland and had tea with the Mad
Hatter.”

The reason that relativity violates our common sense is not that
relativity is wrong, but that our common sense does not represent
reality. We are the oddballs of the universe. We inhabit an unusual
piece of real estate, where temperatures, densities, and velocities
are quite mild. However, in the “real universe,” temperatures can be
blisteringly hot in the center of stars, or numbingly cold in outer
space, and subatomic particles zipping through space regularly
travel near light-speed. In other words, our common sense evolved
in a highly unusual, obscure part of the universe, Earth; it is not sur-
prising that our common sense fails to grasp the true universe. The
problem lies not in relativity but in assuming that our common

sense represents reality.

THE FUTURE OF THE UNIVERSE

Although Einstein's theory was successful in explaining astronomi-
cal phenomena such as the bending of starlight around the Sun and
the slight wobbling of the orbit of the planet Mercury, its cosmolog-
ical predictions were still confusing. Matters were greatly clarified
by the Russian physicist Aleksandr Friedmann, who found the most
general and realistic solutions of Einstein’s equations. Even today,
they are taught in every graduate course in general relativity. (He
discovered them in 1922, but he died in 1925, and his work was largely
forgotten until years later.)

Normally, Einstein’s theory consists of a series of extraordinarily
difficult equations which often require a computer to solve. However,
Friedmann assumed that the universe was dynamic and then made
two simplifying assumptions (called the cosmological principle):
that the universe is isotropic (it looks the same no matter where we
look from a given point), and that the universe is homogeneous (it is
uniform no matter where you go in the universe).

Under these two simplifying assumptions, we find that these
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equations collapse. (In fact, both Einstein’s and de Sitter’s solutions
were special cases of Friedmann's more general solution.) Remark-

ably, his solutions depend on just three parameters:

1. H, which determines the rate of expansion of the universe.
(Today, this is called Hubble's constant, named after the as-
tronomer who actually measured the expansion of the universe.)

2. Omega, which measures the average density of matter in the uni-
verse.

3. Lambda, the energy associated with empty space, or dark energy.

Many cosmologists have spent their entire professional careers
trying to nail down the precise value of these three numbers. The
subtle interplay between these three constants determines the fu-
ture evolution of the entire universe. For example, since gravity at-
tracts, the density of the universe Omega acts as a kind of brake, to
slow the expansion of the universe, reversing some of the effects of
the big bang's rate of expansion. Think of throwing a rock into the
air. Normally, gravity is strong enough to reverse the direction of
the rock, which then tumbles back to Earth. However, if one throws
the rock fast enough, then it can escape Earth’s gravity and soar into
outer space forever. Like a rock, the universe originally expanded be-
cause of the big bang, but matter, or Omega, acts as a brake on the ex-
pansion of the universe, in the same way that Earth’s gravity acts as
a brake on the rock.

For the moment, let’s assume that Lambda, the energy associated
with empty space, equals zero. Let Omega be the density of the uni-
verse divided by the critical density. (The critical density of the uni-
verse is approximately 10 hydrogen atoms per cubic meter. To
appreciate how empty the universe is, the critical density of the
universe corresponds to finding a single hydrogen atom within the
volume of three basketballs, on average.)

If Omega is less than 1, scientists conclude that there is not
enough matter in the universe to reverse the original expansion
from the big bang. (Like throwing the rock in the air, if Earth’s mass
is not great enough, the rock will eventually leave Earth.) As a re-
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sult, the universe will expand forever, eventually plunging the uni-
verse into a big freeze until temperatures approach absolute zero.
(This is the principle behind a refrigerator or air conditioner. When
gas expands, it cools down. In your air conditioner, for example, gas
circulating in a pipe expands, cooling the pipe and your room.)

If Omega is greater than 1, then there is sufficient matter and
gravity in the universe to ultimately reverse the cosmic expansion.
As a result, the expansion of the universe will come to a halt, and
the universe will begin to contract. (Like the rock thrown in the air,
if Earth’s mass is great enough, the rock will eventually reach a max-
imum height and then come tumbling back to Earth.) Temperatures
will begin to soar, as the stars and galaxies rush toward each other.
(Anyone who has ever inflated a bicycle tire knows that the com-
pression of gas creates heat. The mechanical work of pumping air is
converted into heat energy. In the same way, the compression of the
universe converts gravitational energy into heat energy.) Eventually,

temperatures would become so hot that all life would be extinguished,
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The evolution of the universe has three possible histories. If Omega is less than
1 (and Lambda is o), the universe will expand forever into the big freeze. If
Omega is greater than 1, the universe will recollapse into the big crunch. If
Omega is equal to 1, then the universe is flat and will expand forever. (The
WMAP satellite data shows that Omega plus Lambda is equal to 1, meaning that
the universe is flat. This is consistent with the inflationary theory.)
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If the Omega is less than 1 (and Lambda is o), then the universe is open and its
curvature is negative, as in a saddle. Parallel lines never meet, and the interior

angles of triangles sum to less than 180 degrees.

as the universe heads toward a fiery “big crunch.” (Astronomer Ken
Croswell labels this process “from Creation to Cremation.”)

A third possibility is that Omega is perched precisely at 1; in other
words, the density of the universe equals the critical density, in
which case the universe hovers between the two extremes but will
still expand forever. (This scenario, we will see, is favored by the in-
flationary picture.)

And last, there is the possibility that the universe, in the after-
math of a big crunch, can reemerge into a new big bang. This theory
is referred to as the oscillating universe.

Friedmann showed that each of these scenarios, in turn, deter-
mines the curvature of space-time. If Omega is less than 1 and the
universe expands forever, Friedmann showed that not only is time
infinite, but space is infinite as well. The universe is said to be
“open,” that is, infinite in both space and time. When Friedmann
computed the curvature of this universe, he found it to be negative.
(This is like the surface of a saddle or a trumpet. If a bug lived on the
surface of this surface, it would find that parallel lines never meet,
and the interior angles of a triangle sum up to less than 180 degrees.)

If Omega is larger than 1, then the universe will eventually con-
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If Omega is greater than 1, then the universe is closed and its curvature is pos-
itive, like in a sphere. Parallel lines always meet, and the angles of a triangle

sum to greater than 180 degrees.

tract into a big crunch. Time and space are finite. Friedmann found
that the curvature of this universe is positive (like a sphere). Finally,
if Omega equals 1, then space is flat and both time and space are un-
bounded.

Not only did Friedmann provide the first comprehensive ap-
proach to Einstein’s cosmological equations, he also gave the most
realistic conjecture about Doomsday, the ultimate fate of the uni-
verse—whether it will perish in a big freeze, fry in a big crunch, or
oscillate forever. The answer depends upon the crucial parameters:
the density of the universe and the energy of the vacuum.

But Friedmann'’s picture left a gaping hole. If the universe is ex-
panding, then it means that it might have had a beginning. Einstein’s
theory said nothing about the instant of this beginning. What was
missing was the moment of creation, the big bang. And three scien-
tists would eventually give us a most compelling picture of the big

bang.



CHAPTER THREE
The Big Bang

The universe is not only queerer than we suppose, it is
queerer than we can suppose.

—J. B. S. Haldane

What we humans are looking for in a creation story is a
way of experiencing the world that will open to us the
transcendent, that informs us and at the same time
forms ourselves within it. That is what people want. This
is what the soul asks for.

—Joseph Campbell

THE cover orf Time magazine on March 6, 1995, showing the great
spiral galaxy Mroo, claimed “Cosmology is in chaos.” Cosmology
was being thrown into turmoil because the latest data from the
Hubble space telescope seemed to indicate that the universe was
younger than its oldest star, a scientific impossibility. The data indi-
cated that the universe was between 8 billion and 12 billion years
old, while some believed the oldest star to be as much as 14 billion
years old. “You can’t be older than your ma,” quipped Christopher
Impey of the University of Arizona.

But once you read the fine print, you realized that the theory of
the big bang is quite healthy. The evidence disproving the big bang

theory was based on a single galaxy, M1oo, which is a dubious way of
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conducting science. The loopholes were, as the article acknowledged,
“big enough to drive the Starship Enterprise through.” Based on the
Hubble space telescope’s rough data, the age of the universe could
not be calculated to better than 10 to 20 percent accuracy.

My point is that the big bang theory is not based on speculation
but on hundreds of data points taken from several different sources,
each of which converge to support a single, self-consistent theory.
(In science, not all theories are created equal. While anyone is free
to propose their own version of the creation of the universe, it
should be required that it explain the hundreds of data points we
have collected that are consistent with the big bang theory.)

The three great “proofs” of the big bang theory are based on the
work of three larger-than-life scientists who dominated their re-
spective fields: Edwin Hubble, George Gamow, and Fred Hoyle.

EDWIN HUBBLE, PATRICIAN ASTRONOMER

While the theoretical foundation of cosmology was laid by Einstein,
modern observational cosmology was almost single-handedly created
by Edwin Hubble, who was perhaps the most important astronomer
of the twentieth century.

Born in 1889 in the backwoods of Marshfield, Missouri, Hubble
was a modest country boy with high ambitions. His father, a lawyer
and insurance agent, urged him to pursue a career in law. Hubble,
however, was enthralled by the books of Jules Verne and enchanted
by the stars. He devoured science fiction classics like Twenty Thousand
Leagues Under the Sea and From the Earth to the Moon. He was also an ac-
complished boxer; promoters wanted him to turn professional and
fight the world heavyweight champion, Jack Johnson.

He won a prestigious Rhodes scholarship to study law at Oxford,
where he began to adopt the mannerisms of British upper-crust so-
ciety. (He started wearing tweed suits, smoking a pipe, adopting a
distinguished British accent, and speaking of his dueling scars,
which were rumored to be self-inflicted.)

Hubble, however, was unhappy. What really motivated him was
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not torts and lawsuits; his romance was with the stars, one that had
started when he was a child. He bravely switched careers and headed
for the University of Chicago and the observatory at Mount Wilson,
California, which then housed the largest telescope on Earth, with a
100-inch mirror. Starting so late in his career, Hubble was a man in
a hurry. To make up for lost time, he rapidly set out to answer some
of the deepest, most enduring mysteries in astronomy.

In the 1920s, the universe was a comfortable place; it was widely
believed that the entire universe consisted of just the Milky Way
galaxy, the hazy swath of light that cuts across the night sky resem-
bling spilt milk. (The word “galaxy,” in fact, comes from the Greek
word for milk.) In 1920, the “Great Debate” took place between as-
tronomers Harlow Shapley of Harvard and Heber Curtis of Lick
Observatory. Entitled “The Scale of the Universe,” it concerned the
size of the Milky Way galaxy and the universe itself. Shapley took
the position that the Milky Way made up the entire visible universe.
Curtis believed that beyond the Milky Way lay the “spiral nebulae,”
strange but beautiful wisps of swirling haze. (As early as the 1700s,
the philosopher Immanuel Kant had speculated that these nebulae
were “island universes.”)

Hubble was intrigued by the debate. The key problem was that de-
termining the distance to the stars is (and still remains) one of the
most fiendishly difficult tasks in astronomy. A bright star that is
very distant can look identical to a dim star that is close by. This con-
fusion was the source of many great feuds and controversies in as-
tronomy. Hubble needed a “standard candle,” an object that emits
the same amount of light anywhere in the universe, to resolve the
problem. (A large part, in fact, of the effort in cosmology to this day
consists of attempting to find and calibrate such standard candles.
Many of the great debates in astronomy center around how reliable
these standard candles really are.) If one had a standard candle that
burned uniformly with the same intensity throughout the universe,
then a star that was four times dimmer than normal would simply
be twice as far from Earth.

One night, when analyzing a photograph of the spiral nebula
Andromeda, Hubble had a eureka moment. What he found within
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Andromeda was a type of variable star (called a Cepheid) which had
been studied by Henrietta Leavitt. It was known that this star regu-
larly grew and dimmed with time, and the time for one complete cy-
cle was correlated with its brightness. The brighter the star, the
longer its cycle of pulsation. Thus, by simply measuring the length
of this cycle, one could calibrate its brightness and hence determine
its distance. Hubble found that it had a period of 31.4 days, which,
much to his surprise, translated to a distance of a million light-
years, far outside the Milky Way galaxy. (The Milky Way's luminous
disk is only 100,000 light-years across. Later calculations would show
that Hubble in fact underestimated the true distance to Andromeda,
which is closer to 2 million light-years away.)

When he performed the same experiment on other spiral nebu-
lae, Hubble found that they too were well outside the Milky Way
galaxy. In other words, it was clear to him that these spiral nebulae
were entire island universes in their own right—that the Milky Way
galaxy was just one galaxy in a firmament of galaxies.

In one stroke, the size of the universe became vastly larger. From
a single galaxy, the universe was suddenly populated with millions,
perhaps billions, of sister galaxies. From a universe just 100,000
light-years across, the universe suddenly was perhaps billions of
light-years across.

That discovery alone would have guaranteed Hubble a place in
the pantheon of astronomers. But he topped even that discovery. Not
only was he determined to find the distance to the galaxies, he

wanted to calculate how fast they moved, as well.

DOPPLER EFFECT AND THE EXPANDING UNIVERSE

Hubble knew that the simplest way of calculating the speed of dis-
tant objects is to analyze the change in sound or light they emit, oth-
erwise known as the Doppler effect. Cars make this sound as they
pass us on the highway. Police use the Doppler effect to calculate
your speed; they flash a laser beam onto your car, which reflects back
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to the police car. By analyzing the shift in frequency of the laser
light, the police can calculate your velocity.

