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| PERCEIVED that!|wason
a little round grain of rock and
metal, filmed with water and with

air, whirling in sunlight and dark-
ness. And on the skin of that littke grain, all the
swarms of men, generation by generation, had
Iwed in labour and blindness, with intermittent
joy and intermittert lucidity of spirit. And all
their histary, with its folk-wanderings, its em-
pires, its philosophies, its proud sciences, its so-
cial revolutions, its increasing hunger for com-
munity, was but a flicker in one day of the lives

of the stars.

OLAF STAPLEDON
Star Maker {1937
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PREFACE TO THE PRINCETON
SCIENCE LIBRARY EDITION

The night sky is the most universally-shared feature of our
environment. Throughout history, humans have gazed up at
the “vault of heaven,” interpreting it in their own way, and
absorbing it in their culture. Astronomy is the grandest envi-
ronmental science.

It was a major leap when nineteenth centuryastronomers
realized that the stars were other Suns —made of atoms like
those on Earth, and governed by the same laws. Throughout
the 20th century, ever more powerful instruments revealed

a cosmos far vaster—and displaying preater richness and




REES

MARTIN

X

OUR COSMIC HABITAT

variety—than our forebears envisaged. We learnt that we are
literally the ashes of long dead stars—that the atoms in our
terrestrial habitat were all forged in stars that lived and died
before Earth formed. And our cosmic horizons hugely ex-
panded in space and time. The Milky Way, our “home gal-
axy, is just one of billions visible with powerful telescopes;
and we've realized that this entire cosmic panorama emerged
from a hot dense beginning—a “big bang” about 13.8 billion
years ago.

This understanding deepens our sense of wonder. And
it emboldens us to pose even more ambitious questions,
This book addresses what’s surely the grandest of all cosmic
conjectures: the idea that the ‘universe” astronomers can ob-
serve—- extending out to tens of billions of light-vears—is
just a tiny part of physical reality. Could the aftermath of
the big bang spread far beyond our observational horizon—
maybe even so far that all combinatorial options recur, and
we have remote “avatars™? And that's not all. Could "our” big
bang be just one of many—even part of an infinite archipel-
ago of diverse space-times? The plankton in a spoonful of
water have no conception of the diversity of our Earth and its
oceans. Astronomers’ current conception of physical reality
may be equally constricted. The physical laws governing us
and the stars may, in this grander perspective, be mere local
bylaws, the overarching physical principles being on a deep-
er level and their consequences far more diverse than our
imaginings.

In the years since this book was written, the “multiverse”
concept has attracted growing attention from mainstream

physicists. It's a scientific concept—not just metaphysics.
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But it remains speculative, because we still await a compel-
ling (and testable) theory that describes the ultra-dense early
phases of the big bang. Indeed, I think we should be open
minded about the possibility that the overarching theory is
too complex for human minds to grasp and so will forever
elude us—awaiting some post-human intellects (organic or
electronic) more powerful than our own.

The last decade has seen further progress in mapping
our observable universe and understanding how atoms, stars
and galaxies form and evolve. This is owed to further im-
provement in telescopes—on the ground and in space—and
to advances in computing power. The most astonishing tech-
nical achievement described in this book, in my view, was
the all-sky mapping of the faint microwaves pervading all
space, the “afterglow of creation,” with a precision of one part
in a million. This was the work of a Princeton-led group, us-
ing the WMAP spacecraft, propelled far beyond the Moon.
Follow-up work by the larger European “Planck” spacecraft
achieved even greater precision, and finer angular resolution.
The patterns and ripples in this radiation, spread across the
sky, very probably originated when our entire universe was
of microscopic size. It's been even more of a triumph to show
how the initially tiny density contrasts between regions of
varying densities grows during cosmic expansion, and even-
tually leads to the emergence of galaxies and clusters—a
marvelous confluence between the physics of the very small
and the very large.

Astronomers clearly can't do experiments on their ob-
jects of study. They are mere passive observers; moreover,

most cosmic timescales are so long that no changes are dis-
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cernable in a human lifetime. But they have two compensat-
ing advantages. They can actually observe how galactic popu-
lations evolve by looking at objects so far away that their light
set out billions of years ago; and they can do experiments in
the "virtual world” of their computers, simulating, far faster
than in “real time,” how galaxies grow, crash together, and
agglomerate into clusters.

Crucial to cosmic structure formation is the dark mat-
ter, which behaves like a swarm of particles that “feel” grav-
ity, but neither emit nor absorb light. When I wrote the
book, I genuinely expected that by today we would know
what the dark matter particles actually are. But despite in-
genious experimental efforts, their nature remains elusive,
and awaits even more sensitive experiments and observa-
tions now being planned.

The so-called "dark energy” latent in empty space is
less important for cosmic structures, but poses an even
more fundamental challenge to physicists. Most theorists
suspect that it is linked to the "microstructure” of space,
about which we are still almost entirely ignorant. We're fa-
miliar with the idea that no material can be chopped up
indefinitely: all substances have structure on the atomic
scale. And there are good reasons to expect that space and
time likewise manifest “granularity” —but this is on scales
a trillion trillion times smaller than an atom, and won't be
understood until there is a theory that links the quantum
principle with Einstein’s theory of gravity. I won't hold my
breath for that breakthrough.

As with most predictions in science and in technology,

the direction of travel is easier to forecast than the rate of
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travel. And whereas dark matter searches have proceeded
slower than 1d hoped, there’s another cosmic quest where
recent advances have been spectacularly faster. The book de-
scribes how exo-planets were discovered—first (in 1995) by
detecting the small wobble in a star’s motion induced by the
gravity of an orbiting planet, and then by detecting the dip in
a star’s brightness when a planet transits across it. These tech-
niques have proved hugely successful: thousands of plane-
tary systems have been identified, and it's now realized that
most stars in the sky are orbited by retinues of planets. In our
Galaxy alone, there could be billions of planets resembling
the Earth—in the sense of having similar sizes, and orbiting
their parent star in the “habitable zone * at a distance such
that water doesn't boil away nor stay frozen.

It's nonetheless frustrating that, despite having learnt
that planetary systems are ubiquitous, what we know about
them comes indirectly from observing the light of their
parent star. This should soon change. More powerful tele-
scopes—the James Webb Space Telescope, and the new gen-
eration of giant (30 meter) ground-based telescopes, will be
able to image nearby exoplanets and analyze their light, seek-
ing evidence for biospheres.

But “habitable” doesnt imply “inhabited” We under-
stand, at least in outline, how Darwinian selection has led
from the simplest monocellular life to the amazing biosphere
of which we're a part. However the actual origin of life on
Earth—the transition from complex chemistry to the first
replicating, metabolizing systems—still baffles us. It could
have been such a fluke that it would be unlikely to have hap-
pened elsewhere; on the other hand, it could be inevitable
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given an environment like that on the young Earth. Nor do
we know whether the DNA/ENA basis of terrestrial life is
unique, or whether there could be life based on quite differ-
ent chemistry. But the good news is that these issues, for long
relegated to the “too difficult” box, are now being addressed
by leading biochemists.

Of course what fascinates the widest public is the pos-
sibility of not mere life but “intelligent” life—ET. Can we
detect some transmissions from space that are plainly artifi-
cial, or discover non-natural artifacts? Nothing essential has
changed on this front since the book first appeared. There's
still zero evidence, and, as Carl Sagan reminded us, extraor-
dinary claims will require extraordinary evidence. But it’s
deeply gratifving that more extensive and deeper searches
are now being carried out. The chances of success may be
loww, but the stakes are so high that it's worth a gamble—and
its excellent that a succession of philanthropists have been
driving SETT searches forward.

That were the outcome of nearly four billion years of
Darwinian evolution is now a part of common culture,
Many tend to assume that we humans are the culmination
of this process of emergent complexity. But no astronomer
could believe this: the Sun is less than half way through its
life, and the cosmic expansion will continue for far longer,
perhaps for ever. There is more time for future evolution
than there has been for our emergence from simple organ-
isms. Moreover, this future evolution may be far faster than
Diarwinian selection: it will be the "directed” outcome of

advancing technology.
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There must be chemical and metabolic limits to the size
and processing power of "wet” organic brains. Maybe we're
close to these already. But fewer limits constrain electron-
ic computers (still fewer, perhaps, quantum computers):
for these, the potential for further development could be as
dramatic as the evolution from pre-Cambrian organisms to
humans. 5o, by any definition of “thinking,” the amount and
intensity that is done by organic human-type brains will be
utterly swamped by the future cogitations of AL

Suppose that there are many other planets where life be-
gan; and suppose that on some of them Darwinian evolution
followed a similar track. Even then, it's highly unlikely that
the key stages would be synchronized. If the emergence of
intelligence and technology on a planet lags significantly be-
hind what has happened on Earth, then that planet would
plainly reveal no evidence of ET. But life on a planet around
a star older than the Sun could have had a head-start of a
billion years or more. Thus it may already have evolved much
of the way along the “electronic takeover” scenarios I've just
mentioned.

One generic feature of these scenarios is that “organic”
human-level intelligence is just a brief interlude before the
machines take over. The history of human technological civ-
ilization is measured in millennia (at most)—and it may be
only one or two more centuries before humans are overtak-
en or transcended by inorganic intelligence, which will then
persist, continuing to evolve, for billions of years. This sug-
gests that if we were to detect ET, it would be far more likely

to be inorganic: we would be most unlikely to “catch” alien
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intelligence in the brief sliver of time when it was still in or-
ganic form.

Overall, there's every reason to expect accelerating prog-
ress in exploring our cosmic habitat. Nonetheless, some sci-
entific challenges posed in this book may elude us—and may
have to await the emergence of intellects (or space travelers)

who can transcend human limitations.
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PREFACE

It was a privilege to be asked to speak on "Our Cosmic Hab-
itat” in the first Scribner Lectures, a new annual series co-
sponsored by Princeton University and Princeton University
Press. But it was daunting as well, because Princeton is one
of the worlds leading centers for research in cosmology, and
I normally go there to learn rather than to talk.

One of Princeton’s most eminent and inspirational scien-
tists, Professor John A, Wheeler, taught me the neat apho-
rism, “Time is Nature’s way of stopping things happening all
at once” 1 offer, in return, a more frivolous one: “God in-

vented space so that not everything had to happen in Princeton.”
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Nonetheless, much of the action in cosmology did happen
there, and it was perhaps foolhardy of me to choose a theme
that had greater experts locally. However, my lectures weren't
addressed to them: my aim was to offer a broad-brush pic-
ture of some lively scientific frontiers, emphasizing new ideas
in a way that was accessible to a general audience.

In this written text, | have adjusted the balance of topics,
highlighting points that are less familiar to most, and perhaps
in consequence more speculative,

The provost of Princeton University, Jeremiah Ostriker,
kindly invited me to give the Scribner Lectures. [ thank him,
and other friends and colleagues, especially |. Richard Gott,
for their hospitality and support. I am also grateful to Walter
Lippincott, Trevor Lipscombe, and Fred Appel at the Univer-
sity Press for their practical help during my visit, to Alice
Calaprice and Joe Wisnovsky for editorial advice in prepar-
ing this text, and to Richard Sword for drawing the figures.
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Could God Have Made
the World Any Differently?

PROLOGUE

The preeminent mystery is why anything exists at all. What
breathes life into the equations of physics, and actualized
them in a real cosmos? Such questions lie beyond science,
however: they are the province of philosophers and theolo-
gians. For science, the overarching problem is to understand
how a genesis event so simple that it can be described by a
short recipe seems to have led, 13 billion vears later, to the
complex cosmos of which we are a part. Was the outcome
“natural,’ or should we be surprised at what happened?
Could there be other universes? Scientists are now address-

ing such questions, which had formerly been in the realm of
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speculation. Cosmology has a history that stretches back for
millennia, but the conceptual excitement has never been
more intense than it is at the start of the twenty-first century.

The Sun and the firmament are part of our environ-
ment—our cosmic habitat. Artistic and mystical geniuses
share this perception with sdentists. D. H. Lawrence wrote,
“I am part of the Sun as my eye is part of me.” Van Gogh's
“Starry Night” was painted in the same spirit as his pictures
of cornfields and sunflowers. One can find numerous other
such examples in the arts.

Science deepens our sense of intimacy with the nonter-
restrial, We are ourselves poised between cosmos and micro-
world. It would take as many human bodies to make up the
Sun’s mass as there are atoms in each of us. Our existence de-
pends on the propensity of atoms to stick together and to as-
semble into the complex molecules in all living tissues. But
the atoms of oxygen and carbon in our bodies were them-
selves made in faraway stars that lived and died billions of
years ago.

Technical advances during the twentieth century, espe-
cially its later decades, have enriched our perspective on our
cosmic habitat. Space probes have beamed back pictures
from all the planets of our solar system: new technology en-
ables a worldwide public to share this vicarious cosmic ex-
ploration. Pictures of a comet crashing into Jupiter, made
with the Hubble Space Telescope, were viewed almaost in real
time by more than a million people on the Internet. Diuring
this first decade of the twenty-first century, probes will trun-
dle across the surface of Mars and even fly over it; they will

land on Titan, Saturns giant moon; and samples of Martian

soil may be collected and brought back to Earth.




Our universe extends millions of times beyond the re-
motest stars we can see—out to galaxies so far away that their
light has taken 10 billion vears to reach us. Bizarre cosmic
objects—quasars, black holes, and neutron stars—have en-
tered the general vocabulary, if not the common understand-
ing. We have learned that most of the stuff in the universe is
not at all in the form of ordinary atoms: it consists of myste-
rious dark particles, or energy that is latent in space. We now
envision our Earth in an evolutionary context stretching back
before the birth of our solar system—right back, indeed, to
the primordial event that set our entire cosmos expanding
from some entity of microscopic size.

Deeper insight into the nature of space and time may
enlarge our conception of the cosmos to embrace other uni-
verses bevond our own. These may manifest extra spatial di-
mensions and other concepts so far from our intuition that
we shall grasp them with difficulty, if at all. What is surely
astounding is that this enterprise has made any headway at
all.