If a star, for example, is moving toward you, the light waves it
emits are squeezed like an accordion. As a result, its wavelength gets
shorter. A yellow star will appear slightly bluish (because the color
blue has a shorter wavelength than yellow). Similarly, if a star is
moving away from you, its light waves are stretched, giving it a
longer wavelength, so that a yellow star appears slightly reddish.
The greater the distortion, the greater the velocity of the star. Thus,
if we know the shift in frequency of starlight, we can determine the
star’s speed.

In 1912, astronomer Vesto Slipher had found that the galaxies
were moving away from Earth at great velocity. Not only was the
universe much larger than previously expected, it was also expand-
ing and at great speed. Outside of small fluctuations, he found that
the galaxies exhibited a redshift, caused by galaxies moving away
from us, rather than a blue one. Slipher’s discovery showed that the
universe was indeed dynamic and not static, as Newton and Einstein
had assumed.

In all the centuries that scientists had studied the paradoxes of
Bentley and Olbers, no one had seriously considered the possibility
that the universe was expanding. In 1928, Hubble made a fateful trip
to Holland to meet with Willem de Sitter. What intrigued Hubble was
de Sitter’s prediction that the farther away a galaxy is, the faster it
should be moving. Think of an expanding balloon with galaxies
marked on its surface. As the balloon expands, the galaxies that are
close to each other move apart relatively slowly. The closer they are
to each other, the slower they move apart. But galaxies that are far-
ther apart on the balloon move apart much faster.

De Sitter urged Hubble to look for this effect in his data, which
could be verified by analyzing the redshift of the galaxies. The
greater the redshift of a galaxy, the faster it was moving away, and
hence the farther it should be. (According to Einstein’s theory, the
redshift of a galaxy was not, technically speaking, caused by the
galaxy speeding away from Earth; instead, it was caused by the ex-
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pansion of space itself between the galaxy and Earth. The origin of
the redshift is that light emanating from a distant galaxy is
stretched or lengthened by the expansion of space, and hence it ap-
pears reddened.)

HUBBLE'S LAW

When Hubble went back to California, he heeded de Sitter's advice
and looked for evidence of this effect. By analyzing twenty-four
galaxies, he found that the farther the galaxy was, the faster it was
moving away from Earth, just as Einstein’s equations had predicted.
The ratio between the two (speed divided by distance) was roughly a
constant. It quickly became known as Hubble's constant, or H. It is
perhaps the single most important constant in all of cosmology, be-
cause Hubble's constant tells you the rate at which the universe is
expanding.

If the universe is expanding, scientists pondered, then perhaps it
had a beginning, as well. The inverse of the Hubble constant, in fact,
gives a rough calculation of the age of the universe. Imagine a video-
tape of an explosion. In the videotape, we see the debris leaving the
site of the explosion and can calculate the velocity of expansion. But
this also means that we can run the videotape backward, until all
the debris collects into a single point. Since we know the velocity of
expansion, we can roughly work backward and calculate the time at
which the explosion took place.

(Hubble's original estimate put the age of the universe at about
1.8 billion years, which gave generations of cosmologists headaches
because that was younger than the reputed age of Earth and the
stars. Years later, astronomers realized that errors in measuring the
light from the Cepheid variables in Andromeda had given an incor-
rect value of Hubble's constant. In fact, the “Hubble wars” concern-
ing the precise value of the Hubble constant have raged for the past
seventy years. The most definitive figure today comes from the
WMAP satellite.)

In 1931, on Einstein's triumphant visit to the Mount Wilson
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Observatory, he first met Hubble. Realizing that the universe was in-
deed expanding, he called the cosmological constant his “biggest
blunder.” (However, even a blunder by Einstein is enough to shake
the foundations of cosmology, as we will see in discussing the WMAP
satellite data in later chapters.) When Einstein’s wife was shown
around the mammoth observatory, she was told that the gigantic
telescope was determining the ultimate shape of the universe. Mrs.
Einstein replied nonchalantly, “My husband does that on the back of

an old envelope.”

THE BIG BANG

A Belgian priest, Georges Lemaitre, who learned of Einstein’s theory,
was fascinated by the idea that the theory logically led to a universe
that was expanding and therefore had a beginning. Because gases
heat up as they are compressed, he realized that the universe at the
beginning of time must have been fantastically hot. In 1927, he
stated that the universe must have started out as a “superatom” of
incredible temperature and density, which suddenly exploded out-
ward, giving rise to Hubble's expanding universe. He wrote, “The
evolution of the world can be compared to a display of fireworks that
has just ended: some few red wisps, ashes and smoke. Standing on a
well-chilled cinder, we see the slow fading of the suns, and we try to
recall the vanished brilliance of the origin of worlds.”

(The first person to propose this idea of a “superatom” at the be-
ginning of time was, once again, Edgar Allan Poe. He argued that
matter attracts other forms of matter, therefore at the beginning of
time there must have been a cosmic concentration of atoms.)

Lemaitre would attend physics conferences and pester other sci-
entists with his idea. They would listen to him with good humor and
then quietly dismiss his idea. Arthur Eddington, one of the leading
physicists of his time, said, “As a scientist, I simply do not believe
that the present order of things started off with a bang . . . The no-
tion of an abrupt beginning to this present order of Nature is repug-
nant to me.”
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But, over the years, his persistence gradually wore down the re-
sistance of the physics community. The scientist who would become
the most important spokesman and popularizer of the big bang the-
ory would eventually provide the most convincing proof of the
theory.

GEORGE GAMOW, COSMIC JESTER

While Hubble was the sophisticated patrician of astronomy, his work
was continued by yet another larger-than-life figure, George Gamow.
Gamow was in many respects his opposite: a jester, a cartoonist, fa-
mous for his practical jokes and his twenty books on science, many
of them for young adults. Several generations of physicists (myself
included) were raised on his entertaining and informative books
about physics and cosmology. In a time when relativity and the
quantum theory were revolutionizing science and society, his books
stood alone: they were the only credible books on advanced science
available to teenagers.

While lesser scientists are often barren of ideas, content to
merely grind through mountains of dry data, Gamow was one of the
creative geniuses of his time, a polymath who rapidly spun off ideas
that would change the course of nuclear physics, cosmology, and
even DNA research. It was perhaps no accident that the autobiogra-
phy of James Watson, who with Francis Crick unraveled the secret of
the DNA molecule, was titled Genes, Gamow, and Girls. As his colleague
Edward Teller recalled, “Ninety percent of Gamow’s theories were
wrong, and it was easy to recognize that they were wrong. But he
didn’t mind. He was one of those people who had no particular pride
in any of his inventions. He would throw out his latest idea and then
treat it as a joke.” But the remaining 10 percent of his ideas would go
on to change the entire scientific landscape.

Gamow was born in Odessa, Russia, in 1904, during that country's
early social upheavals. Gamow recalled that “classes were often sus-
pended when Odessa was bombarded by some enemy warship, or
when Greek, French, or British expeditionary forces staged a bayo-
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net attack along the main streets of the city against entrenched,
White, Red, or even green Russian forces, or when Russian forces of
different colors fought one another.”

The turning point in his early life came when he went to church
and secretly took home some communion bread after the service.
Looking through a microscope, he could see no difference between
the communion bread, representing the flesh of Jesus Christ, and or-
dinary bread. He concluded, “I think this was the experiment which
made me a scientist.”

He was educated at the University of Leningrad and studied un-
der physicist Aleksandr Friedmann. Later, at the University of
Copenhagen, he met many of the giants of physics, like Niels Bohr.
(In 1932, he and his wife tried unsuccessfully to defect from the
Soviet Union by sailing on a raft from the Crimean to Turkey. Later,
he succeeded in defecting while attending a physics conference in
Brussels, which earned him a death sentence from the Soviets.)

Gamow was famous for sending limericks to his friends. Most are
unprintable, but one limerick captures the anxieties cosmologists
feel when they face the enormity of astronomical numbers and stare

infinity in the face:

There was a young fellow from Trinity
Who took the square root of infinity
But the number of digits

Gave him the fidgits;

He dropped Math and took up Divinity.

In the 1920s in Russia, Gamow scored his first big success when he
solved the mystery of why radioactive decay was possible. Thanks to
the work of Madame Curie and others, scientists knew that the ura-
nium atom was unstable and emitted radiation in the form of an al-
pha ray (the nucleus of a helium atom). But according to Newtonian
mechanics, the mysterious nuclear force that held the nucleus to-
gether should have been a barrier that prevented this leakage. How
was this possible?

Gamow (and R. W. Gurney and E. U. Condon) realized that ra-
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dioactive decay was possible because in the quantum theory, the un-
certainty principle meant that one never knew precisely the loca-
tion and velocity of a particle; hence there was a small probability
that it might “tunnel” or penetrate right through a barrier. (Today,
this idea of tunneling is central to all of physics and is used to ex-
plain the properties of electronic devices, black holes, and the big
bang. The universe itself might have been created via tunneling.)

By analogy, Gamow envisioned a prisoner sealed in a jail, sur-
rounded by huge prison walls. In a classical Newtonian world, es-
cape is impossible. But in the strange world of the quantum theory,
you don’t know precisely where the prisoner is at any point or his
velocity. If the prisoner bangs against the prison walls often enough,
you can calculate the chances that one day he will pass right through
them, in direct violation of common sense and Newtonian mechan-
ics. There is a finite, calculable probability that he will be found out-
side the gates of the prison walls. For large objects like prisoners,
you would have to wait longer than the lifetime of the universe for
this miraculous event to happen. But for alpha particles and sub-
atomic particles, it happens all the time, because these particles hit
against the walls of the nucleus repeatedly with vast amounts of en-
ergy. Many feel that Gamow should have been given the Nobel Prize
for this vitally important work.

In the 1940s, Gamow’s interests began to shift from relativity to
cosmology, which he viewed as a rich, undiscovered country. All that
was known about the universe at that time was that the sky was
black and that the universe was expanding. Gamow was guided by a
single idea: to find any evidence or “fossils” proving that there was
a big bang billions of years ago. This was frustrating, because cos-
mology is not an experimental science in the true sense of the word.
There are no experiments one can conduct on the big bang.
Cosmology is more like a detective story, an observational science
where you look for “relics” or evidence at the scene of the crime,
rather than an experimental science where you can perform precise

experiments.
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NUCLEAR KITCHEN OF THE UNIVERSE

Gamow'’s next great contribution to science was his discovery of the
nuclear reactions that gave birth to the lightest elements that we see
in the universe. He liked to call it the “prehistoric kitchen of the

?

universe,” where all the elements of the universe were originally
cooked by the intense heat of the big bang. Today, this process is
called “nucleosynthesis,” or calculating the relative abundances of
the elements in the universe. Gamow’s idea was that there was an
unbroken chain, starting with hydrogen, that could be built by sim-
ply adding successively more particles to the hydrogen atom. The en-
tire Mendeleev periodic chart of the chemical elements, he believed,
could be created from the heat of the big bang.

Gamow and his students reasoned that because the universe was
an incredibly hot collection of protons and neutrons at the instant
of creation, then perhaps fusion took place, with hydrogen atoms be-
ing fused together to produce helium atoms. As in a hydrogen bomb
or a star, the temperatures are so hot that the protons of a hydrogen
atom are smashed into each other until they merge, creating helium
nuclei. Subsequent collisions between hydrogen and helium would,
according to this scenario, produce the next set of elements, includ-
ing lithium and beryllium. Gamow assumed that the higher ele-
ments could be sequentially built up by adding more and more
subatomic particles to the nucleus—in other words, that all of the
hundred or so elements that make up the visible universe were
“cooked” in the fiery heat of the original fireball.

In typical fashion, Gamow laid out the broad outlines of this am-
bitious program and let his Ph.D. student Ralph Alpher fill in the de-
tails. When the paper was finished, he couldn’t resist a practical
joke. He put physicist Hans Bethe’s name on the paper without his
permission, and it became the celebrated alpha-beta-gamma paper.

What Gamow had found was that the big bang indeed was hot
enough to create helium, which makes up about 25 percent of the
universe, by mass. Working in reverse, one “proof” of the big bang

can be found by simply looking at many of the stars and galaxies of
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today and realizing that they are made of approximately 75 percent
hydrogen, 25 percent helium, and a few trace elements. (As David
Spergel, an astrophysicist at Princeton, has said, “Every time you
buy a balloon, you are getting atoms [some of which] were made in
the first few minutes of the big bang.”)

However, Gamow also found problems with the calculation. His
theory worked well for the very light elements. But elements with 5
and 8 neutrons and protons are extremely unstable and hence can-
not act as a “bridge” to create elements that have a greater number
of protons and neutrons. The bridge was washed out at 5 and 8 par-
ticles. Since the universe is composed of heavy elements with a great
many more than 5 and 8 neutrons and protons, this left a cosmic
mystery. The failure of Gamow’s program to extend beyond the
5-particle and 8-particle gap remained a stubborn problem for years,
dooming his vision of showing that all the elements of the universe
were created at the moment of the big bang.

MICROWAVE BACKGROUND RADIATION

At the same time, another idea intrigued him: if the big bang was so
incredibly hot, perhaps some of its residual heat is still circulating
around the universe today. If so, it would give a “fossil record” of the
big bang itself. Perhaps the big bang was so colossal that its aftershocks
are still filling up the universe with a uniform haze of radiation.