The public image of Albert Einstein is not the sin-
gle-minded and ambitious researcher of his creative youth,
but the benign and unkempt sage of hislater Princeton years.
One of the most-quoted of his aphorisms is: “The most in-
comprehensible thing about the universe is that it is compre-
hensible.” He was here expressing his amazement that the
laws of physics, which our minds are somehow attuned to
understand, apply not just here on Earth, but everywhere we
look, Our universe could have turned out to be an anarchic
place, where atoms and the forces governing them are baf-
flingly different elsewhere in the cosmos from those we can

study locally. But atoms in the most distant galaxies seem

~ o PROLOGUE
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identical to those in our laboratories. Without this simplify-
ing feature, we would have made far less progress in under-
standing our cosmic environment.

But what about the many things that remain incompre-
hensible? The most daunting challenge is posed by our bio-
sphere—the immense complexity and variety of organisms,
ecosystems, and brains. My interest lies in issues that [ genu-
inely think are more tractable: probing and constraining the
underlying laws that govern the microworld of atoms and the
grand scale of the cosmos, and understanding how these set
the stage for life by allowing the emergence of planets, stars,
and galaxies.

In the last few years of the twentieth century, an exdting
new research area opened up: the detection of planets around
other stars. The night sky will soon be far more interesting.
Stars will not be just points of light: many will have a distinc-
tive retinue of planets whose main properties we will know.
Will any of these harbor intelligence—or, indeed, even the
maost primitive life?

If aliens exist, and if we ever establish contact with them,
what common culture might we share? The obvious answer
is: our cosmic habitat. However different their evolution, the
aliens would be made of atoms and governed by the same
forces that govern us. If they had eves and their world had
clear skies, they would gaze out on the same vista of stars and
galaxies that surround us. We and they would be confronted
with stupendous expanses of space, as well as huge spans of
time. Contemplative aliens might already have answered
questions such as: What happened before the Big Bang?

What causes gravity and mass? Is the universe infinite? How

orougna to you oy 18 Matianal Liprary of ihe nnppineas



did atoms assemble—on at least one planet around at least
one star—into beings able to ponder these mysteries? These
questions still baffle all of us. Rather than the “end of science”
being nigh, we are still near the beginning of the cosmic
quest.

To link cosmos and microworld requires a breakthrough.
Twentieth-century physics rests on two great foundations:
the quantum principle (governing the “inner space” of atoms)
and Einsteins relativity theory, which describes time, outer
space, and gravity but doesn't incorporate quantum effects.
The structures erected on these foundations are still disjoint.
Until there is a unified theory of the forces governing both
cosmos and microworld, we won't be able to understand the
fundamental features of our universe: these features were im-
printed on it at the very beginning, when everything was so
squeezed that quantum fluctuations could shake the entire
universe.

In his later life, Einstein focused on deep issues that are
likely to attract more interest in the twenty-first century than
they ever did in the twentieth. He spent his last thirty yearsin
a vain (and, with hindsight, premature) quest for a unified
theory of physics. Will such a theory—reconciling gravity
with the quantum principle and transforming our concep-
tion of space and time—be achieved in coming decades?

The smart money is on a concept known as “superstring
theory,” or M-theory, in which each point in our ordinary
space is actually a tightly folded origami in six extra dimen-
sions, wrapped up on scales perhaps a billion billion times
smaller than an atomic nucleus, and particles are represented

as vibrating loops of “string.” There is still an unbridged gap

FROM BIG BANG TO BIOSPHERES i
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between this elaborate mathematical theory and anything we
can actually measure. Monetheless, its proponents are con-
vinced that string theory hasa resounding ring of truth about
it and that we should take it seriously.

A universe hospitable to life—what we might call a bio-
philic universe—has to be very special in many ways. The
prerequisites for any life—long-lived stable stars, a periodic
table of atoms with complex chemistry, and so on—are sen-
sitive to physical laws and could not have emerged from a Big
Bang with a recipe that was even slightly different. Many rec-
ipes would lead to stillborn universes with no atoms, no
chemistry, and no planets; or to universes too short lived or
too empty to allow anything to evolve beyond sterile unifor-
mity. This distinctive and special-seeming recipe seems to me
a fundamental mystery that should not be brushed aside
merely as a brute fact.

How we respond to this mystery will depend on the an-
swer to another of Einsteins questions: “Could God have
made the world any differently?™ Our universe, along with
the physical laws that prevail in it, may turn out to be the
unique outcome of a fundamental theory—in other words,
nature may allow only one recipe for a universe, Alterna-
tively, the underlying laws could be more permissive: they
may allow many recipes, leading to many different universes;
and these universes may actually exist.

We do not know which one of these options prevails. The
answer will have to await a successful fundamental theory,
and it would be presumptuous to prejudge the answer. None-
theless, this book will focus on the fascinating consequences
of the answer to Einstein’s question—posed as the title of this

orougna to you oy 18 Matianal Liprary of ihe nnppineas



Prologue—being “yes™ God did have a choice. The entity
traditionally called the universe—the entire domain that as-
tronomers study, or the aftermath of "our” Big Bang—would
be just one small element, or atom, in an infinite and im-
mensely varied ensemble. The entire "multiverse” would be
governed by a set of fundamental principles, but what we call
the laws of nature would be no more than local bylaws—the
outcome of historical accidents during the initial instants
after our own particular Big Bang,

In this book I argue that the multiverse concept is already
part of empirical sdence: we may already have intimations of
other universes, and we could even draw inferences about
them and about the recipes that led to them. In an infinite
ensemble, the existence of some universes that are seemingly
fine-tuned to harbor life would occasion no surprise; our own
cosmic habitat would plainly belong to this unusual subset.

Our entire universe is a fertile oasis within the multiverse.

FREOM BIG BEANG TO BIOSPHERES
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Planets and Stars

CHAPTER

The Sun

“Whilst this planet has been cycling on according to the fixed
law of gravity, from so simple a beginning, forms most won-
derful . . . have been and are being evolved” These are the fa-
mous closing words of Charles Darwin’s On the Origin of
Species.

Darwin’s genius was to recognize how “natural selection
of favored variations” could have transformed primordial life
{formed, he surmised, in 2 "warm little pond™) into the amaze-

ing varieties of creatures that crawl, swim, or fly on Earth. But
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this emergence—a higgledy-piggledy process, proceeding
without any guiding hand—is inherently very slow. Darwin
puessed that it would require hundreds of millions of years.
This expanse of time didn’t seem to faze him, because geolo-
gists had already invoked such timespans to account for the
laying-down of rocks and the shaping of the Earth'’s surface
features. Indeed, in the first edition of his book, Darwin esti-
mated the rate of erosion in the Weald of Kent, a broad valley
near his home, and panged that this geological feature had to
be 300 million years old. He insisted that “there is a grandeur
in this view of life.” To his nineteenth century contempo-
raries, these huge timescales were themselves mind-stretching
compared to the constricted timespans of more traditional
Western cosmologies.

There were, however, some troubling arguments that
seerned to preclude such an andent Earth. Lord Kelvin, one of
the most celebrated physiasts of his time, calculated that it
would take only a few million years for the heat stored in
Earth’s molten core to leak out. And the Sun itself, he daimed,
was radiating away its internal heat so fast that it would de-
flate in 10 million years. Kelvin’s views carried great weight:
“We may say, with certainty,” he wrote, “that the inhabitants
of the Earth cannot continue to enjoy the light and heat es-
sential to their life, for many millions of years longer, unless
sources now unknown to us are prepared in the preat store-
house of creation”' The American geologist Thomas Cham-
berlain retorted that “there is perhaps no beguilement more
insidious and dangerous than an elaborate and elegant math-
ematical process built upon unfortified premises”

Chamberlain was writing in 1899, but his words strike a
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special resonance today. In later chapters, [ shall discuss some
intellectually alluring theories that may account for the most
basic features of our physical universe—why it is expanding
the way it is, why it contains atoms (and other particles), the
strengths of the forces between them, and the nature of space
itself. But the boldest and most ambitious of these are still
based on “unfortified premises.”

Even before Kelvin’s death, advances in physics eroded
the credibility of his estimates. Henri Becquerel’s discovery in
1896 that uranium emitted mysterious rays gave the first hint
of hitherto unenvisioned energy latent within atoms, and of
what the Sun’s actual fuel might be. Moreover, it was realized
that power generated by radipactive decays in Earth’s core
could replenish the heat that was leaking out. But identifying
the precise reactions that allowed the Sun to shine for 10 bil-
lion years as a gravitationally confined fusion reactor had to
await a better understanding of atomic nudei

By the 1930s, it was realized that an atom consisted of a
positively charged nucleus, surrounded by orbiting electrons
with negative electric charge. The atoms of the different ele-
ments were distinguished from one another by the charge on
their nucleus and the number of electrons needed to neutral-
ize it. This number is 1 for hydrogen and 92 for uranium, the
heaviest naturally occurring atom. The chemical properties of
the various elements were already known in the nineteenth
century, when the great Russian chemist Dmitri Mendeleyev
put forward the periodic table of the elements, which showed
certain patterns and family resemblances among different
groups of elements. During the early twentieth century, the

new quantum theory offered a natural explanation for these
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patterns, showing how they depended on the detailed orbits
of the electrons surrounding the nuclei of atoms.

The atomic nuclel themselves are made up of protons
and neutrons: the number of protons determines the eectric
charge and the place in the periodic table. A nucleus of he-
lium, the second simplest element, consists of two protons
and two neutrons. It weighs 0.7 percent less than the four par-
ticles from which it is made, however, and this difference in
mass corresponds (via Einstein’s famous equation E = mc?)
to the energy released when hydrogen is transmuted into he-
lium. Nuclear fusion releases about a million times more en-
ergy per kilogram than any chemical process—combustion or
explosion. The violence of an H-bomb testifies to fusion’s
power. Chemical processes merely alter or reshuffle the or-
biting electrons; on the other hand, nuclear fusion taps a far
larger reservoir of energy in the nuclei themselves.

The first calculation of how this fusion occurs 1n a star
like the Sun depended on the insights of three preat physi-
cists. The first was a Russian, George Gamow, who will reap-
pear in chapter 5 as one of the pioneers of the Big Bang cos-
mological theory. Gamow used the newly formulated
quantum theory to estimate how hot the Sun’s core would
need to be for hydrogen fusion to be self-sustaining. The de-
tailed chain reactions were worked out by Carl-Friedrich
von Welzssaecker and Hans Bethe. These two eminent (and
then young) physicists were both Germans, though Bethe
went to the United States in the 1930s, having already
achieved distinction as a pioneer of nuclear physics; amaz-
ingly, he still remained active in the subject at the beginning
of the twenty -first century.
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1.1
A time-lapse depiction of the Sun's life cycle. It & now nearly ha ffway
through its 10-billion-year hydrogen-burning phase.

Our conception of the Sun’s life cycle is depicted in figure
L1 in a time-lapse format, with 150 million years between
successive frames. The proto-Sun condensed from a cloud of
diffuse interstellar gas. Gravity pulled this entity together
until its center was squeezed hot enough to trigger nuclear fu-
sion of hydrogen into helium at a sufficient rate to balance the
heat shining from its surface. Less than half of the Sun’s cen-
tral hydrogen has so far been used up, even though it is al-
ready 4.5 billion years old. It will keep shining for a further 5
billion years. It will then swell up to become a “red giant,
large and bright enough to engulf the inner planets and to va-
porize all life on Earth. During this red giant phase, lasting

some 500 million years, hydrogen will continue to burn in a
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shell around the helium core. Next, the Sun will undergo a
more rapid convulsion, triggered by the onset of helium fu-
sion in its core. This action will blow off some outer layers—
about a quarter of the Sun’s mass altogether. The residue will
become a white dwarf—a dense stellar ander no larger than
Earth—which will shine with a bluish glow, no brighter than
today’s full Moon, on whatever remains of the solar system.

To convey these vast timescales, an analogy can help.
Imagine a walk across America, starting in New York when
the Sun was born and ending in California when it is about to
die. To pace yourself on this walk, you would have to take one
step every 2000 years. All recorded history would be just a few
steps. Moreover, those steps would be just before the halfway
stage: somewhere in Kansas, perhaps—not the culmination of
the jour ney. Likewise, even our Sun has more time ahead of it
than has so far dapsed; and our entire universe could have an
infinite future awaiting it.

We may still be near Darwin's "simple beginning™: if life
isn't prematurely snuffed out, our remote progeny will
surely—in the eons that lie ahead—spread far beyond this
planet. Even if life is now unique to Earth, there is time

enough for it to“green” the entire Galaxy, and even to spread

beyond.
Other Solar Systems

In the early twentieth century, our solar system was suspected
of being the outcome of a close encounter between our Sun
and a passing star, which tore from it a stream of gas. This

stream condensed into droplets, each a protoplanet. Stars are
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very thinly spread through space, however: in a scale model
where the Sun was the size of a tennis ball, the nearest stars
would be thowsands of kilometers from the Sun and from
one another. Close encounters would be freakishly rare; so
also, if this theory were right, would be planetary systems.
But such “catastrophist™ views fell from favor in the second
half of the century. Astronomers came to prefer an alternative
theory that rendered planets a natural concomitant of star
formation.

When interstellar gas contracts to form a star, its density
rises a billion billion times. Any slight spin in the original gas
would have been so much amplified during the collapse (a
cosmic version of what happens when pirouetting ice skaters
pull in their arms) that centrifugal forces would prevent all of
it from contracting to the size of a star. Instead, any protostar,
as it contracted, would naturally spin off a disk. In these
disks, made from the gas and dust that pervades interstellar
space, dust particles would stick together to make rocky
“planetesmals,” which in turn merge to make planets.

Disks have now been detected around newly forming
protostars in the Orion Nebula and elsewhere, (Their discov-
erers coined the name “proplyds” short for protoplanetary
disks). Proplyds are a natural concomitant of any star’s birth,
so there is every reason to expect other stars to be orbited by
retinues of planets,

Even if they were orbiting one of the nearest stars, plan-
ets would be too faint to be seen directly with present-day
telescopes. A planet would appear fainter than its parent star
by a huge factor—roughly the same factor, in fact, by which
Venus and Jupiter appear to us fainter than our Sun. But in
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the last few years, planets have been revealed indirectly
through their effect on their parent star, Some stars have been
found to be wobbling slightly in their positions, just as would
be expected if planets were orbiting around them. A planet
tugs the star around in a small counterorbit, rather like a
small dog pulling its owner on a leash.

The first success wasachieved by two Swiss astronomers,
Michel Mayor and Didier Queloz. They analyzed the light
from a nearby star, 51 Persei, which closely resembles the
Sun, to see if there were slight changes in its color (or, in phys-
ical terms, in the wavelength of its light). If an object moves
toward us, the waves get bunched up and appear to have
shorter wavelengths—in other words, they shift toward the
blue end of the spectrum. Conversely, light seems reddened it
its source recedes from us. This is analogous to the so-called
Doppler effect for sound waves, whereby the pitch is higher if
the source approaches us. (Doppler famously used trum-
peters on a railway truck to demonstrate this now-familiar ef-
fect.) Mayor and Queloz found that the light from 51 Persei
shifted slightly toward the blue, and then toward the red,
then toward the blue apain; the pattern repeated regularly.
This regularity implied that the star had a near-circular mo-
tion, induced by an unseen planet: star and planet pivot
around the system’s center of mass, so that the presence of the
planet makes the star itself move. The inferred planet is about
the size of Jupiter and orbits at around 50 kilometers per
second. The star itself moves at only 50 meters per second—
one thousand times slower than the planet because it is one
thousand times heavier.

It was a real technical triumph to detect these slight mo-
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tions. Geoffrey Marcy and Paul Butler in California are now
the champion planet hunters, having used the same tech-
nique as Mayor and Queloz to find planets around dozens of
other stars. This technique measures just the part of the
star’s motion that is directed along our line of sight—a small
transverse motion does not show up asa Doppler shift. But
specially instrumented telescopes should soon be able to re-
veal the tiny side-to-side motion induced by an orbiting
planet by detecting slight changes in a star’s position on the
sky. In 1999, Marcy and Butler discovered that the nearby
star Upsilon Andromedae had at least three Jupiter-sized
planets: one in a very close dreular orbit, with period 4.6
days; the other two in larger, slower orbits. More and more
stars are now being revealed to have orbiting planets. The
systems display surprising variety: there are planets that are
up to about twenty times as heavy as Jupiter; the orbital pe-
riods can be as short as a few days; and the orbits are some-
time near-circular, but surprisingly often they are highly
elliptical.

The eventual goal, of course, is to have a sharp and sen-
sitive image that reveals orbiting planets directly. This kind of
image is still something for the future. But some daimed
planets have already revealed themselves in other ways—for
instance, by causing slight changes in the apparent brightness
of their parent star. If a planet moved across the face of the
star {as, in our own solar system, the planet Venus occasion-
ally transits the face of the Sun), then the star would dim
slightly each time, once per orbit, that the planet passed in
front of it. This technique only works, of course, if our line of

sight is close to the plane of the orbit.
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Other Earths?

The planets found so far, orbiting solar-type stars, are all
roughly the size of Jupiter or Saturn. But there is every reason to
suspect that these are the largest planets in other “solar sys-
tems” whose smaller planets are not yet detectable. Planets the
size of Earth would induce motions of merely centimeters per
second, not meters, in the central star—ioo small to be dis-
cerned by current techniques. They are alsohard to find by any
other method. If such a planet were to move in front of a star, it
would reduce its brightness by less than one part in 10,000. The
best hope of detecting this minuscule dimming would be to use
a telescope in space, where the starlight is unaffected by Earth’s
atmosphere and therefore is steadier. A planned Buropean space
mission called "Eddington™ (named after the famous Englishas-
tronomer) should be able to detect transits of Earthlike planets
across bright stars within the next decade, The longer-term goal
is to obser ve Earth-sized planets directly, rather than just infer-
ring them. This capability will require very large telescope arrays
in space—and it is far from a crazy idea.

From my home base in England, I watch the U5, space
program with interest and admiration. 1t is far larger than Eu-
rope’s, its scale being a legacy of superpower rivalry. Lam un-
derwhelmed by the International Space Station. But it is bet-
ter news that Masa’s somewhat messianic chief executive, Dan
Goldin, has focused the less costly unmanned program on the
scientific theme of "Origins,” and has included the so-called
Terrestrial Planet Finder, capable of detecting planets as small
as our Earth, asa main thrust of that program. In Europe, a
similar project, called “Darwin,” is also being planned.”
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We were all, when young, taught the layout of our own
solar systern—the sizes of the nine major planets and how they
move in orbit around the Sun. But, twenty years from now we
shall be able totell our grandchildren far more interesting things
on a starry night. Nearby stars will no longer just be points of
light—we will think of them as the Suns of other solar systems.
We will know the orbits of each star’s retinue of planets, and the
sizes (and even some topographic details) of the bigger ones.

We will be especially interested in possible twins of our
Earth—planets the same size as ours, orbiting other Sunlike
stars, having temperate climates. We still don’t know how
many of these objects there are.

Most of the systems so far discovered, incidentally, are
surprisingly different from our own solar system and offer
rather poor prospects for habitable planets. Many contain
Jupiterlike planets on eccentric orbits much closer to their
parent star than our own Jupiter is. These massive bodies
would destabilize any Earthlike planet ina near-circular orbit
at the “right” distance for its parent star. This discouraging
finding may be partly the outcome of observational selection:
fast-moving heavy planets, orbiting close to their parent star,
have been the easiest for Marcy and Butler to detect. We can-
not yet be sure what fraction of planetary systems would per-
mit an Earthlike planet to survive undisturbed for billions of
years in a near-circular orbit; but among the many millions of
planetary systems (formed with one, two, or three high- mass
planets), there would surely be some planets on Earthlike or-
bits, with temperatures such that water neither boils nor stays

frozen.
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Life and Intelligence

CHAPTER

Life's Likelihood

An iconic image from the 1960s was the first photograph of
the entire round Earth, taken from our Moon. Qur habitat of
land, oceans, and clouwds was revealed as a thin, delicate-
seeming glaze. Our home planet—the “third rock from the
Sun"—is very special. The beauty and vulnerability of
“spaceship Earth” contrasts with the stark and sterile moon-
scape on which the astronauts left their footprints. [t may
take more than twenty years before we can hang on our walls

a poster of another Earth, but when we can, it will surely
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have even more impact than the classic picture of our home
planet.

But even before we are able to image such planets in de-
tail, we will have learned much about them from the Terres-
trial Planet Finder space-telescope array or from its European
counterpart. Viewed from, say, ten light-years away—the dis-
tance of a nearby star—Earth would be, in Carl Sagan’s
phrase, a “pale blue dot,” seeming very dose to a star (our
Sun) that outshines it by a factor of many billions. The shade
of blue would be slightly different, depending on whether the
Pacific Ocean or the Eurasian land mass were facing us, and
the brightness would vary seasonally. By observing other
Earths,even if we can't resolve any detail on their surfaces, we
can infer the length of their day, their climate, and even their
pross topography.

From the spectrum of its light and infrared radiation, we
could infer what gases existed in such a planet’s atmosphere.
Detection of ozone, implying an atmosphere rich in oxygen,
would strongly indicate a biosphere. Our own atmosphere
did not start out oxygen rich but was transformed thus by
primitive bacteria in its early history. Spectroscopic evidence
of atmospheric methane—the product of decaying vegetation
or flatulent ruminants—could be another signature of an
Earthlike biosphere.

How likely is it that other worlds harbor life? That's the
question that galvanizes Nasa and the wider public. In a pro-
pitious environment, what is the chance that simple organ-
isms would emerge? Does life start on any planet in the right
temperature range, where there is water, along with other el-

ements such as carbon? Could some of these planets, orbiting
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other stars, harbor life forms far more interesting and exotic
than anything we might find on Mars? What is the chance
that some forms have evolved into something that can be
called intelligent?

S0 long as we know of only one biosphere, we cannot as-
sess whether it is a likely or an unlikely phenomenon. Life
may be ubiquitous in the cosmos, or it may have huge odds
stacked against it. Explorations of the solar system in the
coming decades may firm up the odds. Mars is still the main
focus of attention. Since the 1960s, space probes have re-
vealed dramatic Mars-scapes: volcanoes up to 20 kilometers
high, and a canyon 6 kilometers deep and stretching for 4000
kilometers. But most remarkable of all are the dried-up river
beds—evidence that Mars may once have been hospitable to
life, even if this is not the case today. There are even stratified
features that look like the shoreline of an ocean. If there was
indeed, sometime in the past, a large area of surface water, it
is likely to have originated deep under ground and was forced
up through thick permafrost. Mars was therefore never alo-
cation for prime beach-front property.

Back in the 1970s, Masa made its first serious exploration
of the Martian surface. The Viking probe landed onto a bar-
ren rock-strewn desert, and its robot arm scooped up samples
of soil, which were analyzed by onboard instruments. No
firm sign of even the most primitive life was evident. The only
serious cdaim for fossil life on Mars came later and was based
on analysis of a piece of Mars that made its own way to Earth.
Mars 15 continuously battered by impacts that throw debris
out into space. Some of the resulting rocks, after wandering

in orbit for many millions of years, crash down on Earth as
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meteorites, [n 1996, Masa officials announced that a meteorite
recovered from the Antarctic carried what might be traces of
Martian life. At an elaborately orchestrated press conference,
President Bill Clinton pronounced: * Today, Rodk 84001

speaks to us across these billions of years and millions of
miles. It speaks of the possibility of life.” The evidence was of
two kinds: complex organic molecules similar to those found
on Earth when organisms decay; and what looked like fossils
of bacteria-like creatures, though even smaller than actual
bacteria. Drespite the hype, the strength of these claims is still
disputed: life on Mars may vanish just as the “canals”™ did a
century ago.

But hope has not been abandoned. Over the next few
years, an armada of space probes will be launched toward the
Red Planet to analyze its surface, to fly over it, and, in later
missions, to return samples to Earth. In 2004, the Furopean
Space Agency’s “Huygens” probe, part of the cargp of nasa’s
Cassini mission to Saturn, will parachute into Titan’s atmos-
phere, seeking anything that might be alive on this giant
moon. Other possible sites for life are Jupiter’s frozen moons,
Europa and Ganymede: there are plans to land submersible
probes that could seek life beneath their ice-covered oceans.

S0 long as we have knowledge only about our own bio-
sphere, we can’t rule out the possibility that life on Earth is
the outcome of an extraordinary chain of events, one so un-
likely that it does not occur around any of the other 107! stars
within range of our telescopes. We still know too little about
how life began to dismiss this possibility. But suppose life
had emerged twice within our own solar system. Then it

couldn’t be a fluke: life would surely be common on planets
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around other stars as well. Therefore it is important to detect
life on one of the other planets or moons of our solar system,
There is an important proviso, however: before drawing any
inference about the ubiquity of life, we would need to be
quite sure that any nonterrestrial life had indeed begun inde-
pendently, and that organisms had not made their way, via

casmic dust or meteorites, from one planet to another.

Bruno’s Dream: Alien Intelligence?

Even if there is life elsewhere within our solar system, nobody
expects that it would be anything but primitive. Our galaxy
contains millions—perhaps billions—of other planets orbit-
ing other stars. What are the prospects that there are ad-
vanced life forms on some of these bodies?

In 1584 Giordiano Bruno, a Dominican monk, published
Omn the Infinite Universe and Worlds, Bruno had, a decade ear-
lier, fled from his Naples monastery and enjoyed a peripatetic
European existence. But in 1592 he imprudently returned to
Italy—lured, it is thought, by the hope of a professorship at
Padua which instead went to the young Galileo—and fell
into the clutches of the Inquisition. He was imprisoned in
Rome for his “obstinate and pertinacious heresies.” In Febru-
ary 1600, he was burned at the stake in the Campo de Fiori,
Rome, where he is now commemorated by a fine bronze
statue.

Among Bruno’s conjectures was the following: “There
are countless constellations, suns and planets; we see only
the suns because they give light; the planets remain invisible,

for they are small and dark. There are also numberless earths
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cirding around their suns, no worse and no less than this
globe of ours” In the last years of the twentieth century, his
prescient belief was vindicated: there are, assuredly, planetary
systems around many other stars

Bruno had a further conviction: “No reasonable mind
can assume that heavenly bodies which may be far more mag-
nificent than ours would not bear upon them creatures sim-
ilar or even superior to those upon our human earth.” This
idea was, of course, then a fantasy, but the concept of a "plu-
rality of inhabited worlds™ has, ever since, had surprisingly
sustained support. The great eighteenth century astronomer
William Herschel, discoverer of the planet Uranus, even
thought that the Sun was inhabited; and a hundred years
ago, many believed Martians existed. Even though our con-
ception of the physical universe has been transformed since
Bruno's time, we still cannot gauge the likelihood of extrater-
restrial intelligence.

Despite this enduring ignorance—or maybe because of
it—discussion of this subject is polarized. Some side with
Bruno; others argue dogmatically that we are alone. For my-
self, I think agnosticism is the only rational stance on this
issue. We don't know enough about life’s origins—still less
about what natural selection can and cannot do—to say
whether intelligent aliens are likely or unlikely.