In 1946, Gamow assumed that the big bang began with a superhot
core of neutrons. This was a reasonable assumption, since very little
was known about subatomic particles other than the electron, pro-
ton, and neutron. If he could estimate the temperature of this ball
of neutrons, he realized he could calculate the amount and nature of
radiation that it emitted. Two years later, Gamow showed that radi-
ation given off by this superhot core would act like “black body ra-
diation.” This is a very specific type of radiation given off by a hot
object; it absorbs all light hitting it, emitting radiation back in a
characteristic way. For example, the Sun, molten lava, hot coals in a
fire, and hot ceramics in an oven all glow yellow-red and emit black
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body radiation. (Black body radiation was first discovered by the
famed maker of porcelain, Thomas Wedgwood, in 1792. He noticed
that when raw materials were baked in his ovens, they changed in
color from red to yellow to white, as he raised the temperature.)

This is important because once one knows the color of a hot ob-
ject, one also knows roughly its temperature, and vice versa; the
precise formula relating the temperature of a hot object and the ra-
diation it emits was first obtained by Max Planck in 19oo, which led
to the birth of the quantum theory. (This is, in fact, one way in
which scientists determine the temperature of the Sun. The Sun ra-
diates mainly yellow light, which in turn corresponds to a black
body temperature of roughly 6,000 K. Thus we know the tempera-
ture of the Sun's outer atmosphere. Similarly, the red giant star
Betelgeuse has a surface temperature of 3,000 K, the black body tem-
perature corresponding to the color red, which is also emitted by a
red-hot piece of coal.)

Gamow's 1948 paper was the first time anyone had suggested that
the radiation of the big bang might have a specific characteristic—
black body radiation. The most important characteristic of black
body radiation is its temperature. Next, Gamow had to compute the
current temperature of black body radiation.

Gamow’s Ph.D. student Ralph Alpher and another student,
Robert Herman, tried to complete Gamow's calculation by comput-
ing its temperature. Gamow wrote, “Extrapolating from the early
days of the universe to the present time, we found that during the
eons which had passed, the universe must have cooled to about 5 de-
grees above the absolute temperature.”

In 1948, Alpher and Herman published a paper giving detailed ar-
guments why the temperature of the afterglow of the big bang today
should be 5 degrees above absolute zero (their estimate was remark-
ably close to what we now know is the correct temperature of 2.7 de-
grees above zero). This radiation, which they identified as beingin the
microwave range, should still be circulating around the universe to-
day, they postulated, filling up the cosmos with a uniform afterglow.

(The reasoning is as follows. For years after the big bang, the tem-
perature of the universe was so hot that anytime an atom formed, it
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would be ripped apart; hence there were many free electrons that
could scatter light. Thus, the universe was opaque, not transparent.
Any light beam moving in this super-hot universe would be absorbed
after traveling a short distance, so the universe looked cloudy. After
380,000 years, however, the temperature dropped to 3,000 degrees.
Below that temperature, atoms were no longer ripped apart by colli-
sions. As a result, stable atoms could form, and light beams could
now travel for light-years without being absorbed. Thus, for the first
time, empty space became transparent. This radiation, which was no
longer instantly absorbed as soon as it was created, is circulating
around the universe today.)

When Alpher and Herman showed Gamow their final calculation
of the temperature of the universe, Gamow was disappointed. The
temperature was so cold that it would be extremely difficult to mea-
sure. It took Gamow a year to finally agree that the details of their
calculation were correct. But he despaired of ever being able to mea-
sure such a faint radiation field. Instruments available in the 1940s
were hopelessly inadequate to measure this faint echo. (In a later
calculation, using an incorrect assumption, Gamow pushed the tem-
perature of the radiation up to 50 degrees.)

They gave a series of talks to publicize their work. But unfortu-
nately, their prophetic result was ignored. Alpher has said, “We ex-
pended a hell of a lot of energy giving talks about the work. Nobody
bit; nobody said it could be measured . . . And so over the period 1948
to 1955, we sort of gave up.”

Undaunted, Gamow, via his books and lectures, became the leading
personality pushing the big bang theory. But he met his match in a
fierce adversary very much his equal. While Gamow could charm his
audience with his impish jokes and witticisms, Fred Hoyle could over-
power audiences with his sheer brilliance and aggressive audacity.

FRED HOYLE, CONTRARIAN

The microwave background radiation gives us the “second proof” of
the big bang. But the man least likely to provide the third great
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proof of the big bang via nucleosynthesis was Fred Hoyle, a man who
ironically spent almost his entire professional life trying to disprove
the big bang theory.

Hoyle was the personification of an academic misfit, a brilliant
contrarian who dared to defy conventional wisdom with his some-
times pugnacious style. While Hubble was the ultimate patrician,
emulating the mannerisms of an Oxford don, and Gamow was the
entertaining jester and polymath who could dazzle audiences with
his quips, limericks, and pranks, Hoyle's style resembled that of a
rough-hewn bulldog; he seemed strangely out of place in the ancient
halls of Cambridge University, the old haunt of Isaac Newton.

Hoyle was born in 1915 in northern England, the son of a textile
merchant, in an area dominated by the wool industry. As a child, he
was excited by science; radio was just coming to the village, and, he
recalled, twenty to thirty people eagerly wired up their homes with
radio receivers. But the turning point in his life came when his par-
ents gave him a telescope for a present.

Hoyle’s combative style started when he was a child. He had mas-
tered the multiplication tables at age three, and then his teacher
asked him to learn Roman numerals. “How could anybody be so daft
as to write VIII for 8?” he recalled scornfully. But when he was told
that the law required him to attend school, he wrote, “I concluded
that, unhappily, I'd been born into a world dominated by a rampag-
ing monster called ‘law’ that was both all-powerful and all-stupid.”

His disdain for authority was also cemented by a run-in with an-
other teacher, who told the class that a particular flower had five
petals. Proving her wrong, he brought the flower with six petals into
class. For that impudent act of insubordination, she whacked him
hard in his left ear. (Hoyle later became deaf in that ear.)

STEADY STATE THEDORY

In the 1940s, Hoyle was not enamored of the big bang theory. One de-
fect in the theory was that Hubble, because of errors in measuring
light from distant galaxies, had miscalculated the age of the universe
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to be 1.8 billion years. Geologists claimed that Earth and the solar
system were probably many billions of years old. How could the uni-
verse be younger than its planets?

With colleagues Thomas Gold and Hermann Bondi, Hoyle set out
to construct a rival to the theory. Legend has it that their theory, the
steady state theory, was inspired by a 1945 ghost movie called Dead of
Night, starring Michael Redgrave. The movie consists of a series of
ghost stories, but in the final scene there is a memorable twist: the
movie ends just as it began. Thus the movie is circular, with no be-
ginning or end. This allegedly inspired the three to propose a theory
of the universe that also had no beginning or end. (Gold later clari-
fied this story. He recalled, “I think we saw that movie several
months before, and after I proposed the steady state, I said to them,
‘Isn’t that a bit like Dead of Night?'”)

In this model, portions of the universe were in fact expanding,
but new matter was constantly being created out of nothing, so that
the density of the universe remained the same. Although he could
give no details of how matter mysteriously emerged out of nowhere,
the theory immediately attracted a band of loyalists who battled the
big bang theorists. To Hoyle, it seemed illogical that a fiery cataclysm
could appear out of nowhere to send the galaxies hurtling in all di-
rections; he preferred the smooth creation of mass out of nothing. In
other words, the universe was timeless. It had no end, nor a begin-
ning. It just was.

(The steady state—big bang controversy was similar to the contro-
versy affecting geology and other sciences. In geology, there was the
enduring debate between uniformitarianism [the belief that Earth
has been shaped by gradual changes in the past] and catastrophism
[which postulated that change took place via violent events].
Although uniformitarianism still explains much of the geologic and
ecological features of Earth, no one can now deny the impact of
comets and asteroids, which have generated mass extinctions, or the

breakup and movements of the continents via tectonic drift.)
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BBC LECTURES

Hoyle never shied away from a good fight. In 1949, both Hoyle and
Gamow were invited by the British Broadcasting Corporation to de-
bate the origin of the universe. During the broadcast, Hoyle made
history when he took a swipe at the rival theory. He said fatefully,
“These theories were based on the hypothesis that all the matter in
the universe was created in one big bang at a particular time in the
remote past.” The name stuck. The rival theory was now officially
christened “the big bang” by its greatest enemy. (He later claimed
that he did not mean it to be derogatory. He confessed, “There is no
way in which I coined the phrase to be derogatory. I coined it to be
striking.”)

(Over the years, proponents of the big bang have tried heroically
to change the name. They are dissatisfied with the common, almost
vulgar connotation of the name and the fact that it was coined by its
greatest adversary. Purists are especially irked that it was also fac-
tually incorrect. First, the big bang was not big (since it originated
from a tiny singularity of some sort much smaller than an atom) and
second, there was no bang (since there is no air in outer space). In
August 1993, Sky and Telescope magazine sponsored a contest to rename
the big bang theory. The contest garnered thirteen thousand entries,
but the judges could not find any that was better than the original.)

What sealed Hoyle's fame to a whole generation was his cele-
brated BBC radio series on science. In the 1950s, the BBC planned to
air lectures on science every Saturday evening. However, when the
original guest canceled, the producers were pressed to find a substi-
tute. They contacted Hoyle, who agreed to come on. Then they
checked his file, where there was a note that said, “DO NOT USE THIS
MAN.”

Fortuitously, they ignored this dire warning from a previous pro-
ducer, and he gave five spell-binding lectures to the world. These
classic BBC broadcasts mesmerized the nation and in part inspired
the next generation of astronomers. Astronomer Wallace Sargent re-
calls the impact that these broadcasts had on him: “When I was fif-
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teen, I heard Fred Hoyle give lectures on the BBC called ‘The Nature
of the Universe.” The idea that you knew what the temperature and
density were at the center of the Sun came as a hell of a shock. At
the age of fifteen, that sort of thing seemed beyond knowledge. It
was not just the amazing numbers, but the fact that you could know
them at all.”

NUCLEDSYNTHESIS IN THE STARS

Hoyle, who disdained idle armchair speculation, set out to test his
steady state theory. He relished the idea that the elements of the
universe were cooked not in the big bang, as Gamow believed, but in
the center of stars. If the hundred or so chemical elements were all
created by the intense heat of the stars, then there would be no need
for a big bang at all.

In a series of seminal papers published in the 1940s and 1950s,
Hoyle and his colleagues laid out in vivid detail how the nuclear re-
actions inside the core of a star, not the big bang, could add more and
more protons and neutrons to the nuclei of hydrogen and helium,
until they could create all the heavier elements, at least up to iron.
(They solved the mystery of how to create elements beyond mass
number 5, which had stumped Gamow. In a stroke of genius, Hoyle
realized that if there were a previously unnoticed unstable form of
carbon, created out of three helium nuclei, it might last just long
enough to act as a “bridge,” allowing for the creation of higher ele-
ments. In the core of stars, this new unstable form of carbon might
last just long enough so that, by successively adding more neutrons
and protons, one could create elements beyond mass number 5 and
8. When this unstable form of carbon was actually found, it bril-
liantly demonstrated that nucleosynthesis could take place in stars,
rather than the big bang. Hoyle even created a large computer pro-
gram that could determine, almost from first principles, the relative
abundances of elements we see in nature.)

But even the intense heat of the stars is not sufficient to “cook”
elements beyond iron, such as copper, nickel, zinc, and uranium. (It
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is extremely difficult to extract energy by fusing elements beyond
iron, for a variety of reasons, including the repulsion of the protons
in the nucleus and the lack of binding energy.) For those heavy ele-
ments, one needs an even larger oven—the explosion of massive
stars, or supernovae. Since trillions of degrees can be attained in the
final death throes of a supergiant star when it violently collapses,
there is enough energy there to “cook” the elements beyond iron.
This means that most of the elements beyond iron were, in fact,
blasted out of the atmospheres of exploding stars, or supernovae.
In 1957, Hoyle, as well as Margaret and Geoffrey Burbidge and
William Fowler, published perhaps the most definitive work detail-
ing the precise steps necessary to build up the elements of the uni-
verse and predict their known abundances. Their arguments were so
precise, powerful, and persuasive that even Gamow had to concede
that Hoyle had given the most compelling picture of nucleosynthe-
sis. Gamow, in typical fashion, even coined the following passage,
written in biblical style. In the beginning, when God was creating

the elements,

In the excitement of counting, He missed calling for mass five and so,
naturally no heavier elements could have been formed. God was very
much disappointed, and wanted first to contract the Universe again,
and to start all over from the beginning. But it would be much too
simple. Thus, being almighty, God decided to correct His mistake in a
most impossible way. And God said, “Let there be Hoyle.” And there
was Hoyle. And God looked at Hoyle . . . And told him to make heavy
elements in any way he pleased. And Hoyle decided to make heavy el-

ements in stars, and to spread them around by supernova explosions.

EVIDENCE AGAINST THE STEADY STATE

Over the decades, however, evidence began to slowly mount against
the steady state universe on a number of fronts. Hoyle found himself
fighting a losing battle. In his theory, since the universe did not
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evolve but was continually creating new matter, the early universe
should look very much like the present-day universe. Galaxies seen
today should look very similar to galaxies billions of years ago. The
steady state theory could then be disproved if there were signs of dra-
matic evolutionary changes during the course of billions of years.

In the 1960s, mysterious sources of immense power were found in
outer space, dubbed “quasars,” or quasi-stellar objects. (The name
was so catchy that a TV set was later named after it.) Quasars gener-
ated enormous amounts of power and had huge redshifts, meaning
that they were billions of light-years away, and they also lit up the
heavens when the universe was very young. (Today, astronomers be-
lieve that these are gigantic young galaxies, driven by the power of
huge black holes.) We do not see evidence of any quasars today,
though according to the steady state theory they should exist. Over
billions of years, they have disappeared.