To firm up the odds on finding extraterrestrial intelli-
gence, we need a clearer understanding of just how special
Earth’s physical environment had to be in order to permit the
prolonged selection process that led to human life. Some as-
tronomers claim that Earth is exceedingly special and that

very few planets around other stars—even those that resem-

fought to you by | The Mational Library of the Philippines

[mi

Authenticated
Download Date | 101149 8:08 AM



bled Earth in their size and temperatures—would provide the
requisite long-term stability for the prolonged evolution that
must precede advanced life. Donald Brownlee and Robert
Ward, in their book Rare Earth, give a dauntingly long catalog
of prerequisites. The planet’s orbit must not wander too close
to its sun; nor too far away, as it would if other larger planets
came too close and nudged it into a different orbit. Its spin
must be stable (something that in our Earth's case is ensured
by our large Moon). There must not be excessive bombard -
ment by asteroids, requiring perhaps a Jupiter-sized planet in
anearly circular exterior orbit to act as a trap for stray aster-
oids. Furthermore, it must be orbiting a star with a specially
propitious location in our Milky Way to ensure that it is nei-
ther unduly irradiated by cosmic rays, nor at high riskofen-
counters with other stars. If another star were to appmach
within the orbit of Jupiter, it would severely disrupt planetary
motions, leaving Earth ona very different and perhaps highly
eccentric orbit. But a star could endanger us, even if it did not
come nearly as close as that: the Sun is surrounded by a huge
reservoir of comets, mainly at safe distances far beyond the
outer planets, but the pravitational pull of a star, even during
quite a distant flyby, could deflect some of them into trajec-
tories that crash onto Earth,

One can readily think of external environmental influ-
ences—irequent comet impacts, for example—that would
impede biological evolution. But the prognosis for a bio-
sphere is unknown even in the most benign physical envi-
ronment. The most difficult and uncertain issues lie in the
province of biology, not astronomy, There are two great ques-

tions, and it is important to distinguish them from each
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other. First, how did life begin? If we knew the answer, we
would know whether life 15 a fluke or whether it is near-
inevitable in the kind of primal "soup” expected on a young
planet. But there is a second question: Even if simple life ex-
ists, what are the odds against its evolving into something that
we would recognize as intelligent? This question is likely to
prove far more intractable. Even if primitive life were com-
mon, the emergence of advanced life may not be.

We know, in outline, the key stages in life’s development
here on Earth. The simplest organisms seem to have emerged
within 100 million years of the final cooling of the Earth’s
crust after the last major impact, some 4 billion years ago. But
up to 2 billion years seem to have elapsed before the first eu-
karyotic (nucleated) cells appeared, and perhaps a further
billion years before multicellular life emerged. The earliest
evidence for most of the standard body types for animals
dates from the so-called Cambrian explosion half a billion
years apo. The immense variety of creatures on land emerged
since that time—punctuated, of course, by major extinctions,
such as the event 65 million years ago that wiped out the
dinosaurs.

Simple life seems to have emerged quite quickly, whereas
it took nearly 3 billion years for even the most basic multi-
cellular organisms to come on the scene. This disparity of
timescales suggests that there may be severe barriers to the
emergence of any complex life, Intelligence could therefore be
exceedingly rare even if simple life were widespread. Cer-
tainly our own emergence was the outcome of time and
chance, If Earth's history were rerun, the fauna might be quite
different. If, for instance, the dinosaurs hadn’t been wiped
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out, the chain of mammalian evolution that led to humans
may have been foredosed. We can't say whether any other
species would have taken our role.

Some evolutionists claim that even in a complex bio-
sphere, the emergence of intelligent life was a fluke. Others,
such as Simon Conway Morris, would dissent from this line.
He notes that certain survival-promoting traits have led to the
emergence of similar-looking animals via independent evo-
lutionary tracks—for instance, many Australasian marsupials
have close placental counterparts in other continents—and
he argues that the same convergence might permit more than
one evolutionary pathway toward intellipence. He writes: "My
sense is that for all its immense diversity and plenitude, life is
so constrained that what we see on Earth is far from being
some sort of parochial backwater or provincial zoo, let alone
a freak show. . .. There is a strong stamp of limitation, im-
parting not only a predictability to what we see on Earth, but

by implication elsewhere™

Exotic "Life"?

Searches for life will justifiably focus on Earthlike planets or-
biting long-lived stars of the same type as our Sun. But sci-
ence fiction authors remind ws that there are more exotic al-
ternatives. The physique of intelligent aliens would plainly
depend on the habitat their home planet offered. For exam-
ple, they could be balloonlike creatures floating in dense at-
mospheres; or, on a big planet where gravity pulled strongly,
they could be the size of insects.

Perhaps life can flourish at lower temperatures, too, even
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on a planet that has been flung into the frozen darkness of in-
terstellar space—a planet whose main warmth comes from
internal radioactivity, the process that heats the Earth’s core.

Most recently-discovered planets are orbiting stars that
resemble our Sun. But the very first extrasolar planets to be
discovered are in a more exotic environment. In 1992 the
radio astronomer Alex Wolszczan discovered three planets,
each smaller than Earth, orbiting not an ordinary star but a
neutron star—an object so dense that a mass larger than the
Sun’s is squeezed within a radius of 10 kilometers, with a
density 100,000,000,000,000 times higher than an ordinary
solid 2

Neutron stars are dense cinders left behind after super-
nova explosions. They interest physicists because they exem-
plify extreme conditions that could not possibly be simu-
lated in a terrestrial laboratory and thereby offer the chance to
test natural laws to their breaking point, and perhaps to learn
something fundamentally new. The radiation that they emit is
vastly brighter than a terrestrial laser, and the magnetic fields
on the surface are millions of times more intense than can be
created in laboratories. The force of gravity on a neutron star
is 1000 billion times stronger than on Earth: when we drop a
pen from table height, it makes a noise; the same event, on a
neutron star, would release as much energy as a kiloton of
high explosives.

The best-known neutron star lies in the center of the
Crab Nebula, the expanding debris from a supernova wit-
nessed by Chinese astronomers in A, 1054, The chief as-
trologer and computer of the calendar, Yang Wei Te, recorded
it as a “puest star” and deemed it “yellow and favorable for the
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Emperor.” The same supernova was recorded in Korea and
Japan; it 15 even cdaimed that it features in some Native Amer-
ican drawings. The neutron star in the Crab Nebula spins at
thirty-three revolutions per second and emits a beam of in-
tense radiation that we can observe once per revolution each
time it sweeps, like the beam of a lighthouse, across our line
of sight. Many hundreds of other such "pulsars™ are known.
Maost are the remnants of supernovae that occurred millions
of years ago. The debris from these earlier explosions would
no longer be visible like the Crab Nebula, but it would have
long ago dispersed and mixed into diffuse interstellar gas.”

The neutron star observed by Wolszczan radiates very lit-
tle light, though it emits penetrating X-rays and ejects a wind
of particles at nearly the speed of light. It does not provide an
environment propitious for life. Indeed, it is hard to under-
stand how this particular system of planets got there. It could
have formed after the supernova from gas that rained down
toward the neutron star, forming a disk, but a more likely sce-
nario is that the precursor star already had its retinue of plan-
ets and then became a supernova. There could have been
enough time for the planets to have developed simple life
forms if some of them were on orbits farther out than the
three that have been detected. But such life would not have
survived the event that formed the neutron star. Life may
have emerged, only to be snuffed out in the vaporizing blast
from the supernova.

It doesn’t take an explosion to snuff out life, Our Sun will
never become a supernova and will in time leave behind a
white dwarf rather than a neutron star. But one wonders

about the prospects for any intelligent life on a planet whose
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central Sunlike star became a giant and blew off its outer lay-
ers. Such considerations remind us of the transience of n-
habited worlds, and that any seemingly artificial signal that
we might conceivably detect sometime could come from su-
perintelligent {(though not necessarily conscious) computers,
created by a race of alien beings that had already died out.

Perhaps life could emerge on a neutron star itself—asce-
nario described in a science fiction classic by Robert For-
ward. The kinds of hyperdense microscopic organisms that
could exist in this environment, controlled by nuclear forces,
would have a metabolism far faster than ordinary chemically
based life, so an entire ecosystem could emerge and evolve in
a few years.

At the other extreme, authors of fiction have reminded us
that there could be diffuse living structures, freely floating in
interstellar douds. They would live (and, if intelligent, think)
in slow motion, but nonetheless they might come into their

own in the long-range future (see chapter 7).

Interstellar Discourse

Claims that advanced life is widespread must confront the
famous question first posed by the great physicist Enrico
Fermi: “Why aren’t the aliens here?” Why haven’t they visited
Earth already, or at least manifested their existence in a way
that leaves no doubt? Why aren’t they, or their artefacts, star-
ing us in the face? This argument gains further weight when
we realize that some stars are billions of years older than our
Sun: if life were common, its emergence should have had a

head start on planets around these ancient stars,?
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Even if we have not been visited (and of course we can-
not be absolutely sure we haven’t) we should not, despite
Fermi’s question, conclude that aliens don't exist. It would be
far easier to send a radio or laser signal than to traverse the
mind-boggling distances of interstellar space. Indeed, we can
already send signals that could be picked up by a civilization
with the same technology as ours that was in orbit around a
nearby star, But even the nearest stars are so far away that sig-
nals would be in transit many years. (Aliens equipped with
large radio antennas could, in any case, pick up the strong sig-
nals from antiballistic missile radars, as well as the combined
output of all our TV transmitters. If they could decode them,
it’s not hard to speculate what they might conclude about *in-
telligent” life on Earth.)

It makes sense first to listen rather than to transmit. If a
signal were detected, there would be time to send a measured
response, but there is no scope for snappy repartee: any two-
way exchange would take decades at best. It is of course pos-
sible to send coded pictures, or even blueprints of three-
dimensional structures—either of artifacts or molecular
templates such as a genome. In the long run, a dialogue could
develop. The logician Hans Freudental proposed an entire
language, called “lincos,” for interstellar communication,
showing how it could start with the limited vocabulary
needed for simple mathematical statements, and then gradu-
ally diversity the realm of discourse.

Searches for Extraterrestrial Intellipence (SeT) are a
worthwhile gamble, even if one suspects that there are heavy
odds against success, because of the huge philosophical im-
port of any detection. A manifestly artificial signal—even if it
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was as boring as a set of prime numbers or the digits of “pi”
in binary notation—would convey the momentous message
that intellipence (though not necessarily conscousness) is
not unique to Earth and had evolved elsewhere, and that
concepts of logic and physics are not peculiar to the kind of
hardware we carry around in our heads.

The sett Institute at Mountain View, California, is spear-
heading these searches; its work is supported by hefty private
benefactions. Any interested amateur with a home computer
can download and analyze a short stretch of the data stream
from a radio telescope. At the time of writing, three million
people had taken up this offer—each, no doubt, inspired by
the hope of being the first to find ET. In the light of this
broad public interest, seT1 searches seem to have a surprisingly
hard time getting public funding, even at the level of the tax
revenues from a single sdence-fiction movie. If 1 were an
American scientist testifying to Congress, | would be happier
requesting a few million dollars for seTt than seeking funds
for more specialized science, or indeed for conventional space
projects.

Even if intellipence were widespread, we may never be-
come aware of more than a small and atypical fraction of
what is out there. Some brains may package reality in a fash-
ion that we cn't conceive. Others could be uncommunica-
tive: living contemplative lives, perhaps deep under some
planetary ocean, doing nothing to reveal their presence. There
may be a lot more life out there than we could ever detect. Ab-
sence of evidence is not evidence of absence. The only type of
intelligence we could detect would be one that led to a tech-

nology we could recognize.
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Other “Suns,” many light-years away, may shine on alien
habitats as intricate and complex as our own. All would have
distinctive evolutionary histories. Not even the most ex-
tremely convergent view of evolution would lead us to expect
that other biospheres in our Galaxy resemble ours in detail.
There is less chance of two ecologies repeating themselves
than of two monkeys typing out the same Shakespearean
play. It could indeed happen if space and time were literally
infinite, but not within the compass of the vast, but finite, do-
main that we can actually observe. All the monkeys in the
world would have little chance of producing a single error-
free sonnet, even if they typed for a billion years. And any
ecosystem involves tremendously more variety than one
language.

If the universe were literally infinite, then anything, how-
ever improbable, could happen. Indeed, it could happen infi-
nitely often, leading to replicas of our Earth, even infinitely
many of them. But these clones would be located far beyond
our own Galaxy—indeed, far, far beyond the horizon of our
observations.

It would in some ways be disappointing if searches for
alien intelligence were doomed to fail. On the other hand, it
would give humans a pretext for a boost in self-esteem: if our
tiny Earth were a unique abode of intelligence (at least in the
domain accessible to our telescopes), it would have greater
cosmic significance than it would merit if the Galaxy already
teemed with complex life. We would then have even stronger
motives to cherish our pale blue dot in the cosmos and not
foreclose life’s future.

Our Sun has burned less than half its nuclear fuel and
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will continue to shine for longer than it has taken our bio-
sphere to evolve from simple beginnings on the young
Earth—several times longer, in fact, than the time since the
first multicellular life form appeared. The broader cosmic fu-
ture is far longer still—in later chapters [ will suggest that it is
infinite. Even if life is now unique to Earth, we should not
condude that our universe is not biophilic life could still
prevail, eventually becoming pervasive and even taking over
in the cosmos. There is plenty of time for life seeded from
Earth to spread through the entire Galaxy, and even beyond.
In this perspective, we are not of course envisaging anything
recognizably human. Darwin himself wrote that, "Judging
from the past, we may safely infer that not one living species
will transmit its unaltered likeness to a distant futurity” And
now, artificially genetic modifications can induce far faster
changes than are possible through natural selection.

The spread of life from Earth could happen provided
human actions do not foreclose this long-range prospect.
Earth is perpetually at risk from encountering an asteroid
large enough to cause worldwide devastation—ocean waves
hundreds of meters high, tremendous earthquakes, and
changes in global weather. Movies like Deep Impact have
boosted public awareness of such potential catastrophes, even
though they may have been alarmist in blurring the fact that
the risk, in the lifetime of anyone alive today, is less than one
in 10,000, (This chance is, however, no lower than the risk for
the average person of being killed in an air crash. Indeed, it is
higher than any other natural hazards that most Europeans or

North Americans are exposed to, and for that reason it seems
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fully worthwhile to devote modest efforts to survey the sky for
potentially dangerous Earth-crossing asteroids.)

We also run aless quantifiable risk—though, one fears, a
larger and sharply increasing one—of being wiped out by
some catastrophe that we bring upon ourselves, perhaps some
experimental misadventure or a terrorist act that deploys
techniques from bioscience. However, once there were self-
sustaining communities away from Earth, humans would, as
a species, be invulnerable to any such catastrophe. This line of
thought offers, in my view, the strongest motive for pursuing
a program of manned space flight, even though advances in
robotics and miniaturization are weakening the practical case
for it. Development of space habitats—something that will be
feasible before the end of the twenty-first century—would
provide insurance against the risk that our species could be

extinguished and its potential foredosed.

Our Own Outward Odyssey?

In July 1969, Neil Armstrong’s “one small step” on the Moon
made space travel a reality. At the time, this step seemed just
a beginning. Most of us then imagined follow-up projects: a
permanent lunar base, rather like the one at the South Pole;
or even huge space hotels that orbit Earth. Manned expedi-
tions to Mars seemed the natural next step after that. But
none of these possibilities has yet happened. The year 2001
does not resemble Arthur C. Clarke’s depiction any more
than 1984 (fortunately) resembled Orwell’s.

The program, announced by President John F. Kennedy
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in 1961, *to land a man on the Moon before the end of the
decade, and return him safely to Earth,” was lavishly funded
for reasons of superpower rivalry. Reaching the Moon was an
end in itself: the impetus fzzled out,and no lunar expedition
has taken place since 1972

How long will it be before people return to the Moon,
and perhaps explore still farther afield? The centerpiece of the
ULS. program is the new International Space Station: this
massive structure, the sice of a football field, will be in per-
manent orbit several hundred kilometers up. Evenif it 15 fin-
ished—something that seems uncertain, given the immense
and ever-rising costs and prolonged delays—it will seem
uninspiring if it merely enables people to circle round and
round the Earth at a very high cost. In itself this will not
seem a very exciting feat, thirty years after men walked on the
Moon. For most of science, with the obvious exception of
space medicine, and certainly for most astronomy, the Space
Station 15 as suboptimal a base as an ocean liner would be for
ground-based telescopes. [ts main scientific use will be as an
assembly base for large and fragile equipment (for instance,
possamer thin mirrors for huge space telescopes), which
could then be gently tugged into a more remote orbit.

The Space Station could in time also serve as a staging
post on the way to other planets. But such adventures will
have to await some technical breakthrough that renders space
travel much cheaper and easier. Present launching techniques
are as extravagant as air travel would be if the plane had to be
overhauled after every flight. Space flight will only be afford -
able when it adopts the same techniques as supersonic air-

craft. It could also be a lot cheaper if it were undertaken as a
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dangerous enterprise by crews with the attitude of test pilots
or round-the-world yacht racers. In the long run, space ex-
ploration may not be a government project, but privately
funded—perhaps, indeed, becoming the province of wealthy
adventurers prepared to accept high risks to boldly explore
this far frontier.

Space travelers, wherever they go, will confront a hostile
environment. [t would be a daunting task to build a com-
fortable habitat, either free-floating in space or on the Moon
or Mars. But it could be done: the necessary infrastructure
could be set up in advance, by unmanned probes and robots,
Raw materials could be mined and processed on-site, and it
may eventually be possible for communities to live inde-
pendently of supplies from Earth. When self-sustaining com-
munities have been established away from Earth—on the
Moon, on Mars, or freely floating in space—our species will
be invulnerable to any global disaster, and whatever potential
it has for the 5-billion-year future could not be snuffed out.
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Atoms, Stars, and Galaxies

CHAPTER

Starstuff

The French philosopher Auguste Comte averred in 1835 that,
while we might learn the sizes and motions of stars, we would
never know what they were made of. Within just twenty years,
this pessimism proved misplaced.

Newton's famous experiment with a prism had shown
that sunlight could be split into a spectrum, displaying all the
colors of the rainbow. Early in the nineteenth century, the
German optician Josef von Fraunhofer used a more elaborate

instrument to display the Sun’s spectrum as a ribbon of light
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that he could then analyze with a microscope. He found that
it was crossed by many dark bands, indicating that certain
particular shades of color (corresponding to light of specific
wavelengths) were missing. Robert Bunsen (of Bunsen burner
fame) and Gustav Kirchoff analyzed the light emitted by
plowing pases in the laboratory and discovered similar pat-
terns of spectral lines. Each kind of atom emits light with a
specific set of precise colors—for instance, the yellow light
due to sodium, or the blue glow, familiar from street lamps,
due to mercury vapor. If the atoms are in front of a hotter
light source, then they absorb these same colors, and yield a
spectrum with a distinctive pattern, similar to a modern-day
bar code. The dark lines on the solar spectrum are due to ab-
sorption by a somewhat cooler gas that overlies the Sun’s
blazing surface.

The advent of photography revolutionized astronomy:
light could accumulate over a long exposure, revealing fea-
tures too faint to be seen just by looking through a telescope.
A wealthy English amateur astronomer, Willilam Huggins,
used this newly available technique to study the light from
stars; he found that, when starlight was spread out into a
spectrum, it displayed the same line patterns that had already
been seen in the solar spectrum. The Sun was made of the
same stuff as Farth; and so were the stars.

Stellar spectra reveal the bar codes of many different el-
ements. But there is no straightforward relation between the
strength of a spectral feature and the abundance of the ele-
ment that causes it. The prominence of a particular element’s
signature depends, we now realize, on details of atomic

physics and on the temperature and structure of a star’s outer
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layer. These issues were not settled until well into the twenti-
eth century,

Indeed, until the 1920s it was not appreciated that hy-
drogen and helium—the two simplest elements—were over-
whelmingly the most abundant in our solar system and else-
where. Because of their volatility, these very lightweight atoms
are underrepresented on Earth, but they amount to 98 per-
cent of the Sun’s mass and the mass of the giant outer planets.
Much credit here goes to Cecilia Payne, whose 1925 Ph.D.
thesis was pivotal. Sadly, the skepticism of the most eminent
expert of the time, Princeton’s Henry Norris Russell, pres-
sured her to downplay her greatest discovery, and to caution
her readers that the inferred abundance of hydrogen and he-
lium "is improbably high and almost certainly not real”
Payne had a distinguished career and received belated recog-
nition as a Harvard professor. (Unfortunately, this was by no
means the last time that outstanding contributions by women

scientists went underrecognized. )
Stellar Alchemy

It gradually became clear that the relative abundances of dif-
ferent elements displayed regularities from star to star, and
that these proportions resembled those found in our solar
system (fig. 3.1). How did this particular mix arise? By the
1930s, both stellar and nuclear physics were well enough de-
veloped to address this question. Could the elements be the
outcome of nudear transmutations in stars?

Astronomers can compute the life cycle of stars that

are, say one-tenth, ten, or thirty times as heavy as the Sun.
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Abundances of elements.

Figure 3.2 shows some time-lapse depictions of how these
different types of stars evolve: the heavier stars are far brigher
and have shorter lives because they exhaust their fuel more
quickly. Even the heaviest stars, however, live so long com-
pared to astronomers that we have in effect a single snapshot
of each star’s life, But we can check our calculations, in prin-
ciple, much as a newly landed alien could quickly infer the life
cycle of trees or people.

We can observe entire populations of stars. The best test
beds are star dusters—swarms of up to 100,000 stars of dif-
ferent sizes that formed at the same time. Indeed, there are
places where stars still seem to be forming; for instance, in the
pillars of the Eagle Nebula. These remarkable gaseous struc-

tures, about seven thousand lipht -years away, feature in one of
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the most widely reproduced of all Hubble Space Telescope
images. Cool interstellar clouds harbor bright young stars as
well as newly condensing protostars that are orbited by dusty
disks from which planets may form.

The changes in stars are generally imperceptibly slow on
human timescales, but not always. Massive stars end their
lives violently by exploding as supernovae. The nearest su-
pernova observed in the twentieth century was detected in
1987: a bright object appeared in the sky on 24 February that
had not been visible the previous night. After a few weeks, it
started to fade, and its development is still being monitored,
using all the techniques of modern astronomy. It gives theo-
rists a chance to check their elaborate computer simulations
of supernova explosions and exemplifies how the cosmos of-
fers us the chance to study “extreme physics™—to check the
laws of nature under conditions than can not be reproduced
in laboratory experiments.

In one thousand years, the ejecta from the 1987 super-
nova will look like the famous Crab Nebula, the blue-glowing
remnant of a supernova (already mentioned in chapter 2)
that was detected in a.n. 1054, After 10,000 more years, the
expanding debris would have faded and merged with theam-
bient interstellar gas.

Supernovae fascinate astronomers, but only one person
in 10,000 15 an astronomer. What s the relevance of these ex-
plosions, thousands of light-years away, to the other 99997
The answer is that they hold the key to an everyday terrestrial
question: Where did the atoms we are made of come from,
and why are some common—aoxygen, carbon, and iron, for

instance—while others, like pold and uranium, are very rare?
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Stars more than ten times heavier than the Sun consume
their central hydrogen hundreds of times more quickly than
the Sun does, and consequently they shine much brighter.
Gravity then squeezes them further, and the centers get still
hotter, until helium nuclei can themselves stick together to
make the nuclei of atoms further up the periodic table. Such
stars develop an onion-skin structure: a layer of carbon sur-
rounds a layer of oxygen, which in turn surrounds a layer of
silicon; the core is mainly iron. Iron is the most tightly bound
nucleus, and when a big star has turned its core into iron it
faces an energy crisis, The core implodes, becoming a million
billion times denser than an ordinary solid, turning into a
neutron star or perhaps even a black hole. But this cata-
strophic collapse releases enough energy to trigger a colossal
explosion—a supernova—that blows off the outer layers of
the star. By the time this happens, a star contains the outcome
of all the nudear alchemy that kept it shining over its entire
lifetime.

This account tells part of the story, but it cannot in itself
account for all ninety-two naturally occurring elements. Iron
is only number 26 in the periodic table; energy has to be
added to it ( rather than being released) by whatever processes
form still heavier elements. These elements exist only in
traces. Some of them—thorium and uranioum, for nstance—
are forged in the heat of the supernova explosion itself. Oth-
ers, like barium and bismuth, are built up by the capture of
neutrons in red piant stars, Stars that are not heavy enough to
become supernovae also make a contribution—indeed, they
are the main source of carbon—because they blow off a wind

of processed material as they burn.
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The dominant figure in these insights, from the mid-
19405, was the Cambridge astrophysicist Fred Hoyle. He was
a pioneer in understanding the internal structure of stars and
how they evolve; he also had enough scientific background to
understand the underlying nuclear processes, Still more im-
portant, he was able to enthuse other scientists, especally the
nuclear physiast William Fowler, in whose laboratory at the
California Institute of Technology many key experiments
were done to elucidate the particular reactions that were crit-
ical. The key processes of stellar nucleogenesis were codified
in a lengthy 1957 paper that Hoyle and Fowler coauthored
with astronomers Geoffrey and Margaret Burbidge. { This
classic article 1s referred to as “B* FH,” the initials of its four
authors).”

Our cosmic habitat is like an ecosystem. Gas is recycled
through successive generations of stars (fig. 3.3). Fast-burning
heavy stars transmute pristine hydrogen into carbon, oxygen,
iron, and the rest of the elements in the periodic table; they
then throw the spent fuel back into space, either via stellar
winds or in the final supernova outburst, An oxygen atom ex-
pelled from a massive star may have wandered for hundreds
of millions of years in interstellar space. It may then have
found itself in a dense cloud, contracting under its own grav-
ity to make a new star, surrounded by a dusty disk. That star
might have been our Sun, and that particular atom could
have ended up on Earth, perhaps some day to be cycled

*The Canadian physicist Alastair Cameron deveoped some key ideas
independently. The details have been daborated over subsequent decades,
espedaly through a better understanding of what happens in the blast

wave of the supernova explosion itself,
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The Big Bang produces hydrogen and helium {plus a trace of [ithium).
This pristine gas condenses, under the action of gravity, into proto-
galactic clouds. In these cloud, stars form. The smallest (and slowest-
burning) stars are less than a tenth the Sun's mass; the heaviest are
up to 100 times the Sun's mass. Muclear fusion reactions in stars cre-

ate heavier nuckeil. Some of this “processed” material is expelled from

medium and high-mass stars and later recycled into new stars. These
processes can build up the elements of the periodic table in the pro-
portions shown in figure 3.1. As galaxies get older, the heavy ele-
ment abundance builds up. An increasing fraction of the oniginal gas
ends up as “dead” compact remnants.
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through a human cell. To understand our origins, we must
understand stars that formed long ago, in the remote parts of
our Milky Way.

Aliens would be made of atoms similar to those we are
composed of. And they would realize, as we have done, that
these atoms themselves owe their existence to exploding stars.
We and thealiens would have a shared affinity with the stars.
We would all be stardust—or, more prosaically, the nuclear
waste from the fuel that makes stars shine.

The network of nuclear reactions that forged the periodic
table depends crucially on the microphysics: what happens
when two atomic nuclei collide, which combinations of par-
ticles can stick stably together, and so forth. These reactions
depend, in particular, on a balance between the two forces
that control the main constituents within atomic nudei: the
electrical repulsion between protons, and the strong nudear
force between protons and neutrons. This nudear force is
now understood, on a somewhat deeper level, to depend on
subnuclear particles called quarks and gluons,

MNuclear forces allow a periodic table of stable elements to
exist and render nuclear power an efficient energy source in
stars. Moreover, the synthesis of particular atoms turns out to
be very sensitive to the strength of the nuclear force. For in-
stance, each carbon nudeus (containing six protons and six
neutrons) i made up from three nuclei of helium, As Fred
Hoyle and the American astrophysicist Edwin Salpeter were
the first to realize, this process works effidently only if the
carbon nucleus has a rather unexpected feature: a mode of vi-
bration with a very specific energy. Otherwise, the chance of
three helium nudei combining together would be so low that
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carbon atoms—crucial, of course, for life—would be rare.
Hoyle in fact suspected that carbon nuclei had this particular
property before there was any experimental evidence for it.
He capoled his colleagues into doing a laboratory measure-
ment, and the result vindicated his prediction. The vibration
frequencies of atomic nuclei depend on the strength of the
force that holds protons and neutrons together. Hoyle's coin-
cidence would be lost if this force were changed by more
than | or 2 percent, a fact that is often cited as evidence that
our universe is governed by laws that are puzzlingly biophilic.