There was another problem with Hoyle's theory. Scientists real-
ized that there was simply too much helium in the universe to fit the
predictions of the steady state universe. Helium, familiar as the gas
found in children’s balloons and blimps, is actually quite rare on
Earth, but it’s the second most plentiful element in the universe af-
ter hydrogen. It's so rare, in fact, that it was first found in the Sun,
rather than the Earth. (In 1868, scientists analyzed light from the
Sun that was sent through a prism. The deflected sunlight broke up
into the usual rainbow of colors and spectral lines, but the scientists
also detected faint spectral lines caused by a mysterious element
never seen before. They mistakenly thought it was a metal, whose
names usually end in “ium,” like lithium and uranium. They named
this mystery metal after the Greek word for sun, “helios.” Finally in
1895, helium was found on Earth in uranium deposits, and scientists
embarrassingly discovered that it was a gas, not a metal. Thus, he-
lium, first discovered in the Sun, was born as a misnomer.)

If primordial helium was mainly created in the stars, as Hoyle be-
lieved, then it should be quite rare and found near the cores of stars.
But all the astronomical data showed that helium was actually quite
plentiful, making up about 25 percent of the mass of the atoms in the
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universe. It was found to be uniformly distributed around the uni-
verse (as Gamow believed).

Today, we know that both Gamow and Hoyle had pieces of the
truth concerning nucleosynthesis. Gamow originally thought that
all the chemical elements were fallout or ashes of the big bang. But
his theory fell victim to the s-particle and 8-particle gap. Hoyle
thought he could sweep away the big bang theory altogether by
showing that stars “cook” all the elements, without any need to re-
sort to a big bang at all. But his theory failed to account for the huge
abundance of helium we now know exists in the universe.

In essence, Gamow and Hoyle have given us a complementary pic-
ture of nucleosynthesis. The very light elements up to mass 5 and 8
were indeed created by the big bang, as Gamow believed. Today, as
the result of discoveries in physics, we know that the big bang did
produce most of the deuterium, helium-3, helium-4, and lithium-7
we see in nature. But the heavier elements up to iron were mostly
cooked in the cores of the stars, as Hoyle believed. If we add the ele-
ments beyond iron (such as copper, zinc, and gold) that were blasted
out by the blistering heat of a supernova, then we have a complete
picture explaining the relative abundances of all the elements in the
universe. (Any rival theory to modern-day cosmology would have a
formidable task: to explain the relative abundances of the hundred-
odd elements in the universe and their myriad isotopes.)

HOW STARS ARE BORN

One by-product of this intense debate over nucleosynthesis is that it
has given us a rather complete description of the life cycle of stars.
A typical star like our Sun begins its life as a large ball of diffuse hy-
drogen gas called a protostar and gradually contracts under the force
of gravity. As it begins to collapse, it begins to spin rapidly (which of-
ten leads to the formation of a double-star system, where two stars
chase each other in elliptical orbits, or the formation of planets in
the plane of rotation of the star). The core of the star also heats up
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tremendously until it hits approximately 10 million degrees or more,
when the fusion of hydrogen to helium takes place.

After the star ignites, it is called a main sequence star and it may
burn for about 1o billion years, slowly turning its core from hydro-
gen to waste helium. Our Sun is currently midway through this
process. After the era of hydrogen burning ends, the star begins to
burn helium, whereupon it expands enormously to the size of the
orbit of Mars and becomes a “red giant.” After the helium fuel in
the core is exhausted, the outer layers of the star dissipate, leaving
the core itself, a “white dwarf” star about the size of Earth. Smaller
stars like our Sun will die in space as hunks of dead nuclear mate-
rial in white dwarf stars.

But in stars, perhaps ten to forty times the mass of our Sun, the
fusion process proceeds much more rapidly. When the star becomes
a red supergiant, its core rapidly fuses the lighter elements, so it re-
sembles a hybrid star, a white dwarf inside a red giant. In this white
dwarf star, the lighter elements up to iron on the periodic table of el-
ements may be created. When the fusion process reaches the stage
where the element iron is created, no more energy can be extracted
from the fusion process, so the nuclear furnace, after billions of
years, finally shuts down. At this point, the star abruptly collapses,
creating huge pressures that actually push the electrons into the nu-
clei. (The density can exceed 400 billion times the density of water.)
This causes temperatures to soar to trillions of degrees. The gravita-
tional energy compressed into this tiny object explodes outward into
a supernova. The intense heat of this process causes fusion to start
once again, and the elements beyond iron on the periodic table are
synthesized.

The red supergiant Betelgeuse, for example, which can be easily
seen in the constellation Orion, is unstable; it can explode at any
time as a supernova, spewing large quantities of gamma rays and X
rays into the surrounding neighborhood. When that happens, this
supernova will be visible in daytime and might outshine the Moon
at night. (It was once thought that the titanic energy released by a
supernova destroyed the dinosaurs 65 million years ago. A supernova
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about ten light-years away could, in fact, end all life on Earth.
Fortunately, the giant stars Spica and Betelgeuse are 260 and 430
light-years away, respectively, too far to cause much serious damage
to Earth when they finally explode. But some scientists believe that
a minor extinction of sea creatures 2 million years ago was caused by
a supernova explosion of a star 120 light-years away.)

This also means that our Sun is not Earth's true “mother.”
Although many peoples of Earth have worshipped the Sun as a god
that gave birth to Earth, this is only partially correct. Although
Earth was originally created from the Sun (as part of the ecliptic
plane of debris and dust that circulated around the Sun 4.5 billion
years ago), our Sun is barely hot enough to fuse hydrogen to helium.
This means that our true “mother” sun was actually an unnamed
star or collection of stars that died billions of years ago in a super-
nova, which then seeded nearby nebulae with the higher elements
beyond iron that make up our body. Literally, our bodies are made of
stardust, from stars that died billions of years ago.

In the aftermath of a supernova explosion, there is a tiny rem-
nant called a neutron star, which is made of solid nuclear matter
compressed to the size of Manhattan, almost 20 miles in size.
(Neutron stars were first predicted by Swiss astronomer Fritz Zwicky
in 1933, but they seemed so fantastic that they were ignored by sci-
entists for decades.) Because the neutron star is emitting radiation
irregularly and is also spinning rapidly, it resembles a spinning
lighthouse, spewing radiation as it rotates. As seen from Earth, the
neutron star appears to pulsate and is hence called a pulsar.

Extremely large stars, perhaps larger than 4o solar masses, when
they eventually undergo a supernova explosion, might leave behind
a neutron star that is larger than 3 solar masses. The gravity of this
neutron star is so large that it can counteract the repulsive force be-
tween neutrons, and the star will make its final collapse into per-
haps the most exotic object in the universe, a black hole, which I

discuss in chapter 5.
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BIRD DROPPINGS AND THE BIG BANG

The final stake in the heart of the steady state theory was the dis-
covery of Arno Penzias and Robert Wilson in 1965. Working on the
20-foot Bell Laboratory Holmdell Horn Radio Telescope in New
Jersey, they were looking for radio signals from the heavens when
they picked up an unwanted static. They thought it was probably an
aberration, because it seemed to be coming uniformly from all di-
rections, rather than from a single star or galaxy. Thinking the static
might have come from dirt and debris, they carefully cleaned off
what Penzias described as “a white coating of dieletric material”
(commonly known as bird droppings) that had covered the opening
of the radio telescope. The static seemed even larger. Although they
did not yet know it, they had accidentally stumbled upon the mi-
crowave background predicted by Gamow's group back in 1948.

Now the cosmological history reads a little bit like the Keystone
cops, with three groups groping for an answer without any knowl-
edge of the others. On one hand, Gamow, Alpher, and Hermann had
laid out the theory behind the microwave background back in 1948;
they had predicted the temperature of the microwave radiation to be
5 degrees above absolute zero. They gave up trying to measure the
background radiation of space, however, because the instruments
back then were not sensitive enough to detect it. In 1965, Penzias and
Wilson found this black body radiation but didn’t know it. Mean-
while, a third group, led by Robert Dicke of Princeton University,
had independently rediscovered the theory of Gamow and his col-
leagues and were actively looking for the background radiation, but
their equipment was too woefully primitive to find it.

This comical situation ended when a mutual friend, astronomer
Bernard Burke, informed Penzias of the work of Robert Dicke. When
the two groups finally connected, it became clear that Penzias and
Wilson had detected signals from the big bang itself. For this mo-
mentous discovery, Penzias and Wilson won the Nobel Prize in 1978.

In hindsight, Hoyle and Gamow, the two most visible proponents

of the opposite theories, had a fateful encounter in a Cadillac in 1956
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that could have changed the course of cosmology. “I recall George
driving me around in a white Cadillac,” recalled Hoyle. Gamow re-
peated his conviction to Hoyle that the big bang left an afterglow
that should be seen even today. However, Gamow’s latest figures
placed the temperature of that afterglow at 50 degrees. Then Hoyle
made an astounding revelation to Gamow. Hoyle was aware of an ob-
scure paper, written in 1941 by Andrew McKellar, that showed that
the temperature of outer space cannot exceed 3 degrees. At higher
temperatures, new reactions can occur which would create excited
carbon-hydrogen (CH) and carbon-nitrogen (CN) radicals in outer
space. By measuring the spectra of these chemicals, one could then
determine the temperature of outer space. In fact, he found that the
density of CN molecules he detected in space indicated a tempera-
ture of about 2.3 degrees K. In other words, unknown to Gamow, the
2.7 K background radiation had already been indirectly detected in
1941.

Hoyle recalled, “Whether it was the too-great comfort of the
Cadillac, or because George wanted a temperature higher than 3 K,
whereas I wanted a temperature of zero degrees, we missed the
chance of spotting the discovery made nine years later by Arno
Penzias and Bob Wilson.” If Gamow’s group had not made a numeri-
cal error and had come up with a lower temperature, or if Hoyle had
not been so hostile to the big bang theory, perhaps history might
have been written differently.

PERSONAL AFTERSHOCKS OF THE BIG BANG

The discovery of the microwave background by Penzias and Wilson
had a decided effect on the careers of Gamow and Hoyle. To Hoyle,
the work of Penzias and Wilson was a near-death experience.
Finally, in Nature magazine in 1965, Hoyle officially conceded defeat,
citing the microwave background and helium abundance as reasons
for abandoning his steady state theory. But what really disturbed
him was that the steady state theory had lost its predictive power:
“It is widely believed that the existence of the microwave back-
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ground killed the ‘steady state’ cosmology, but what really killed the
steady-state theory was psychology . . . Here, in the microwave back-
ground, was an important phenomenon which it had not pre-
dicted . . . For many years, this knocked the stuffing out of me.”
(Hoyle later reversed himself, trying to tinker with newer variations
of the steady state theory of the universe, but each variation became
less and less plausible.)

Unfortunately, the question of priority left a bad taste in
Gamow’s mouth. Gamow, if one reads between the lines, was not
pleased that his work and the work of Alpher and Hermann were
rarely mentioned, if at all. Ever polite, he kept mum about his feel-
ings, but in private letters he wrote that it was unfair that physicists
and historians would completely ignore their work.

Although the work of Penzias and Wilson was a huge blow to the
steady state theory and helped put the big bang on firm experimen-
tal footing, there were huge gaps in our understanding of the
structure of the expanding universe. In a Friedmann universe, for
example, one must know the value of Omega, the average distribu-
tion of matter in the universe, to understand its evolution. However,
the determination of Omega became quite problematic when it was
realized that most of the universe was not made of familiar atoms
and molecules but a strange new substance called “dark matter,”
which outweighed ordinary matter by a factor of 10. Once again, the
leaders in this field were not taken seriously by the rest of the as-

tronomical community.

OMEGA AND DARK MATTER

The story of dark matter is perhaps one of the strangest chapters in
cosmology. Back in the 1930s, maverick Swiss astronomer Fritz
Zwicky of Cal Tech noticed that the galaxies in the Coma cluster of
galaxies were not moving correctly under Newtonian gravity. These
galaxies, he found, moved so fast that they should fly apart and the
cluster should dissolve, according to Newton’s laws of motion. The
only way, he thought, that the Coma cluster can be kept together,
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rather than flying apart, was if the cluster had hundreds of times
more matter than could be seen by telescope. Either Newton's laws
were somehow incorrect at galactic distances or else there was a
huge amount of missing, invisible matter in the Coma cluster that
was holding it together.

This was the first indication in history that there was something
terribly amiss with regard to the distribution of matter in the uni-
verse. Astronomers universally rejected or ignored the pioneering
work of Zwicky, unfortunately, for several reasons.

First, astronomers were reluctant to believe that Newtonian
gravity, which had dominated physics for several centuries, could be
incorrect. There was a precedent for handling crises like this in as-
tronomy. When the orbit of Uranus was analyzed in the ninteenth
century, it was found that it wobbled—it deviated by a tiny amount
from the equations of Isaac Newton. So either Newton was wrong, or
there must be a new planet whose gravity was tugging on Uranus.
The latter was correct, and Neptune was found on the first attempt in
1846 by analyzing the location predicted by Newton's laws.