Other features of nuclei have important consequences. A
neutron is heavier than a proton by 0.14 percent—Ilittle more
than one part in 1000. But this difference, small though it is,
exceeds the total mass of an electron. If electrons weren't so
light, they would combine with protons to form neutrons,
leaving no hydrogen. (In our actual universe, this combina-
tion happens only when it is induced by the extreme pres-
sures mnside neutron stars.)

The fact that electrons weigh very little compared to the
nuclei of atoms is also important. This disparity i a prereq-
uisite for the propensity of molecules like DNA to maintain
their precise and distinctive structures. Heisenberg’s uncer-
tainty principle implies an inevitable fuzziness in the location
of any particle, though the uncertainty is less for heavier par-
ticles. In a molecule, the uncertainty in an atom’s position is
determined by the mass of its nucleus. The orbits of electrons
around the nucleus are very much larger, since electrons are
lighter, and there is consequently more fuzziness in their po-
sitions. The electron orbits determine the overall size of the

atoms and the spacing between the atoms in a molecule.
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Because protons are 1836 times heavier than electrons, atoms
can be quite precisely located relative to their neighbors; thus
complex molecules can have well-defined shapes.

The marvelous story of stellar nucleogenesis disap-
pointed George Gamow. As discussed in the next chapter, his
belief that all elements emerged from the Big Bang (or “ylem,”
as he called it) was not borne out by detailed calculations. The
temperature dropped so quickly during the first few minutes
that there was no time for the network of necessary reactions
to proceed; moreover, observations showed that younger stars
contained more heavy elements than the oldest stars, cor-
roborating the idea that stars formed from interstellar gas that
became more “polluted” with time. But Gamow was at least
partly vindicated; deuterium, helium, and lithium would have
been made in the hot eady universe. Even the oldest stars con-
tain 23 percent helium—just the proportion that emerges
from the Big Bang.

Stars, Atoms, and Gravity

Contemplative aliens, even if they were cloud-bound or eye-
less, might discover enough about atoms and gravity to work
out what stars are like. If we define stars as gravitationally
bound fusion reactors, a very simple arpument will allow us
to work out how big they are—how many atoms we would
have to pack together to make one.

Gravity is a very, very weak force. It pulls two protons to-
gether with a force about 107 times weaker than the eectric
force between them. But in any large object, containing huge

numbers of atoms, positive and negative electric charges al-
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most cancel each other out: there are almost exactly as many
electrons as protons. In contrast, everything has the same
sign of gravitational charge, so the bigger an object i, the
more important gravity is relative to other forces. Because
gravity is so exceedingly weak—36 powers of 10 weaker than
the electrical force between two protons—it triumphs in only
very large objects indeed. Princeton physicist Robert Dicke
was the first to emphasize that this is why stars are so big: the
Sun, a typical star, contains about 10°7 protons.” Dicke also
estimated the time 1t takes for heat to diffuse out of a star,
showing that, besides being big, stars have long lives, because
pravity is so weak.

As a foretaste of speculations in later chapters, it’s amus-
ing to consider what the universe would be like if gravity
weren't quite so weak. Suppose, for example, that gravity were
“only™ 26 rather than 36 powers of 10 weaker than the electric

*Dicke’s argument follows from some fairly simple arithmetic. Sup-
pose you assemble progressively larger lumps containing 10, 100, 1000
atoms, and so on. The 24™, containing 107 atoms, would be the size of a
sugar lump; the 40™ would be the size of 2 mountain or a small asteroid.

The effect of gravity on each atom—how strongly gravity binds it to all
the others in the lnmp—ygoes up in proportion to the total number of
atoms but down by their average distance from each other. For each 1000-
fold increase in mass, the importance of gravity goes up 100-fold. (This is
be@use, though the number of atoms goes up by 1000, their average dis-
tanoe from each other goes up by 10.) Despite ite initial handicap, amount-
ing to 3 powers of 10, gravitational forces beoome dominant when more
than about WP protons are packed together (36 being two-thirds of 54).
This mass is about the same as that of Jupiter, the biggest planet in our selar
system. To beoome a star, a body must be somewhat more massive still—
containing more than 1P atoms—so that it can hold itself together, grav-
itationally, even when its center is hot enough for nuclear fusion to occur.
Figure A1 inthe appendix depicts this argument graphically.
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forces in atoms—but the microphysics were unchanged.
Atoms and molecules would behave just as in our actual uni-
verse, but objects would not need to be so large before grav-
ity became competitive with the other forces. In this imagined
uriverse, stars would have 1071 the Sun's mass. If these stars
had planets around them, they would be smaller than the ac-
tual planets in our solar system by the same factor, but grav-
ity on their surfaces would pull far more strongly than on
Earth. Strong pravity would crush anything larger than an in-
sect on hypothetical mini-planets around these mini-Suns.
But more severe still is the limited time, Instead of living for
10 billion years, a2 mini-Sun would last for about one year and
would have exhausted its energy before even the first steps in
organic evolution had gotten under way.

In this hypothetical strong-gravity universe, the outlook
for complex evolution would plainly be less propitious, be-
cause there would be less space and less time. There would be
fewer powers of 10 between stellar timescales and the basic
microphysical timescales for physical or chemical reactions.
Although gravity is crucial in the cosmos, the weaker it is
(provided it isn't zero) the grander and more complex can be
its manifestations

A universe that did not involve large numbers could not
contain such a multilayered hierarchy of structures and
would not allow time for complex evolution. A vast range of
scales is a prerequisite for an “interesting” universe; this range
comes about in our universe because of the enormous num-
ber 10°* that measures the weakness of gravity. In conse-
quence of this weakness, cosmic objects controlled by gravity
must be larpe and long lived.
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Extragalactic Perspective

CHAPTER

Other Galaxies

We live in a disk-shaped Galaxy that contains 100 billion
stars. The Sun orbits around the central hub at a distance of
25,000 light- years, taking 200 million years to make a com-
plete circuit (a galactic year). But our Galaxy is just one
among many; for example, Andromeda, its nearest neighbor,
lies about 2 million light-years away. To an observer on An-
dromeda, our Galaxy would look roughly as Andromeda
looks to us—a vast, slowly swirling disk of stars and gas,

seemingly oval shaped because it is viewed obliquely.
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Galaxies are the basic ingredients of the large-scale uni-
verse, just as individual stars are the main ingredients of
palaxies. There are about as many palaxies within range of our
telescopes as there are stars in each galaxy. ( Just as humans are
about midway between atoms and stars, so galaxies are inter-
mediate between stars and our observable universe.)

Stars are, basically, now well understood: we know
enough about atoms and about gravity to calculate what a
gravitationally confined fusion reactor would look like. The
outcome of these calculations accounts for the sizes, bril-
liance, and colors of the stars we see and enables us to infer
their ages and life cycle. Despite rapid recent progress, how-
ever, an equivalent understanding of galaxies still eludes us.
Why is the large-scale cosmic scene dominated by these beau-
tiful and distinctive aggregates of gas and stars? Why are some
disklike, whereas others, the elliptical galaxies, are amorphous
swarms of stars? The factors that stymie current attempts to
answer this question will emerge later in this book: palaxies
have a still-mysterious extra ingredient—dark matter—and
some of their properties are imprinted right back at the be-
pinning of our universe.

Galaxies are not sprinkled down randomly in space: most
are in groups or clusters, held together by gravity, Our own
Local Group,a few million light- years across, is dominated by
two big galaxies, our own and Andromeda, but it also con-
tains (at the last count) thirty-five small satellite galaxies,
each held in a giant orbit by the gravitational pull of the en-
tire Group. The Local Group is an outlying part of an archi-
pelago of galaxies centred on the Virgo Cluster, whose core

lies about 50 million light-years away. Such clusters are them-
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selves organized in still larger agpregates. The nearest and
most prominent of these giant features is the so-called Great

Wall, a sheetlike array of galaxies about 200 million light-

VEars away.

Large-5Scale Structure and Expansion

If our universe contained clusters of dusters of clusters, ad in-
finitum—if it were what is called, in technical jargon, a sim-
ple fractal—then however large a volume we probed, the
galaxies would still have a patchy distribution: we would sim-
ply be sampling larger and larger scales in the clustering hi-
erarchy. But that is not how our universe looks (fig. 4.1).
Telescopes can now gather data far faster than ever be-
fore: by using optical fibers, astronomers can record hun-
dreds of spectraat atime rather than having to observe galax-
ies one by one, Projects like the Sloan Digital Sky Survey, a
five-year project to scan the sky with a specially instrumented
telescope in New Mexico, are now systematically studying all
galaxies out to about ten times the distance of earlier surveys.
These deeper surveys reveal more clusters like Virgo and more
features like the Great Wall. But there dont seem to be con-
spicuous structures on still larger scales. A box whose sides
were 200 million light-years across would be capacious
enough to contain a fair sample of our universe. Wherever it
was placed, such a box would contain roughly the same num-
ber of galaxies, grouped in a statistically similar way into
clusters, filamentary structures, and so on. And 200 million
light-years is small compared to the horizon of our observa-

tions, which is about 10 billion light-years away.
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4.1
Large-scale clustering of galaxies: slices in the Northern and Southern
Hemispheres a5 mapped with the Anglo-Australian Telescope.
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We can well imagine a hy pothetical universe that was in-
deed fractal-like (see fig. 4.2) and lacked the large-scale
smoothness of our actual cosmic habitat. In such a universe,
cosmology would bean even harder subject than it actually is.
Ananalogy helps to explain why. Suppose you were on a ship

in mid-ocean. If the sea were rough, you would see a complex

4.2

A depiction of a fractaklike universe, with clusters of clusters of clus-
ters ad infinitum, as envisaged by the Swedish astronomer Charlier
early inthe twentieth century.
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pattern of waves, but the length, crest to crest, of even the
longest ocean swells would still be small compared with the
distance to the horizon; you could see a large enough sample
of each kind of wave to gather statistics. On the other hand, in
a mountain landscape (which can indeed be fractal-like) one
peak can dominate the entire view. Cosmology is only
tractable because our universe resembles an ocean surface
rather than a mountain landscape. This large-scale smooth-
ness allows us to define averapes.

The overall motions are simple, too. Perhaps the most
important broad-brush fact about our universe is that all
palaxies { except for a few nearby objects in the same duster as
our own) are receding from us. Moreover, the redshift (a
measure of the recession speed) is larger for the fainter and
more distant galaxies. We seem to be in an expanding uni-
verse where clusters of galaxies are getting ever more widely
separated—more thinly spread through space—as time goes
on.

The simple relation between redshift and distance is
called Hubble's law, after Edwin Hubble, who first claimed
such a relation in 1929, It is conceptually better to attribute
the redshift of a distant palaxy to a stretching of space while
the light travels through the universe. The amount of red-
shifting—in other words, the amount that the wavelengths
are stretched—tells us how much the universe has expanded
while the light has been traveling toward us.

Hubble’s law does not imply that we are in a special lo-
cation, Imagine all the galaxies joined by rods. If these imag-
inary rods all stretched in the same proportion, so that any
triangle made up of three rods kept the same shape as it ex-
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panded, then an observer on any galaxy would see the same
pattern of expansion, It's as though space itself is expanding,
carrying galaxies with it.*

Our universe may once have been squeezed to a single
point, but everyone—whether on Earth, on Andromeda, or
even on the galaxies remotest from us—can equally daim to
have started from that point. We can not point to any partic-
ular location in our present universe and say, “That's the cen-
ter”™: all palaxies are on the same footing,

Hubble could study galaxies that are only relatively dose
to us—those whose recession speeds were less than one per-
cent of the speed of light. Thanks to larper telescopes, and
{even more) to improved sensors for detecting faint light,
the data now extend much farther, revealing galaxies so far
away that their recession speeds are 90 percent the speed of
light. The light from these very remote galaxies started to
travel when they were several billion years younger and the
universe was more compressed (in other words, when the
imaginary rods joining them were all shorter). We must allow
for the effects of relativity and the expansion of space in in-
ferring the speeds and distances.

Telescopes: In Space and on the Ground

Progress in astronomy does not come from armdhair theo-

rists, even when they are aided by teraflop computers: it

*This relationship applies strictly to clusters rather than galaxies: ina
cluster of galaxies, the individual members are influenced by the gravita-
tional pull of the others, and there is no expansion. Mor is there any Hubhle
expansion willin galaxies,
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mainly depends on observations and on high-precision in-
struments right at the limit of technology. Astronomy has a
longer history than any other science, except perhaps medi-
cine. It was the first to involve precise measurement, and per-
haps the first to do more good than harm. It was certainly the
first to need larpe instruments. Astronomical artifacts—
astrolabes, clocks, and telescopes—have been (and still are)
monuments to human ingenuity and, as a bonus, often of
preat aesthetic appeal as well.

Throughout the last century, optical telescopes were built
with progressively larger mirrors, enabling them to collect
more light. By the 1980s, more than a dozen had mirror di-
ameters exceeding 4 meters. The power of these telescopes
dramatically improved when traditional photographic film
was superseded by light-sensitive microelectronic chips called
charged-coupled devices. The efficiency for detecting faint
light went up from 1 to 80 percent of the theoretical maxi-
mum, giving these 4-meter telescopes an immense boost.
But, having achieved such high efficiency, the only way to de-
tect still fainter objects is by collecting yet more light, and this
requires even larger mirrors. Telescopes with mirrors 8 or 10
meters across can collect four times more light from very
faint and remote galaxies than earlier-generation ground-
based telescopes. The two Keck Telescopes in Hawail are now
being complemented by several more. Most impressive of all
is the unimaginatively named Very Large Telescope, a con-
nected cluster of four telescopes, each with an & 2-meter mir-
ror, constructed in the Chilean Andes by a consortium of
European nations.

The Hubble Space Telescope project was dogged by de-
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lays, cost overruns, and technical problems, but it eventually
fulfilled the astronomers” hopes. lts out-of-focus mirror was
corrected by the first manned repair mission in 1994; and the
light detectors on board have been upgraded by later repair
missions. Barring mishap, it could continue functioning until
2010, Although its mirror diameter is only 2.4 meters, its lo-
cation above the blurring effects of Earth’s atmosphere has
enabled it to produce the sharpest and deepest pictures yet of
very distant regions.

Up in space, the Hubble Telescope will be followed, a
few years from now, by the Next Generation Space Telescope,
an international project planned to have a mirror 6 or even 8
meters across and to be sensitive to infrared light. This in-
strument will probe still farther into the remoteness of
space—and perhaps back in time toward a dark age before
any real galaxies formed, when the only sources of light would
have been small “subgalaxies.”

Down on the ground, 10-meter telescopes will be sup-
plemented by a new generation of still more ambitious “giant
eyes.” There are serious plans in Europe to develop the so-
called owL (OverWhelmingly Large) Telescope, which would
have a 100-meter mirror—actually a mosaic of many less gi-
gantic elements that could be individually adjusted to com-
pensate for fluctuations in the atmosphere. This futuristic
ground-based instrument could probably be built for a sub-
stantially lower cost than the Hubble Space Telescope. It
would give us sharp imapes of exceedingly faint objects—
ultra-remote galaxies, small planets, and so forth.

Our main information about distant stars and galaxies

comes, of course, from the light we detect from them. But or-
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dinary visible light is just a part of the electromagnetic spec-
trum. Beyond the blue end of the spectrum lies the ultravio-
let, consisting of radiation with a shorter wavelength than
blue light, carried by photons with more energy. Beyond the
ultraviolet is the X-ray band, which corresponds to still more
energetic photons. At the other end of the spectrum, red light
merges into the infrared, the heat radiation that s emitted by
objects not hot enough to glow visibly. At yet longer wave-
lengths are the microwave and radio bands.

If we think of an acoustic analogy, the ultraviolet and
X-rays are the high notes; the infrared and radio waves lie at
the other end of the keyboard. The whole electromagnetic
spectrum emitted by cosmic objects ranges over more than a
hundred octaves. In this analogy, visible light, from the red to
the blue, is just a single octave. Optical observations alone
therefore give us an incomplete perspective on the cosmic
scene—narrow and insipid midrange harmonies rather than
the broad range of frequendies that most cosmic objects ac-
tually radiate. Thislimitation became apparent as soon as the
sky was scanned with crude radio antennas in the early days
of radio astronomy. Some of the strongest emitters of cosmic
radio noise could be readily identified: one, for instance, was
the Crab Nebula. Others were extragalactic objects (involving,
we now realize, energy generation around gigantic black
holes) so remote that they could hardly be seen at all with op-
tical telescopes. The most prominent features of the radio sky
certainly weren't the same as the brightest visible objects. The
physical processes that emit the radio waves, though now
well understood, were not predicted.

Many types of radiation from cosmic objects get ab-
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sorbed in air and don't penetrate down to a ground-based
observatory, Space-based telescopes have opened up new
techniques for observing the cosmos—for instance, by al-
lowing astronomers to detect X-rays from space. The first
X-ray detectors, mounted on rockets, each yielded only a few
minutes of useful data before they crashed back to the
ground. Like the Apollo program to land men on the Moon,
X-ray astronomy derived its impetus from superpower ri-
valry in space technology and nuclear weapons. This tech-
nique spurted forward in 1970 when nasa launched the first
satellite carrying X-ray detectors; it stayed in orbit, gathering
data, for years rather than just a few minutes. This small satel -
lite was built and operated by a research group led by Ric-
cardo Giacconi, an [talian physicist who had settled in the
United States. Through this project and its many successors,
X-ray astronomy has proved itself to be a crucial new “win-
dow” on the universe, The improvement in cosmic X-ray tel-
escopes s as dramatic as the advance from Galileo’s “optic
glass”™ to the 10-meter telescope, and it has all happened in
less than thirty years.

Thermal X-rays are emitted by objects thousands of
times hotter than the surfaces of ordinary stars; X-ray maps
of the sky consequently highlight the hottest and most ener-
petic objects in the cosmos. For instance, intense X-rays come
from violently heated gas swirling into black holes. Huge
holes of this type, each weighing as much as the total of mil-
lions or even billions of stars, lurk in the centers of galaxies.
The radiation emitted from close to them carries clues to the
most remarkable aspects of Einstein’s theory—how space

is distorted, and how time is stretched, by strong gravity.
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Astrophysicists are especially interested in the most extreme
and inclement cosmic conditions: violent explosions, jets of
particles at 99.99 percent of the speed of light, flashes that dis-
gorge in a few seconds far more light than the Sun emits in its
10-billion-year history. The cosmos offers us a laboratory
where we can test the laws of nature under extreme condi-

tions that cannot be achieved on Earth.

Looking Far Back

As described in chapter 3, laboratory knowledge of gravity,
atoms, and their nudei allows us to compute the life cycle of
the Sun and stars. Now the gross properties of entire galaxies
are also coming into focus. The stars in our Milky Way and
Andromeda are orbiting in a disk, in a way that Newton
would have readily grasped. But there is complicated
“weather” in galaxies, too, churning up the nterstellar gas and
recycling it throupgh successive generations of stars—this is
how the atoms from the periodic table are built up from pris-
tine hydrogen.

In their classic book, Galactic Dynamics, James Binney
and Scott Tremaine make the nice point that galaxies are to
astronomy what ecosystems are to biology. The atoms that we
are made of come from all over our Milky Way Galaxy, but
few come from other galaxies. But where did the original hy-
drogen come from? And why do galaxies exist? Why is our
universe made up of these apgregates of pas and stars, each
tens of thousands of light-years across? To answer these ques-
tions, we must probe far back to the first few minutes of cos-

mic history.
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Just as geologists infer climatic history by drilling
through successive layers of Antarctic ice, astronomers infer
the history of our Galaxy by studying, and trying to date, the
various populations of stars within it. But astronomers have
an advantage over peologists: they can actually see the re-
mote past by looking at galaxies so far away that their light
was emitted billions of years ago.

Figure 4.3 depicts our world line and that of other galax-

ies. The only parts of space-time we know about are the

t

World lines
of galaxies

Owr light cone

Owr

world

line
4.3
This space-time diagram shows our own world line and the waorld
lives of some distant galaxies. We have direct evidence only about
the shaded parts: the history of our own Galaxy (events near our
awvn weorld line), and events along our past light cone. Because our
universe i nearly homogeneows, conditions wer similar everywhere
on each time slice (depicted as horzontal planes), and we can make
confident inferences about the intervening regions.
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shaded bits: our own world line and the parts along the past
“light cone.” In a completely random universe (resembling a
mountain landscape rather than an ocean surface), distant re-
gions might not resemble anything in our vicinity and might
have quite different histories. The large-scale uniformity of
our universe is crucial here. It is only because of the overall
smoothness of the universe that we have grounds for believ-
ing that all of its parts have evolved similarly, and that a pic-
ture of galaxies, say, 5 billion light- years away is similar to a
5-billion-year-old snapshot of our own Galaxy and its neigh-
bors.

The most detailed pictures of the sky that we have so far
obtained came from week-long exposures with the Hubble
Space Telescope. Each of these images shows a patch of sky so
small that it would cover less than a hundredth the area of the
full moon. Such a patch looks blank when viewed with an or-
dinary telescope. But it reveals many hundreds of faint
smudges, each of them actually an entire galaxy, thousands of
light-years across. They appear small and faint because they
are so far away: their light began its travels 10 hillion years
ago. We see them as they were in the remote past, when all
their stars were still young. Scientists at the Space Telescope
Institute in Baltimore have now published several of these
Hubble Deep Field images, and it turns out that patches in the
northern and the southern sky look, statistically, just the
same, This finding confirms the large-scale uniformity.

We have, of course, known since early in the twentieth
century that our own solar system is several billion yearsold,
so it should not surprise us that our expanding universe ex-

tends for billions of light -years. Still, it stretches our compre-
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hension to contemplate these billions of galaxies, each capa-
ble of harboring millions of Earthlike planets. In that per-
spective, the amazing pictures from the Hubble Telescope,
and from larger instruments on the ground, will impact as
strongly on the public consciousness as the images of our
Earth and the other planets that have been beamed back from
space ever since the 1960s,

When we observe Andromeda, we may wonder if An-
dromedans are looking back at us, maybe with still bipger tel-
escopes. Perhaps they are. But the remotest galaxies viewed in
the Hubble Deep Field could not yet have evolved anything so
advanced. We are viewing them at a very primitive stage, be-
fore there’s been time for many stars to have completed their
lives and for the stellar furnaces to have forged the atoms
needed for complex chemistry. There is very little oxygen, car-
bon, silicon, and so forth to make even rocky planets, so there
15 scant chance that life has even started.

Friendly skeptics sometimes ask me: “Isn’t it presumptu-
ous for cosmologists to daim to explain anything about the
vast cosmos?” My response is that what makes things hard to
understand is how complicated they are, not how big they
are. Under extreme conditions—inside the stars or in the hot
early universe—everything breaks down to its simplest in-
predients. A star is simpler than an insect. Biologists, tackling
the intricate multilayered structures of butterflies and brains,
face tougher challenges than astronomers.

I mention this discdaimer preemptively because in the
next chapter | make assertions that might otherwise seem
arrogant—for instance, that we can infer what happened

in the first few seconds of cosmic history with 99 percent
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confidence, and that we can trace everything back to a Big
Bang whose essential properties are quite simple to describe,

These advances bring new questions and mysteries into
sharper focus. How did 13 hillion years of evolution lead
from such a simple recipe to our complex habitat where—
here on Earth and perhaps on other worl ds—atoms assemble
into creatures able to ponder their origins? Maybe there are
aliens in orbits around distant Suns who already know the an-

swers. But for us, they are challenges for the new millennium.
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Pregalactic History

CHAPTER

Before Galaxies: Back to a Hot Beginning

The Hubble Deep Field images offer a portrait of the era
when galaxies were newly forming, But what about still earlier
cosmic history, before even the first star formed? Some sev-
enty years ago, Georges Lemaitre, a Belgian priest who was
also a mathematician and an MrT graduate, pioneered the
idea that everything began in a dense state. He called this
the “primeval atom”; but that phrase never caught on. Nor
did the word “ylem" introduced by the boisterous Russian-

American, George Gamow. These coinages were usurped by
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“Big Bang”—a flippant term that Fred Hoyle introduced in
the 19505 as a derisive description of a theory he didn't like.
Hoyle then favored the view that our universe was in a steady
state: new atoms were being created all the time and agglom-
erated into new galaxies that filled in the gaps between the old
ones so that, on average, everything always looked the same,
despite the expansion. This theory—that our universe ex-
isted from everlasting to everlasting in a uniquely self-consis-
tent state—was popular in England in the 1950s. It had the
virtue of making very specific predictions; it was vulnerable
to disproof, and it served as a goad to observers. But the
voices of the articulate trio who invented it—Hermann
Bondi, Thomas Gold, and Fred Hoyle—never really carried
across the Atlantic. Nor were their views ideologically accept-
able in the Soviet Union.

In the 19405 and 19505, the most vocal advocate of the
Big Bang was George Gamow, With his younger collaborators
Ralph Alpher and Robert Hermann, he studied the physics of
the hot dense beginning. Their calculations were corrected
and refined by Sitoru Hayashi in Japan but attracted little in-
terest at the time, mainly because theories about a dense be-
ginning of the universe (if there was one) seemed inaccessible
to observation, and hence unconstrained speculation.

Lemaitre wrote: “The evolution of the universe can be
likened to a display of fireworks that has just ended: some few
wisps, ashes and smoke. Standing on a well-chilled cinder we
see the fading of the suns, and try to recall the vanished bril-
liance of the origin of the worlds.”! The evidence for this
“vanished brilliance” dates from 1965, when an afterglow of

our universe’s hot, dense beginning was detected—certainly



the most important cosmological advance of the last fifty
years. This discovery, which gave the steady-state theory its
coup de price, was made serendipitously by Arno Penzias
and Robert Wilson, staff members at the Bell Telephone Lab-
oratories in New Jersey, who were perplexed by excess "back-
pround hiss” in a sensitive antenna intended to pick up trans-
missions from artificial satellites. They announced this
detection in a famous paper in the Astrophysical Journal with
the undramatic title “Excess Antenna Temperature at 4080
Mc/s.” Another paper in the same issue spelled out what it
meant. This second paper was by the late Robert Dicke and
his Princeton colleapgues James Peebles, Paul Roll, and David
Wilkinson, who had been planning to detect the radiation
themselves, They immediately realized that Penzias and Wil-
son had scooped them in a momentous discovery, and they
quickly made follow-up measurements of their own.
Intergalactic space is not completely cold but is slightly
warmed by all-pervasive microwaves with no apparent
source; this radiation suffuses our entire universe. [ts intensity
at different wavelengths, when plotted ona graph, traces out
what physicists call a "black body™ or "thermal™ curve. This
particular curve is expected if the radiation has come into
balance with its environment, as happens deep inside a star or
in a steadily burning furnace. Evidence for this special spec-
trum mounted up during the twenty-five years after the ra-
diation was discovered, but in 1990 John Mather and his col-
leagues used the Cosmic Background Explorer (coBe) satellite
to make truly remarkable measurements with errors smaller
than the thickness of the line on the graph (fig. 5.1). This con-
firms beyond any reasonable doubt that everything—all the
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Cosmic Background Spectrum from COBE
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5.1

The background radiation, as measured by the coas satellite. The
shape matches a black-body spectrum to a precision of one part in
10,000,

stuff that galaxies are now made of—was once a compressed
pas, hotter than the Sun’s core. The expansion has cooled and
diluted the radiation and stretched its wavelength. But this
primordial heat—the afterglow of creation—is still around: it
fills all of space and has nowhere else to go! Most of us see it
every day, as it causes one percent of the interference on our
television screens.