Second, there was the question of Zwicky's personality and how
astronomers treated “outsiders.” Zwicky was a visionary who was of-
ten ridiculed or ignored in his lifetime. In 1933, with Walter Baade,
he coined the word “supernova” and correctly predicted that a tiny
neutron star, about 14 miles across, would be the ultimate remnant
of an exploding star. The idea was so utterly outlandish that it was
lampooned in a Los Angeles Times cartoon on January 19, 1934. Zwicky
was furious at a small, elite group of astronomers whom, he thought,
tried to exclude him from recognition, stole his ideas, and denied
him time on the 100- and 200-inch telescopes. (Shortly before he died
in 1974, Zwicky self-published a catalog of the galaxies. The catalog
opened with the heading, “A Reminder to the High Priests of
American Astronomy and to their Sycophants.” The essay gave a blis-
tering criticism of the clubby, ingrown nature of the astronomy
elite, which tended to shut out mavericks like him. “Today’s syco-
phants and plain thieves seem to be free, in American Astronomy in
particular, to appropriate discoveries and inventions made by lone
wolves and non-conformists,” he wrote. He called these individuals
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“spherical bastards,” because “they are bastards any way you look at
them.” He was incensed that he was passed over when the Nobel
Prize was awarded to someone else for the discovery of the neutron
star.)

In 1962, the curious problem with galactic motion was rediscov-
ered by astronomer Vera Rubin. She studied the rotation of the
Milky Way galaxy and found the same problem; she, too, received a
cold shoulder from the astronomy community. Normally, the farther
a planet is from the Sun, the slower it travels. The closer it is, the
faster it moves. That's why Mercury is named after the god of speed,
because it is so close to the Sun, and why Pluto’s velocity is ten times
slower than Mercury's, because it is the farthest from the Sun.
However, when Vera Rubin analyzed the blue stars in our galaxy, she
found that the stars rotated around the galaxy at the same rate, in-
dependent of their distance from the galactic center (which is called
a flat rotation curve), thereby violating the precepts of Newtonian
mechanics. In fact, she found that the Milky Way galaxy was rotat-
ing so fast that, by rights, it should fly apart. But the galaxy has been
quite stable for about 10 billion years; it was a mystery why the
rotation curve was flat. To keep the galaxy from disintegrating, it
had to be ten times heavier than scientists currently imagined.
Apparently, go percent of the mass of the Milky Way galaxy was
missing!

Vera Rubin was ignored, in part because she was a woman. With
a certain amount of pain, she recalls that, when she applied to
Swarthmore College as a science major and casually told the admis-
sions officer that she liked to paint, the interviewer said, “Have you
ever considered a career in which you paint pictures of astronomical
objects?” She recalled, “That became a tag line in my family: for
many years, whenever anything went wrong for anyone, we said,
‘Have you ever considered a career in which you paint pictures of as-
tronomical objects?’” ” When she told her high school physics teacher
that she got accepted to Vassar, he replied, “You should do okay as
long as you stay away from science.” She would later recall, “It takes
an enormous amount of self-esteem to listen to things like that and
not be demolished.”
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After she graduated, she applied and was accepted to Harvard,
but she declined because she got married and followed her husband,
a chemist, to Cornell. (She got a letter back from Harvard, with the
handwritten words written on the bottom, “Damn you women.
Every time I get a good one ready, she goes off and gets married.”)
Recently, she attended an astronomy conference in Japan, and she
was the only woman there. “I really couldn’t tell that story for a long
time without weeping, because certainly in one generation . . . not
an awful lot has changed,” she confessed.

Nevertheless, the sheer weight of her careful work, and the work
of others, slowly began to convince the astronomical community of
the missing mass problem. By 1978, Rubin and her colleagues had ex-
amined eleven spiral galaxies; all of them were spinning too fast to
stay together, according to the laws of Newton. That same year,
Dutch radio astronomer Albert Bosma published the most complete
analysis of dozens of spiral galaxies yet; almost all of them exhibited
the same anomalous behavior. This finally seemed to convince the
astronomical community that dark matter did indeed exist.

The simplest solution to this distressing problem was to assume
that the galaxies were surrounded by an invisible halo that con-
tained ten times more matter than the stars themselves. Since that
time other, more sophisticated means have been developed to mea-
sure the presence of this invisible matter. One of the most impressive
is to measure the distortion of starlight as it travels through invisi-
ble matter. Like the lens of your glasses, dark matter can bend light
(because of its enormous mass and hence gravitational pull).
Recently, by carefully analyzing the photographs of the Hubble space
telescope with a computer, scientists were able to construct maps of
the distribution of dark matter throughout the universe.

A fierce scramble has been going on to find out what dark matter
is made of. Some scientists think it might consist of ordinary matter,
except that it is very dim (that is, made of brown dwarf stars, neu-
tron stars, black holes, and so on, which are nearly invisible). Such
objects are lumped together as “baryonic matter,” that is, matter
made of familiar baryons (like neutrons and protons). Collectively,
they are called MACHOs (short for Massive Compact Halo Objects).
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Others think dark matter may consist of very hot nonbaryonic
matter, such as neutrinos (called hot dark matter). However, neutri-
nos move so fast that they cannot account for most of the clumping
of dark matter and galaxies that we see in nature. Still others throw
up their hands and think that dark matter was made of an entirely
new type of matter, called “cold dark matter,” or WIMPS (weakly in-
teracting massive particles), which are the leading candidate to ex-

plain most of dark matter.

COBE SATELLITE

Using an ordinary telescope, the workhorse of astronomy since the
time of Galileo, one cannot possibly solve the mystery of dark matter.
Astronomy has progressed remarkably far by using standard Earth-
bound optics. However, in the 1990s a new generation of astronomical
instruments was coming of age that used the latest in satellite tech-
nology, lasers, and computers and completely changed the face of cos-
mology.

One of the first fruits of this harvest was the COBE (Cosmic
Background Explorer) satellite, launched in November 1989. While
the original work of Penzias and Wilson confirmed just a few data
points consistent with the big bang, the COBE satellite was able to
measure scores of data points that matched precisely the prediction
of black body radiation made by Gamow and his colleagues in 1948.

In 1990, at a meeting of the American Astronomical Society, 1,500
scientists in the audience burst into a sudden thunderous standing
ovation when they saw the COBE results placed on a viewgraph,
showing a near-perfect agreement with a microwave background
with a temperature of 2.728 K.

The Princeton astronomer Jeremiah P. Ostriker remarked, “When
fossils were found in the rocks, it made the origin of species ab-
solutely clear-cut. Well, COBE found [the universe's] fossils.”

However, the viewgraphs from COBE were quite fuzzy. For exam-
ple, scientists wanted to analyze “hot spots” or fluctuations within
the cosmic background radiation, fluctuations that should be about
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a degree across in the sky. But COBE's instruments could only detect
fluctuations that were 7 or more degrees across; they weren't sensi-
tive enough to detect these small hot spots. Scientists were forced to
wait for the results of the WMAP satellite, due to be launched after
the turn of the century, which they hoped would settle a host of such

questions and mysteries.



CHAPTER FOUR

Inflation and Parallel Universes

Nothing cannot come from nothing.

—Lucretius

I assume that our Universe did indeed appear from
nowhere about 10 years ago . . . I offer the modest pro-
posal that our Universe is simply one of those things
which happens from time to time.

—Edward Tryon

The universe is the ultimate free lunch.

—Alan Guth

N THE crassic science fiction novel Tau Zero, written by Poul

Anderson, a starship named Leonora Christine is launched on a
mission to reach the nearby stars. Carrying fifty people, the ship can
attain velocities near the speed of light as it travels to a new star sys-
tem. More important, the ship uses a principle of special relativity,
which says that time slows down inside the starship the faster it
moves. Hence, a trip to the nearby stars that takes decades, as
viewed from Earth, appears to last only a few years to the astro-
nauts. To an observer on Earth watching the astronauts by telescope,
it would appear as if they were frozen in time, so that they are in a

kind of suspended animation. But to the astronauts on board, time
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progresses normally. When the starship decelerates and the astro-
nauts disembark on a new world, they will find that they have trav-
eled thirty light-years in just a few years.

The ship is an engineering marvel; it is powered by ramjet fusion
engines that scoop the hydrogen of deep space and then burn it for
unlimited energy. It travels so fast that the crew can even see the
Doppler shifting of starlight; stars in front of them appear bluish,
while stars behind them appear reddish.

Then disaster strikes. About ten light-years from Earth, the ship
experiences turbulence as it passes through an interstellar dust
cloud, and its deceleration mechanism becomes permanently dis-
abled. The horrified crew find themselves trapped on a runaway
starship, speeding faster and faster as it approaches the speed of
light. They watch helplessly as the out-of-control ship passes entire
star systems in a matter of minutes. Within a year, the starship zips
through half the Milky Way galaxy. As it accelerates beyond control,
it speeds past galaxies in a matter of months, even as millions of
years have passed on Earth. Soon, they are traveling so close to the
speed of light, tau zero, that they witness cosmic events, as the uni-
verse itself begins to age before their eyes.

Eventually, they see that the original expansion of the universe
is reversing, and that the universe is contracting on itself.
Temperatures begin to rise dramatically, as they realize that they are
headed for the big crunch. Crew members silently say their prayers
as temperatures skyrocket, galaxies begin to coalesce, and a cosmic
primordial atom forms before them. Death by incineration, it ap-
pears, is inevitable.

Their only hope is that matter will collapse into a finite area of
finite density, and that, traveling at their great speed, they might
slip rapidly through it. Miraculously, their shielding protects them
as they fly through the primordial atom, and they find themselves
witnessing the creation of a new universe. As the universe re-
expands, they are awed to witness the creation of new stars and
galaxies before their eyes. They fix their spacecraft and carefully
chart their course for a galaxy old enough to have the higher ele-
ments that will make life possible. Eventually, they locate a planet
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that can harbor life and create a colony on that planet to start hu-
manity all over again.

This story was written in 1967, when a vigorous debate raged
among astronomers as to the ultimate fate of the universe: whether
it would die in a big crunch or a big freeze, would oscillate indefi-
nitely, or would live forever in a steady state. Since then, the debate

seems to be settled, and a new theory called inflation has emerged.

BIRTH OF INFLATION

“SPECTACULAR REALIZATION,” Alan Guth wrote in his diary in
1979. He felt exhilarated, realizing that he might have stumbled
across one of the great ideas of cosmology. Guth had made the first
major revision of the big bang theory in fifty years by making a sem-
inal observation: he could solve some of the deepest riddles of cos-
mology if he assumed that the universe underwent a turbocharged
hyperinflation at the instant of its birth, astronomically faster than
the one believed by most physicists. With this hyperexpansion, he
found he could effortlessly solve a host of deep cosmological ques-
tions that had defied explanation. It was an idea that would come to
revolutionize cosmology. (Recent cosmological data, including the
results of the WMAP satellite, are consistent with its predictions.) It
is not the only cosmological theory, but is by far the simplest and
most credible.

It is remarkable that such a simple idea could solve so many
thorny cosmological questions. One of several problems that infla-
tion elegantly solved was the flatness problem. Astronomical data
has shown that the curvature of the universe is remarkably close to
zero, in fact much closer to zero than previously believed by most as-
tronomers. This could be explained if the universe, like a balloon
that is rapidly being inflated, was flattened out during the inflation
period. We, like ants walking on the surface of a balloon, are simply
too small to observe the tiny curvature of the balloon. Inflation has
stretched space-time so much that it appears flat.

What was also historic about Guth’s discovery was that it repre-
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sented the application of elementary particle physics, which in-
volves analyzing the tiniest particles found in nature, to cosmology,
the study of the universe in its entirety, including its origin. We now
realize that the deepest mysteries of the universe cannot be solved
without the physics of the extremely small: the world of the quan-
tum theory and elementary particle physics.

SEARCH FOR UNIFICATION

Guth was born in 1947 in New Brunswick, New Jersey. Unlike
Einstein, Gamow, or Hoyle, there was no instrument or seminal mo-
ment that propelled him into the world of physics. Neither of his
parents graduated from college or showed much interest in science.
But by his own admission he was always fascinated by the relation-
ship between math and the laws of nature.

At MIT in the 1960s, he seriously considered a career in elemen-
tary particle physics. In particular, he was fascinated by the excite-
ment generated by a new revolution sweeping through physics, the
search for the unification of all fundamental forces. For ages, the
holy grail of physics has been to search for unifying themes that can
explain the complexities of the universe in the simplest, most co-
herent fashion. Since the time of the Greeks, scientists have thought
that the universe we see today represents the broken, shattered rem-
nants of a greater simplicity, and our goal is to reveal this unifica-
tion.

After two thousand years of investigation into the nature of mat-
ter and energy, physicists have determined that just four funda-
mental forces drive the universe. (Scientists have tried to look for a
possible fifth force, but so far all results in this direction have been
negative or inconclusive.)

The first force is gravity, which holds the Sun together and guides
planets in their celestial orbits in the solar system. If gravity were
suddenly “turned off,” the stars in the heavens would explode, Earth
would disintegrate, and we would all be flung into outer space at
about a thousand miles an hour.
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The second great force is electromagnetism, the force that lights
up our cities, fills our world with TV, cell phones, radio, laser beams,
and the Internet. If the electromagnetic force were suddenly shut
down, civilization would be instantly hurled a century or two into
the past into darkness and silence. This was graphically illustrated
by the great blackout of 2003, which paralyzed the entire Northeast.
If we examine the electromagnetic force microscopically, we see that
it is actually made of tiny particles, or quanta, called photons.

The third force is the weak nuclear force, which is responsible for
radioactive decay. Because the weak force is not strong enough to
hold the nucleus of the atom together, it allows the nucleus to break
up or decay. Nuclear medicine in hospitals relies heavily on the nu-
clear force. The weak force also helps to heat up the center of Earth
via radioactive materials, which drive the immense power of volca-
noes. The weak force, in turn, is based on the interactions of elec-
trons and neutrinos (ghost-like particles that are nearly massless
and can pass through trillions of miles of solid lead without inter-
acting with anything). These electrons and neutrinos interact by ex-
changing other particles, called W- and Z-bosons.

The strong nuclear force holds the nuclei of the atoms together.
Without the nuclear force, the nuclei would all disintegrate, atoms
would fall apart, and reality as we know it would dissolve. The
strong nuclear force is responsible for the approximately one hun-
dred elements we see filling up the universe. Together, the weak and
strong nuclear forces are responsible for the light emanating from
stars via Einstein’s equation E = mc2. Without the nuclear force, the
entire universe would be darkened, plunging the temperature on
Earth and freezing the oceans solid.

The astonishing feature of these four forces is that they are en-
tirely different from each other, with different strengths and prop-
erties. For example, gravity is by far the weakest of the four forces,
1036 times weaker than the electromagnetic force. The earth weighs
6 trillion trillion kilograms, yet its massive weight and its gravity
can easily be canceled by the electromagnetic force. Your comb, for
example, can pick up tiny pieces of paper via static electricity,
thereby canceling the gravity of the entire earth. Also, gravity is
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strictly attractive. The electromagnetic force can be both attractive

or repulsive, depending on the charge of a particle.

UNIFICATION AT THE BIG BANG

One of the fundamental questions facing physics is: why should the
universe be ruled by four distinct forces? And why should these four
forces look so dissimilar, with different strengths, different interac-
tions, and different physics?

Einstein was the first to embark upon a campaign to unify these
forces into a single, comprehensive theory, starting by uniting grav-
ity with the electromagnetic force. He failed because he was too far
ahead of his time; too little was known about the strong force to
make a realistic unified field theory. But Einstein’s pioneering work
opened the eyes of the physics world to the possibility of a “theory
of everything.”

The goal of a unified field theory seemed utterly hopeless in the
1950s, especially when elementary particle physics was in total
chaos, with atom smashers blasting nuclei apart to find the “ele-
mentary constituents” of matter, only to find hundreds more par-
ticles streaming out of the experiments. “Elementary particle
physics” became a contradiction in terms, a cosmic joke. The Greeks
thought that, as we broke down a substance to its basic building
blocks, things would get simpler. The opposite happened: physicists
struggled to find enough letters in the Greek alphabet to label these
particles. J. Robert Oppenheimer joked that the Nobel Prize in
physics should go to the physicist who did not discover a new parti-
cle that year. Nobel laureate Steven Weinberg began to wonder
whether the human mind was even capable of solving the secret of
the nuclear force.

This bedlam of confusion, however, was somewhat tamed in the
early 1960s when Murray Gell-Mann and George Zweig of Cal Tech
proposed the idea of quarks, the constituents that make up the pro-
tons and neutrons. According to quark theory, three quarks make up
a proton or a neutron, and a quark and antiquark make up a meson
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(a particle that holds the nucleus together). This was only a partial
solution (since today we are flooded with different types of quarks),
but it did serve to inject new energy into a once dormant field.

In 1967, a stunning breakthrough was made by physicists Steven
Weinberg and Abdus Salam, who showed that it was possible to unify
the weak and electromagnetic forces. They created a new theory
whereby electrons and neutrinos (which are called leptons) inter-
acted with each other by exchanging new particles called the W- and
Z-bosons as well as photons. By treating the W- and Z-bosons and
photons on the very same footing, they created a theory which uni-
fied the two forces. In 1979, Steven Weinberg, Sheldon Glashow, and
Abdus Salam were awarded the Nobel Prize for their collective work
in unifying two of the four forces, the electromagnetic force with
the weak force, and providing insight into the strong nuclear force.

In the 1970s, physicists analyzed the data coming from the parti-
cle accelerator at the Stanford Linear Accelerator Center (SLAC),
which fired intense beams of electrons at a target in order to probe
deep into the interior of the proton. They found that the strong nu-
clear force that held the quarks together inside the proton could
be explained by introducing new particles called gluons, which are
the quanta of the strong nuclear force. The binding force holding
the proton together could be explained by the exchange of gluons be-
tween the constituent quarks. This led to a new theory of the strong
nuclear force called Quantum Chromodynamics.

So by the mid 1970s, it was possible to splice three of the four
forces together (excluding gravity) to get what is called the Standard
Model, a theory of quarks, electrons, and neutrinos, which interact
by exchanging gluons, W- and Z-bosons, and photons. It is the cul-
mination of decades of painfully slow research in particle physics.
At present, the Standard Model fits all the experimental data con-
cerning particle physics, without exception.

Although the Standard Model is one of the most successful phys-
ical theories of all time, it is remarkably ugly. It is hard to believe
that nature at a fundamental level can operate on a theory that
seems to be so cobbled together. For example, there are nineteen ar-
bitrary parameters in the theory that are simply put in by hand,
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without any rhyme or reason (that is, the various masses and inter-
action strengths are not determined by the theory but have to be de-
termined by experiment; ideally, in a true unified theory, these
constants would be determined by the theory itself, without relying
on outside experiments).

Furthermore, there are three exact copies of elementary parti-
cles, called generations. It is hard to believe that nature, at its most
fundamental level, would include three exact copies of subatomic
particles. Except for the masses of these particles, these generations
are duplicates of each other. (For example, the carbon copies of the
electron include the muon, which weighs 200 times more than the
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These are the subatomic particles contained within the Standard Model, the
most successful theory of elementary particles. It is built out of quarks, which
make up the protons and neutrons, leptons like the electron and neutrino, and
many other particles. Notice that the model results in three identical copies of
subatomic particles. Since the Standard Model fails to account for gravity (and
seems so awkward), theoretical physicists feel it cannot be the final theory.
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electron, and the tau particle, which weighs 3,500 times more.) And
last, the Standard Model makes no mention of gravity, although
gravity is perhaps the most pervasive force in the universe.

Because the Standard Model, notwithstanding its stunning ex-
perimental successes, seems so contrived, physicists tried to develop
yet another theory, or the grand unified theory (GUT), which put the
quarks and leptons on the same footing. It also treated the gluon, the
W- and Z-boson, and the photon on the same level. (It could not be
the “final theory,” however, because gravity was still conspicuously
left out; it was considered too difficult to merge with the other
forces, as we shall see.)

This program of unification, in turn, introduced a new paradigm
to cosmology. The idea was simple and elegant: at the instant of the
big bang, all four fundamental forces were unified into a single, co-
herent force, a mysterious “superforce.” All four forces had the same
strength and were part of a larger, coherent whole. The universe
started out in a state of perfection. However, as the universe began
to expand and cool rapidly, the original superforce began to “crack,”
with different forces breaking off one after the other.

According to this theory, the cooling of the universe after the big
bang is analogous to the freezing of water. When water is in liquid
form, it is quite uniform and smooth. However, when it freezes, mil-
lions of tiny ice crystals form inside. When liquid water is totally
frozen, its original uniformity is quite broken, with the ice contain-
ing cracks, bubbles, and crystals.

In other words, today we see that the universe is horribly broken.
It is not uniform or symmetrical at all but consists of jagged moun-
tain ranges, volcanoes, hurricanes, rocky asteroids, and exploding
stars, without any coherent unity; moreover, we also see the four
fundamental forces without any relationship to each other. But the
reason why the universe is so broken is that it is quite old and
cold.

Although the universe started in a state of perfect unity, today it
has gone through many phase transitions, or changes of state, with
the forces of the universe breaking free of the others one by one as
it cooled. It is the job of physicists to go backward, to reconstruct the
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steps by which the universe originally started (in a state of perfec-
tion) and which led to the broken universe we see around us.

The key, therefore, is to understand precisely how these phase
transitions occurred at the beginning of the universe, which physi-
cists call “spontaneous breaking.” Whether it is the melting of ice,
the boiling of water, the creation of rain clouds, or the cooling of the
big bang, phase transitions can connect two entirely different
phases of matter. (To illustrate how powerful these phase transitions
can be, the artist Bob Miller has asked the riddle: “How would you
suspend 500,000 pounds of water in the air with no visible means of
support? The answer: build a cloud.”)

FALSE VACUUM

When one force breaks off from the other forces, the process can be
compared to the breaking of a dam. Rivers flow downhill because
water flows in the direction of the lowest energy, which is sea level.
The lowest energy state is called a vacuum. However, there is an un-
usual state called the false vacuum. If we dam a river, for example,
the dam appears to be stable, but it is actually under tremendous
pressure. If a tiny crack occurs in the dam, the pressure can sud-
denly burst the dam and release a torrent of energy from the false
vacuum (the dammed river) and cause a catastrophic flood toward
the true vacuum (sea level). Entire villages can be flooded if we have
spontaneous breaking of the dam and a sudden transition to the true
vacuum.

Similarly, in GUT theory, the universe originally started out in
the state of the false vacuum, with the three forces unified into a
single force. However, the theory was unstable, and the theory spon-
taneously broke and made the transition from the false vacuum,
where the forces were unified, to the true vacuum, where the forces
are broken.

This was already known before Guth began to analyze GUT the-
ory. But Guth noticed something that had been overlooked by others.
In the state of the false vacuum, the universe expands exponen-
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tially, just the way de Sitter predicted back in 1917. It is the cosmo-
logical constant, the energy of the false vacuum, that drives the uni-
verse to expand at such an enormous rate. Guth asked himself a
fateful question: can this exponential de Sitter expansion solve some

of the problems of cosmology?

MONOPOLE PROBLEM

One prediction of many GUT theories was the production of copious
numbers of monopoles at the beginning of time. A monopole is a sin-
gle magnetic north or south pole. In nature, these poles are always
found in pairs. If you take a magnet, you invariably find both a
north pole and a south pole bound together. If you take a hammer
and split a magnet in half, then you do not find two monopoles; in-
stead, you find two smaller magnets, each with its own pair of north
and south poles.

The problem, however, was that scientists, after centuries of ex-
periments, had found no conclusive evidence for monopoles. Since
no one had ever seen a monopole, Guth was puzzled why GUT theo-
ries predicted so many of them. “Like the unicorn, the monopole has
continued to fascinate the human mind despite the absence of con-
firmed observations,” Guth remarked.

Then it suddenly hit him. In a flash, all the pieces fit together. He
realized that if the universe started in a state of false vacuum, it
could expand exponentially, as de Sitter had proposed decades ear-
lier. In this false vacuum state, the universe could suddenly inflate
by an incredible amount, thereby diluting the density of monopoles.
If scientists had never seen a monopole before, it was only because
monopoles were spread out over a universe that was much larger
than previously thought.

To Guth, this revelation was a source of amazement and joy. Such
a simple observation could explain the monopole problem in a single
stroke. But Guth realized that this prediction would have cosmolog-
ical implications far beyond his original idea.
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FLATNESS PROBLEM

Guth realized that his theory solved another problem, the flatness
problem, discussed earlier. The standard picture of the big bang
could not explain why the universe was so flat. In the 1970s, it was
believed that the matter density in the universe, called Omega, was
around o.1. The fact that this was relatively close to the critical den-
sity of 1.0 so many billions of years after the big bang was deeply dis-
turbing. As the universe expanded, Omega should have changed with
time. This number was uncomfortably close to the value of 1.0,
which describes a perfectly flat space.

For any reasonable value of Omega at the beginning of time,
Einstein's equations show that it should almost be zero today. For
Omega to be so close to 1 so many billions of years after the big bang
would require a miracle. This is what is called in cosmology the fine-
tuning problem. God, or some creator, had to “choose” the value of
Omega to within fantastic accuracy for Omega to be about o.1 today.
For Omega to be between o.1 and 10 today, it means that Omega had
to be 1.00000000000000 one second after the big bang. In other
words, at the beginning of time the value of Omega had to be “cho-
sen” to equal the number 1 to within one part in a hundred trillion,
which is difficult to comprehend.

Think of trying to balance a pencil vertically on its tip. No mat-
ter how we try to balance the pencil, it usually falls down. In fact, it
requires a fine-tuning of great precision to start the pencil balanced
just right so it doesn’t fall over. Now try to balance the pencil on its
tip so that it stays vertical not just for one second but for years! You
see the enormous fine-tuning that is involved to get Omega to be o.1
today. The slightest error in fine-tuning Omega would have created
Omega vastly different from 1. So why is Omega so close to 1 day,
when by rights it should be astronomically different?

To Guth, the answer was obvious. The universe simply inflated by
such a remarkable degree that it flattened the universe. Like a per-
son concluding that Earth is flat because he cannot see the horizon,
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astronomers concluded that Omega is around 1 because inflation flat-

tened the universe.

HORIZON PROBLEM

Not only did inflation explain the data supporting the flatness of the
universe, it also solved the horizon problem. This problem is based
on the simple realization that the night sky seems to be relatively
uniform, no matter where you look. If you turn your head 180 de-
grees, you observe that the universe is uniform, even though you
have just seen parts of the universe separated by tens of billions of
light-years. Powerful telescopes scanning the heavens can find no
appreciable deviation from this uniformity either. Our space satel-
lites have shown that the cosmic microwave radiation is also ex-
tremely uniform. No matter where we look in space, the
temperature of the background radiation deviates no more than a
thousandth of a degree.

But this is a problem, because the speed of light is the ultimate
speed limit in the universe. There is no way, in the lifetime of the
universe, that light or information could have traveled from one part
of the night sky to the other side. For example, if we look at the mi-
crowave radiation in one direction, it has traveled over 13 billion
years since the big bang. If we turn our heads around and look in the
opposite direction, we see microwave radiation that is identical that
has also traveled over 13 billion years. Since they are at the same
temperature, they must have been in thermal contact at the begin-
ning of time. But there is no way that information could have trav-
eled from opposite points in the night sky (separated by over 26
billion light-years) since the big bang.

The situation is even worse if we look at the sky 380,000 years af-
ter the big bang, when the background radiation was first formed. If
we look in opposite points in the sky, we see that the background ra-
diation is nearly uniform. But according to calculations from the big
bang theory, these opposite points are separated by go million light-
years (because of the expansion of space since the explosion). But
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there is no way that light could have traveled by go million light-
years in just 380,000 years. Information would have had to travel
much faster than the speed of light, which is impossible.

By rights, the universe should appear quite lumpy, with one part
too distant to have made contact with another distant part. How can
the universe appear so uniform, when light simply did not have
enough time to mix and spread information from one distant part of
the universe to the other? (Princeton physicist Robert Dicke called
this the horizon problem, since the horizon is the farthest point you
can see, the farthest point that light can travel.)

But Guth realized that inflation was the key to explain this prob-
lem, as well. He reasoned that our visible universe was probably a
tiny patch in the original fireball. The patch itself was uniform in
density and temperature. But inflation suddenly expanded this tiny
patch of uniform matter by a factor of 105°, much faster than the
speed of light, so that the visible universe today is remarkably uni-
form. So the reason why the night sky and the microwave radiation
is so uniform is that the visible universe was once a tiny but uniform
patch of the original fireball that suddenly inflated to become the

universe.

REACTION TO INFLATION

Although Guth was confident the inflationary idea was correct, he
was a bit nervous when he first began to give talks publicly. When he
presented his theory in 1980, “I was still worried that some conse-
quence of theory might be spectacularly wrong. There was also the
fear that I would reveal my status as a greenhorn cosmologist,” he
confessed. But his theory was so elegant and powerful that physi-
cists around the world immediately saw its importance. Nobel
laureate Murray Gell-Mann exclaimed, “You've solved the most im-
portant problem in cosmology!” Nobel laureate Sheldon Glashow
confided to Guth that Steven Weinberg was “furious” when he heard
about inflation. Anxiously, Guth asked, “Did Steve have any objec-
tions to it?” Glashow replied, “No, he just didn’t think of it himself.”
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How could they have missed such a simple solution, scientists asked
themselves. The reception to Guth's theory was enthusiastic among
theoretical physicists, who were amazed at its scope.

It also had an impact on Guth'’s job prospects. One day, because of
the tight job market, he was staring unemployment in the face. “I
was in a marginal situation on the job market,” he confessed.
Suddenly, job offers began to pour in from top universities, but not
from his first choice, MIT. But then he read a fortune cookie that
said, “An exciting opportunity lies just ahead of you if you are not
too timid.” This gave him the nerve to boldly phone MIT and inquire
about a job. He was stunned when MIT called a few days later and of-
fered him a professorship. The next fortune cookie he read said,
“You should not act on the impulse of the moment.” Ignoring its ad-
vice, he decided to accept the MIT position. “What would a Chinese
fortune cookie know, anyhow?” he asked himself.

However, there were still serious problems. The astronomers
were less than impressed by Guth's theory, since it was glaringly de-
ficient in one area: it gave the wrong prediction for Omega. The fact
that Omega was roughly close to 1 could be explained by inflation.
However, inflation went much further and predicted that Omega (or
Omega plus Lambda) should be precisely 1.0, corresponding to a flat
universe. In the following years, as more and more experimental
data were collected locating vast amounts of dark matter in the uni-
verse, Omega budged slightly, rising to 0.3. But this was still poten-
tially fatal for inflation. Although inflation would generate over
three thousand papers in the next decade among physicists, it con-
tinued to be a curiosity for astronomers. To them, the data seemed to
rule out inflation.

Some astronomers complained privately that particle physicists
were so obsessed with the beauty of inflation that they were willing
to ignore experimental fact. (Astronomer Robert Kirshner of
Harvard wrote, “This ‘inflation’ idea sounds crazy. The fact that it is
taken seriously by people who sit firmly in endowed chairs doesn’t
automatically make it right.” Roger Penrose of Oxford called infla-
tion “a fashion the high-energy physicists have visited on the cos-
mologists . . . Even aardvarks think their offspring are beautiful.”)
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Guth believed that sooner or later the data would show that the
universe was flat. But what did bother him was that his original pic-
ture suffered from a small but crucial defect, one that is still not
completely understood today. Inflation was ideally suited to solving
a series of deep cosmological problems. The problem was he didn't
know how to turn inflation off.

Think of heating up a pot of water to its boiling point. Just before
it boils, it is momentarily in the state of high energy. It wants to
boil, but it can’t because it needs some impurity to start a bubble.
But once a bubble starts, it quickly enters a lower energy state of the
true vacuum, and the pot becomes full of bubbles. Eventually, the
bubbles become so large that they coalesce, until the pot is uniformly
full of steam. When all the bubbles merge, the phase of transition
from water to steam is complete.

In Guth's original picture, each bubble represented a piece of our
universe that was inflating out of the vacuum. But when Guth did
this calculation, he found that the bubbles did not coalesce properly,
leaving the universe incredibly lumpy. In other words, his theory
left the pot full of steam bubbles that never quite merged to become
a uniform pot of steam. Guth's vat of boiling water never seemed to
settle down to the universe of today.

In 1981, Andrei Linde of the P. N. Lebedev Institute in Russia and
Paul J. Steinhardt and Andreas Albrecht, then at the University of
Pennsylvania, found a way around this puzzle, realizing that if a
single bubble of false vacuum inflated long enough, it would even-
tually fill up the entire pot and create a uniform universe. In other
words, our entire world could be the by-product of a single bubble
that inflated to fill up the universe. You did not need a large number
of bubbles to coalesce in order to create a uniform pot of steam. Just
a single bubble would do, if it inflated long enough.

Think back to the analogy of the dam and the false vacuum. The
thicker the dam, the longer it takes for water to tunnel through the
dam. If the wall of the dam is thick enough, then the tunneling will
be delayed arbitrarily long. If the universe is allowed to inflate by a
factor of 105, then a single bubble has enough time to solve the hori-
zon, flatness, and monopole problem. In other words, if tunneling is
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sufficiently delayed, the universe inflates long enough to flatten the
universe and dilute the monopoles. But this still leaves the question:
what mechanism can prolong inflation that huge amount?

Eventually, this sticky problem became known as the “graceful
exit problem,” that is, how to inflate the universe long enough so
that a single bubble can create the entire universe. Over the years,
at least fifty different mechanisms have been proposed to solve the
graceful exit problem. (This is a deceptively difficult problem. I've
tried several solutions myself. It was relatively easy to generate a
modest amount of inflation in the early universe. But what is ex-
tremely difficult is getting the universe to inflate by a factor of 1os°.
Of course, one might simply put in this 105° factor by hand, but this
is artificial and contrived.) In other words, the process of inflation
was widely believed to have solved the monopole, horizon, and flat-
ness problems, but no one knew precisely what drove inflation and
what shut it off.

CHADTIC INFLATION AND PARALLEL UNIVERSES

Physicist Andrei Linde, for one, was unfazed by the fact that no one
agreed on a solution to the graceful exit problem. Linde confessed, “I
just had the feeling that it was impossible for God not to use such a
good possibility to simplify his work.”

Eventually, Linde proposed a new version of inflation that
seemed to eliminate some of the defects of the early versions. He en-
visioned a universe in which, at random points in space and time,
spontaneous breaking occurs. At each point where breaking occurs,
a universe is created which inflates a little. Most of the time, the
amount of inflation is minor. But because this process is random,
eventually there will be a bubble where the inflation lasts long
enough to create our universe. Taken to its logical conclusion, this
means that inflation is continuous and eternal, with big bangs hap-
pening all the time, with universes sprouting from other universes.
In this picture, universes can “bud” off into other universes, creat-

. “ . ”n
ing a “multiverse.
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In this theory, spontaneous breaking may occur anywhere within
our universe, allowing an entire universe to bud off our universe. It
also means that our own universe might have budded from a previ-
ous universe. In the chaotic inflationary model, the multiverse is
eternal, even if individual universes are not. Some universes may
have a very large Omega, in which case they immediately vanish
into a big crunch after their big bang. Some universes only have a
tiny Omega and expand forever. Eventually, the multiverse becomes
dominated by those universes that inflate by a huge amount.

In retrospect, the idea of parallel universes is forced upon us.
Inflation represents the merger of traditional cosmology with ad-
vances in particle physics. Being a quantum theory, particle physics
states that there is a finite probability for unlikely events to occur,
such as the creation of parallel universes. Thus, as soon as we admit
the possibility of one universe being created, we open the door to the
probability of an endless number of parallel universes being created.
Think, for example, of how the electron is described in the quantum
theory. Because of uncertainty, the electron does not exist at any sin-
gle point, but exists in all possible points around the nucleus. This
electron “cloud” surrounding the nucleus represents the electron be-
ing many places at the same time. This is the fundamental basis of
all of chemistry which allows electrons to bind molecules together.
The reason why our molecules do not dissolve is that parallel elec-
trons dance around them and hold them together. Likewise, the
universe was once smaller than an electron. When we apply the
quantum theory to the universe, we are then forced to admit the pos-
sibility that the universe exists simultaneously in many states. In
other words, once we open the door to applying quantum fluctua-
tions to the universe, we are almost forced to admit the possibility
of parallel universes. It seems we have little choice.

THE UNIVERSE FROM NOTHING

At first, one might object to the notion of a multiverse, because it
seems to violate known laws, such as the conservation of matter and
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energy. However, the total matter/energy content of a universe may
actually be very small. The matter content of the universe, includ-
ing all the stars, planets, and galaxies, is huge and positive. How-
ever, the energy stored within gravity may be negative. If you add
the positive energy due to matter to the negative energy due to grav-
ity, the sum may be close to zero! In some sense, such universes are free.
They can spring out of the vacuum almost effortlessly. (If the uni-
verse is closed, then the total energy content of the universe must be
precisely zero.)

(To grasp this, think of a donkey that falls into a large hole in the
ground. We have to add energy to the donkey in order to pull him out
of the hole. Once he is out and he is standing on the ground, he is
considered to have zero energy. Thus, because we had to add energy
to the donkey to get him to a state of zero energy, he must have had
negative energy while in the hole. Similarly, it takes energy to pull
a planet out of a solar system. Once it is out in free space, the planet
has zero energy. Since we have to add energy to extract a planet out
of a solar system to attain a state of zero energy, the planet has neg-
ative gravitational energy while inside the solar system.)

In fact, to create a universe like ours may require a ridiculously
small net amount of matter, perhaps as little as an ounce. As Guth
likes to say, “the universe may be a free lunch.” This idea of creating a
universe from nothing was first introduced by physicist Edward
Tryon of Hunter College of the City University of New York, in a paper
published in Nature magazine in 1973. He speculated that the universe
is something “which happens from time to time” due to a quantum
fluctuation in the vacuum. (Although the net amount of matter nec-
essary to create a universe may be close to zero, this matter must be
compressed to incredible densities, as we see in chapter 12.)

Like the P’'an Ku mythologies, this is an example of creatio ex nihilo
cosmology. Although the universe-from-nothing theory cannot be
proved with conventional means, it does help to answer very practi-
cal questions about the universe. For example, why doesn't the
universe spin? Everything we see around us spins, from tops, hurri-
canes, planets, and galaxies, to quasars. It seems to be a universal
characteristic of matter in the universe. But the universe itself does
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not spin. When we look at the galaxies in the heavens, their total
spin cancels out to zero. (This is quite fortunate, because, as we see
in chapter 5, if the universe did spin, then time travel would become
commonplace and history would be impossible to write.) The reason
why the universe does not spin may be that our universe came from
nothing. Since the vacuum does not spin, we do not expect to see any
net spin arising in our universe. In fact, all the bubble-universes
within the multiverse may have zero net spin.

Why do positive and negative electrical charges balance out ex-
actly? Normally, when we think of the cosmic forces governing the
universe, we think more about gravity than the electromagnetic
force, even though the gravitational force is infinitesimally small
compared to the electromagnetic force. The reason for this is the per-
fect balance between positive and negative charges. As a result, the
net charge of the universe appears to be zero, and gravity dominates
the universe, not the electromagnetic force.

Although we take this for granted, the cancellation of positive
and negative charges is quite remarkable, and has been experimen-
tally checked to 1 part in 102. (Of course, there are local imbalances
between the charges, and that's why we have lightning bolts. But the
total number of charges, even for thunderstorms, adds up to zero.)
If there were just 0.00001 percent difference in the net positive and
negative electrical charges within your body, you would be ripped to
shreds instantly, with your body parts thrown into outer space by
the electrical force.

The answer to these enduring puzzles may be that the universe
came from nothing. Since the vacuum has net zero spin and charge,
any baby universe springing forth from nothing must also have net
zero spin and charge.

There is one apparent exception to this rule. That exception is
that the universe is made of matter rather than antimatter. Since
matter and antimatter are opposites (with antimatter having ex-
actly the opposite charge from matter), we might assume that the
big bang must have created equal amount of matter and antimatter.
The problem, however, is that matter and antimatter will annihilate
each other on contact into a burst of gamma rays. Thus, we should
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not exist. The universe should be a random collection of gamma rays
instead of teeming with ordinary matter. If the big bang were per-
fectly symmetrical (or if it came from nothing), then we should ex-
pect equal amounts of matter and antimatter to be formed. So why
do we exist? The solution proposed by Russian physicist Andrei
Sakharov is that the original big bang was not perfectly symmetrical
at all. There was a tiny amount of symmetry breaking between mat-
ter and antimatter at the instant of creation, so that matter domi-
nated over antimatter, which made possible the universe we see
around us. (The symmetry that was broken at the big bang is called
CP symmetry, the symmetry that reverses charges and the parity of
matter and antimatter particles.) If the universe came from “noth-
ing,” then perhaps nothing was not perfectly empty but had a slight
amount of symmetry breaking, which allows for the slight domi-
nance of matter over antimatter today. The origin of this symmetry
breaking is still not understood.

WHAT MIGHT OTHER UNIVERSES LOOK LIKE?

The multiverse idea is appealing, because all we have to do is assume
that spontaneous breaking occurs randomly. No other assumptions
have to be made. Each time a universe sprouts off another universe,
the physical constants differ from the original, creating new laws of
physics. If this is true, then an entirely new reality can emerge
within each universe. But this raises the intriguing question: what
do these other universes look like? The key to understanding the
physics of parallel universes is to understand how universes are cre-
ated, that is, to understand precisely how spontaneous breaking oc-
curs.

When a universe is born and spontaneous breaking takes place,
this also breaks the symmetry of the original theory. To a physicist,
beauty means symmetry and simplicity. If a theory is beautiful, this
means it has a powerful symmetry that can explain a large body of

data in the most compact, economical manner. More precisely, an
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equation is considered to be beautiful if it remains the same when
we interchange its components among themselves. One great advan-
tage to finding the hidden symmetries of nature is that we can show
that phenomena that are seemingly distinct are actually manifesta-
tions of the same thing, linked together by a symmetry. For example,
we can show that electricity and magnetism are actually two aspects
of the same object, because there is a symmetry that can interchange
them within Maxwell’s equations. Similarly, Einstein showed that
relativity can turn space into time and vice versa, because they are
part of the same object, the fabric of space-time.

Think of a snowflake, which has a beautiful six-fold symmetry, a
source of endless fascination. The essence of its beauty is that it re-
mains the same if we rotate the snowflake by 6o degrees. This also
means that any equation we write down to describe the snowflake
should reflect this fact, that it remains invariant under rotations of
multiples of 60 degrees. Mathematically, we say that the snowflake
has C; symmetry.

Symmetries then encode the hidden beauty of nature. But in re-
ality, today these symmetries are horribly broken. The four great
forces of the universe do not resemble each other at all. In fact, the
universe is full of irregularities and defects; surrounding us are the
fragments and shards of the original, primordial symmetry shat-
tered by the big bang. Thus, the key to understanding possible par-
allel universes is to understand “symmetry breaking”—that is, how
these symmetries might have broken after the big bang. As physicist
David Gross has said, “The secret of nature is symmetry, but much of
the texture of the world is due to mechanisms of symmetry break-
ing.”

Think of the way a beautiful mirror shatters into a thousand
pieces. The original mirror possessed great symmetry. You can rotate
a mirror at any angle and it still reflects light in the same way. But
after it is shattered, the original symmetry is broken. Determining
precisely how the symmetry is broken determines how the mirror

shatters.



98 Michio Kaku

SYMMETRY BREAKING

To see this, think of the development of an embryo. In its early
stages, a few days after conception, an embryo consists of a perfect
sphere of cells. Each cell is no different from the others. It looks the
same no matter how we rotate it. Physicists say that the embryo at
this stage has 0(3) symmetry—that is, it remains the same no mat-
ter how you rotate it on any axis.

Although the embryo is beautiful and elegant, it is also rather
useless. Being a perfect sphere, it cannot perform any useful func-
tions or interact with the environment. In time, however, the em-
bryo breaks this symmetry, developing a tiny head and torso, so it
resembles a bowling pin. Although the original spherical symmetry
is now broken, the embryo still has a residual symmetry; it remains
the same if we spin it along its axis. Thus, it has cylindrical symme-
try. Mathematically, we say that the original 0(3) of the sphere has
now been broken down to the 0(2) symmetry of the cylinder.

The breaking of 0(3) symmetry, however, could have proceeded in
a different way. Starfish, for example, do not have cylindrical or bi-
lateral symmetry; instead, when the spherical symmetry is broken,
they have a Cs symmetry (which remains the same under rotations
by 72 degrees), giving it its five-pointed-star shape. Thus, the way in
which the symmetry 0(3) breaks determines the shape of the orga-
nism when it is born.

Similarly, scientists believe the universe started out in a state of
perfect symmetry, with all the forces unified into a single force. The
universe was beautiful, symmetrical, but rather useless. Life as we
know it could not exist in this perfect state. In order for the possibility

of life to exist, the symmetry of the universe had to break as it cooled.

SYMMETRY AND THE STANDARD MODEL

In the same way, to understand what parallel universes might look

like, we must first understand the symmetries of the strong, weak,
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and electromagnetic interactions. The strong force, for example, is
based on three quarks, which scientists label by giving them a ficti-
tious “color” (for example, red, white, and blue). We want the equa-
tions to remain the same if we interchange these three colored
quarks. We say that the equations have SU(3) symmetry, that is,
when we reshuffle the three quarks, the equations remain the same.
Scientists believe that a theory with SU(3) symmetry forms the most
accurate description of the strong interactions (called Quantum
Chromodynamics). If we had a gigantic supercomputer, starting
with just the masses of the quarks and the strength of their interac-
tions, we could, in theory, calculate all the properties of the proton
and neutron and all the characteristics of nuclear physics.

Similarly, let’s say we have two leptons, the electron and the neu-
trino. If we interchange them in an equation, we have SU(2) sym-
metry. We can also throw in light, which has the symmetry group
U(1). (This symmetry group shuffles the various components or po-
larizations of light among each other.) Thus, the symmetry group of
the weak and electromagnetic interactions is SU(2) X U(1).

If we simply glue these three theories together, not surprisingly
we have the symmetry SU(3) X SU(2) X U(1), in other words, the sym-
metry that separately mixes three quarks among themselves and two
leptons among themselves (but does not mix quarks with leptons).
The resulting theory is the Standard Model, which, as we saw ear-
lier, is perhaps one of the most successful theories of all time. As
Gordon Kane of the University of Michigan says, “Everything that
happens in our world (except for the effects of gravity) results from
Standard Model particle interactions.” Some of its predictions have
been tested in the laboratory to hold within one part in a hundred
million. (In fact, twenty Nobel Prizes have been awarded to physi-
cists who have pieced together parts of the Standard Model.)

Finally, one might construct a theory that combines the strong,
weak, and electromagnetic interaction into a single symmetry. The
simplest GUT theory that can do this interchanges all five particles
(three quarks and two leptons) into each other simultaneously.
Unlike the Standard Model symmetry, the GUT symmetry can mix
quarks and leptons together (which means that protons can decay



100 Michio Kaku

into electrons). In other words, GUT theories contain SU(5) symme-
try (reshuffling all five particles—three quarks and two leptons—
among themselves). Over the years, many other symmetry groups
have been analyzed, but SU(5) is perhaps the minimal group that fits
the data.

When spontaneous breaking occurs, the original GUT symmetry
can break in several ways. In one way, the GUT symmetry breaks
down to SU(3) X SU(2) X U(1) with precisely 19 free parameters that
we need to describe our universe. This gives us the known universe.
However, there are actually many ways in which to break GUT sym-
metry. Other universes would most likely have a completely dif-
ferent residual symmetry. At the very minimum, these parallel
universes might have different values of these 19 parameters. In
other words, the strengths of the various forces would be different
in different universes, leading to vast changes in the structure of the
universe. By weakening the strength of the nuclear force, for exam-
ple, one might prevent the formation of stars, leaving the universe
in perpetual darkness, making life impossible. If the nuclear force is
strengthened too much, stars could burn their nuclear fuel so fast
that life would not have enough time to form.

The symmetry group may also be changed, creating an entirely
different universe of particles. In some of these universes, the pro-
ton might not be stable and would rapidly decay into antielectrons.
Such universes cannot have life as we know it, but would rapidly dis-
integrate into a lifeless mist of electrons and neutrinos. Other uni-
verses could break the GUT symmetry in yet another way, so there
would be more stable particles, like protons. In such a universe, a
huge variety of strange new chemical elements could exist. Life in
those universes could be more complex than our own, with more
chemical elements out of which to create DNA-like chemicals.

We can also break the original GUT symmetry so that we have
more than one U(1) symmetry, so there is more than one form of
light. This would be a strange universe, indeed, in which beings
might “see” using not just one kind of force but several. In such a
universe, the eyes of any living being could have a large variety of
receptors to detect various forms of light-like radiation.
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Not surprisingly, there are hundreds, perhaps even an infinite
number of ways to break these symmetries. Each of these solutions,

in turn, might correspond to an entirely separate universe.

TESTABLE PREDICTIONS

Unfortunately, the possibility of testing the multiverse theory, in-
volving multiple universes with different sets of physical laws, is at
present impossible. One would have to travel faster than light to
reach these other universes. But one advantage of the inflation the-
ory is that it makes predictions about the nature of our universe that
are testable.

Since the inflationary theory is a quantum theory, it is based on
the Heisenberg uncertainty principle, the cornerstone of the quan-
tum theory. (The uncertainty principle states that you cannot make
measurements with infinite accuracy, such as measuring the veloc-
ity and position of an electron. No matter how sensitive your
instruments are, there will always be uncertainty in your measure-
ments. If you know an electron’s velocity, you cannot know its pre-
cise location; if you know its location, you cannot know its velocity.)
Applied to the original fireball that set off the big bang, it means
that the original cosmic explosion could not have been infinitely
“smooth.” (If it had been perfectly uniform, then we would know
precisely the trajectories of the subatomic particles emanating from
the big bang, which violates the uncertainty principle.) The quan-
tum theory allows us to compute the size of these ripples or fluctua-
tions in the original fireball. If we then inflate these tiny quantum
ripples, we can calculate the minimum number of ripples we should
see on the microwave background 380,000 years after the big bang.
(And if we expand these ripples to the present day, we should find
the current distribution of galactic clusters. Our galaxy itself started
out in one of these tiny fluctuations.)

Initially, a superficial glance at the data from the COBE satellite
found no deviations or fluctuations in the microwave background.

This caused some anxiety among physicists, because a perfectly
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smooth microwave background would violate not just inflation but
the entire quantum theory as well, violating the uncertainty princi-
ple. It would shake physics to its very core. The entire foundation of
twentieth-century quantum physics might have to be thrown out.
Much to scientists’ relief, a painstakingly detailed look at the
computer-enhanced data from the COBE satellite found a blurry set
of ripples, variations in temperature of 1 part in 100,000—the min-
imum amount of deviation tolerated by the quantum theory. These
infinitesimal ripples were consistent with the inflationary theory.
Guth confessed, “I'm completely snowed by the cosmic background
radiation. The signal was so weak it wasn’t even detected until 1965,
and now they're measuring fluctuations of one part in 100,000.”
Although the experimental evidence being gathered was slowly
favoring inflation, scientists still had to resolve the nagging problem

of the value of Omega—the fact that Omega was 0.3 rather than 1.0.

SUPERNOVAE—RETURN OF LAMBDA

While inflation turned out to be consistent with the COBE data sci-
entists gathered, astronomers still grumbled in the 1990s that infla-
tion was in flagrant violation of the experimental data on Omega.
The tide first began to turn in 1998, as a result of data from a totally
unexpected direction. Astronomers tried to recalculate the rate of
expansion of the universe in the distant past. Instead of analyzing
Cepheid variables, as Hubble did in the 1920s, they begin to examine
supernovae in distant galaxies billions of light-years into the past.
In particular, they examined type Ia supernovae, which are ideally
suited for being used as standard candles.

Astronomers know that supernovae of this type have nearly the
same brightness. (The brightness of type Ia supernovae is known so
well that even small deviations can be calibrated: the brighter the
supernova, the slower it declines in brightness.) Such supernovae
are caused when a white dwarf star in a binary system slowly sucks
matter from its companion star. By feeding off its sister star, this
white dwarf gradually grows in mass until it weighs 1.4 solar masses,
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the maximum possible for a white dwarf. When they exceed this
limit, they collapse and explode in a type Ia supernova. This trigger
point is why type Ia supernovae are so uniform in brightness—it is
the natural result of white dwarf stars reaching a precise mass and
then collapsing under gravity. (As Subrahmanyan Chandrasekhar
showed in 1935, in a white dwarf star the force of gravity crushing
the star is balanced by a repulsive force between the electrons, called
electron degeneracy pressure. If a white dwarf star weighs more
than 1.4 solar masses, then gravity overcomes this force and the star
is crushed, creating the supernova.) Since distant supernovae took
place in the early universe, by analyzing them one can calculate the
rate of expansion of the universe billions of years ago.

Two independent groups of astronomers (led by Saul Perlmutter
of the Supernova Cosmology Project and Brian P. Schmidt of the
High-Z Supernova Search Team) expected to find that the universe,
although still expanding, was gradually slowing down. For several
generations of astronomers, this was an article of faith, taught in
every cosmology class—that the original expansion was gradually
decelerating.

After analyzing about a dozen supernovae each, they found that
the early universe was not expanding as fast as previously thought
(that is, the redshifts of the supernovae and hence their velocity
were smaller than originally suspected). When comparing the ex-
pansion rate of the early universe to today’s expansion, they con-
cluded that the expansion rate was relatively greater today. Much to
their shock, these two groups came to the astounding conclusion
that the universe is accelerating.

Much to their dismay, they found that it was impossible to fit the
data with any value of Omega. The only way to make the data fit the
theory was to reintroduce Lambda, the energy of the vacuum first
introduced by Einstein. Moreover, they found that Omega was over-
whelmed by an unusually large Lambda that was causing the 