Penzias and Wilson were radio astronomers, with ex-
pertise in electronics rather than cosmology. Their success
stemmed from persistence and technical skills. It wasn't sur-
prising that it took others to convince them of what their dis-
covery meant. In fact, Wilson has recalled that the full import
of his achievement really sank in only when he read a report

of it inthe New York Times. Many of us, at a lower level, have
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similar experiences. Any researcher has to focus on specific
technical details, but the occupational risk is that, through a
narrow focus on tractable bite-sized problems, one loses the
broader perspective. That is why—in their own interests—
professional scientists should try to convey their work to non-
specialists. Even if we do it badly, the effort is salutary: it re-
minds us that our efforts are worthwhile only insofar as they
help to illuminate the big picture.

For 1ts first few minutes, our universe was far hotter than
the center of the Sun—hotter even than big stars at the end of
their lives, and certainly hot enough for nuclear fusion. For-
tunately for our existence, however, it cooled down before
there had been enough time to “process” everything into iron,
the maost tightly bound nuclews. If our universe had stayed
hot for longer (or if the reactions had happened faster), there
would have been no nuclear fuel left to power the stars. But
the only thing that happened is that about 23 percent of the
hydrogen turned into helium, leaving a bit of heavy hydrogen
{deuterium) as an intermediate product (fig. 5.2). These pro-
portions agree with what astronomers measure. Apart froma
trace of lithium, no elements higher up on the periodic
table—no carbon, oxygen, etc—emerged from the immedi-
ate aftermath of the Big Bang,

The expanding universe, initially blazingly hot and
bright, took hundreds of thousands of years to cool down to
the temperature of the Sun’s surface. At that stage, electrons
and ions combined into neutral atoms that no longer scat-
tered the radiation. The “fog” lifted and the universe became
transparent. The primeval light then shifted into the infrared,
and the universe became literally dark until the first stars
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5.2
Muclear reaction networks forsynthesis of deuteriom and helium in
the first three minutes after the Big Bang.

formed and lit it up again. The microwaves have been travel-
ing uninterruptedly since the universe was less than a thou-
sandth of its present age; they are direct "messengers” from an
era before any stars or galaxies had formed.?

Dark Matter

We don't know whether or not our universe 1s infinite, but it
is manifestly very large. Enough atoms of hydrogen and he-
lium emerged from the fireball phase to make all the stars in

all the palaxies; there are at least 10 atoms within range of
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our telescopes. And it contained quanta of radiation, or pho-
tons, in far greater numbers still—about 2 billion photons for
each atom, which is why we often refer to the hot Big Bang,.

Something else survives from the hot early stages: the
mysterious dark matter. Astronomers have discovered that
palaxies, and even entire clusters of galaxies, would fly apart
unless they were held together by the gravitational pull of be-
tween five and ten times more material than we actually see.
There are many types of observations that support this con-
clusion. I'll mention just two.

The first evidence comes from disk galaxies, like our own
Galaxy or Andromeda. Stars and gas circle around the central
hub of such galaxies, at a speed such that centrifugal forces
balance the gravitational pull toward the center. This is anal-
opous—though on a hugely larger scale—to the way the Sun's
gravitational pull holds the planets in their orbits. Radio as-
tronomers can detect clouds of cold hydrogen, orbiting far
out beyond the limit of the visible disk of stars; hydrogen
atoms emit at a characteristic radio wavelength of 21 cen-
timeters, and the speed of the douds can be inferred from the
Doppler shift of this emission. If these outlying clouds were
feeling the gravity of the stars and pas in the galaxy, then the
farther out they were, the slower they would be moving—for
the same reason that Pluto is moving more slowly around the
Sun than Earth is. But that’s not what is happening, since
clouds at different distances from the galaxy all orbit at more
or less the same speed. If, in our own solar system, Pluto
were moving as fast as Earth, we would have to conclude that
there isa shell of material outside Earth’s orbit but still within
Pluto’s. Likewise, the high speed of these outlying clouds tells

ANG TO BIOSPHERES
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us that there is more to galaxies than meets the eye. The entire
luminous galaxy—an assemblage of stars and glowing gas—
must be embedded in a dark halo, several times heavier and
more extensive,

The speeds of stars and gas in galaxies, incidentally, are
no more than a thousandth of the speed of light. This means
that the corrections introduced into Newton's theory by Ein-
stein’s general relativity are very minor, as they also are for
planetary orbits.

And there’s pervasive dark matter on still larger scales.
The Swiss-American astronomer Fritz Zwicky argued in the
19305 that the galaxies in a cluster would disperse unless they
were restrained by the gravitational pull of dark matter. He
proposed that gravitational lensing—the bending by gravity
of light rays from objects behind it—could reveal dark mat-
ter’s presence. This technique has now, sixty-five years later,
borne fruit, and it is sad that Zwicky didn’t live long enough
to see images like the one shown on the cover of this book,
which depicts a big cluster of galaxies about a billion light
years away. The image also shows numerous faint streaks and
arcs: each is a remote galaxy, several times farther away than
the duster itself, whose image is, as it were, viewed through a
distorting lens. Just as a pattern on background wallpaper
looks distorted when viewed through a curved sheet of glass,
the gravity of the cluster of galaxies deflects the light rays
passing through it. The visible galaxies in the cluster contain
only 10 to 20 percent as much material as is needed to pro-
duce these distorted images—evidence that dusters, as well as
individual galaxies, contain five to ten times more mass than

we actually see.



The main case for dark matter rests on applying New-
ton’s law of gravity on scales millions or even billions of times
larger than our solar system, which is of course the only place
where it has been reliably tested. It is proper to be cuutious
about such a huge extrapolation; some have even suspected
that we are indeed being misled, and that gravity grips more
strongly at large distances than standard theories predict. In
this context the gravitational lensing is important because it
corroborates the other evidence, yet it is based on rather dif-
ferent physics—Einstein’s rather than Newton's.

There’s really no reason to demur at the idea that most of
the stuff in the universe may be dark: why should everything
in the sky shine any more than everything on Earth does?
What we actually see could be a small and atypical fraction of
what 15 out there. But what could the dark matter be? It is em-
barrassing to cosmologists that 90 percent of the universe is
unaccounted for. Earlier candidates for the missing matter in-
cluded very faint stars and the dead remnants of stars. But
surveys are now much more sensitive, and if there were
enough objects of these types to account for all the dark mat-
ter, it is unlikely that they would have escaped detection.

We now strongly suspect that the dark matter cannot
consist of anything that is made from ordinary atoms. The fa-
vored view is that it consists of swarms of partides that have
so far escaped detection because they have no electric charge,
and because they pass straight through ordinary material
with barely any interaction.® There is still boisterous debate
about exactly what these mysterious and elusive entities could
be; there are no firm candidates, On the other hand, physiasts
have theorized about many types of particles that could have
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been created in the ultra-hot initial instants after the Big
Bang and survive until the present.

Thousands of these particles could be hitting us every
second, but they almost all pass straight through us, and
through any laboratory. Sometimes one of them collides with
an atom, however, and sensitive experiments might detect
the consequent recoll when this happens within (for instance)
a lump of silicon. Several groups around the world have taken
up this challenge. It requires delicate equipment, cooled down
to temperatures near absolute zero and deployed deep un-
derground to reduce the background signal from cosmic rays
and so forth.

One of the experimental difficulties is that other kinds of
particles (for instance, decay products from radivactivity in
rock) can cause similar signals. But genuine dark matter
would have a distinctive signature, which would tell us that it
came from our Galaxy and not just from Earth. The Sun
moves steadily through the swarm of particles that make up
our galactic halo, but Earth moves around the Sun, and so
our speed through the halo varies in a predictable way dur-
ing each year: highest in June and lowest in December. In
1999 an [talian group, using equipment deep under the Gran
Sasso mountain in the Apennines, actually claimed to have
discerned just such a seasonal modulation in their data, But
it wasn't confirmed. Dedicated scientists will have to im-
prove their techniques further and stay down in their tunnels
and mineshafts for a few years more before they can detect
an unambiguous signal. But even then success isn’t assured
as there are still many uncertainties about the particles that

make up the dark matter: they might be individually too
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light to produce a detectable recoil, or they might be too
heavy and rare,

The intellectual stakes are high. Dark matter is the No. 1
problem in astronomy today, and it ranks high as a physics
problem, too. If we could solve it—and IU'm optimistic that we
will within the next decade—we would know what our uni-
verse s mostly made of, and we would discover, as a bonus,
something quite new about the microworld of particles.
Moreover, as discussed in the next chapter, the amount of
dark matter affects the cosmic long- range forecast—how the
universe will be expanding tens of billions of years hence,

We're reconciled to the post-Copernican idea that we
don’t occupy a central place in our universe. But now our cos-
mic status must seemingly be demoted still further. Particle
chauvinism has to go: we're not made of the dominant stuff
in the universe. We, the stars, and the visible galaxies are just
traces of sediment—almost a seeming afterthought—in the
casmos; something quite different (and still unknown) con-

trols its large-scale structure and eventual fate.

From Simplicity to Complexity:
The Role of Gravity

Owur cosmic habitat displays great contrast and variety. There
i5 a huge range of temperatures. The stars have blazing sur-
faces {and still hotter centers), but the dark sky is warmed just
to 2.7 degrees above the absolute zero of temperature by the
microwave afterglow from the Big Bang, And there is a huge
range of densities too: some atoms are still spread through

interpalactic space, with less than one in each cubic meter;
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others are assembled into galaxies, stars, and planets—and at
least one biosphere.

All this intricate complexity emerged from an amor-
phous fireball that takes no more numbers to describe it than
a single atom does. This might seem to violate a hallowed
physical principle—the second law of thermodynamics—
which describes an inexorable tendency for patterns and
structures to decay or disperse: things tend to cool if they are
hot, and to warm up if they are cold; ordered states pet
messed up, but not the reverse, Entropy, a measure of this dis-
order, never decreases.

What is the answer to this seeming paradox? The force of
gravity is crudal—in particular, the way this force amplifies
small initial density contrasts in an expanding universe, Any
patch that starts off dightly denser than average, or is ex-
panding slightly slower than average, would decelerate more
because it feels extra gravity. Its expansion lags farther and
farther behind, until it eventually stops expanding and sepa-
rates out as a gravitationally bound system. This process is, we
believe, what allowed galaxies of stars to form about a billion
years after the Big Bang,

Astrophysicists can study this process by simulating vir-
tual universes in their computers, showing how slight initial
overdensities evolved, under the action of gravity, into palax-
ies, which in turn grouped themselves into clusters.

Figure 5.3 shows six frames from a simple movie showing
a cube large enough to make dozens of galaxies. The expan-
sion 15 scaled out, so all boxes look the same size. You can
clearly see the incipient structures unfolding and evolving,.

These pictures show only the dark matter, which has the
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Sk frames from N-body simulations, showing how the density con-
trasts grow and structure develops. In these pictures, the earlier and
later boxes have been rescaled so that, despite the expansion, all
look the same size.
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dominant gravitational effect. Smaller structures merge to-
gether, producing protogalaxies. Gas would be pulled into
these galaxy-scale dumps of dark matter, where it would cool
and condense into “droplets” that would turn into stars. The
new galaxies would then aggregate into clusters. Movies of
this kind depict the emergence of galaxies at about 16 powers
of 10 faster than it actually happened. The starting point of
these calculations is an expanding universe containing atoms,
radiation, and dark matter.

Newton himself pondered the origin of cosmic struc-
ture. He did not have our modern conception of the actual
scale of our universe, nor of curse did he know that it was
expanding; but in a letter to Richard Bentley, a classical
scholar who was master of Trinity College at Cambridge, he
imagined how material in an infinite static universe might

condense Into stars:

If the matter were evenly dispersed throughout an infi-
nite space . . . some of it would convene into one mass
and some into another, so as to make an infinite num-
ber of great masses, scattered at great distance from one
another throughout all that infinite space. And thus
might the sun and fixed stars be formed.

He went on to add the proviso "supposing the matter to be of
a lucent nature.” But it would be wishful thinking to see this
as a premonition of dark matter.

The computer simulations successfully mimic the pross
properties of actual galaxies—the characteristic sizes and
shapes, the proportions that are disklike and the proportions
that are elliptical—and the way they are clustered. And they
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offer, incidentally, a further reason for believing in dark mat-
ter: the outcome of these simulations does not match our ac-
tual universe so well if everything is assumed to be made of
atoms and there is no dark matter to provide extra gravity.
The finer details, the “weather patterns” within each
palaxy, are much harder to model. The trend away from uni-
formity toward ever larger contrasts in temperature and den-
sity continues after stars form, because gravity induces a seem-
ingly perverse relation between heat, energy, and temperature,
Suppose the fuel supply in the Sun’s center were switched off.
It would gradually deflate as energy leaked away. But the cen-
ter would end up hotter than before: gravity pulls more
strongly at shorter distances, and the core has to heat up in
order to provide enough pressure to balance the greater force
pressing down on it. Ordinary substances (water, for instance)
have a characteristic called “spedfic heat™ that measures how
much energy they soak up when their temperature is raised.
Objects held together by gravity have a nepative specific
heat—they get ever hotter, ever denser, as they lose energy.
Once stars and planets have formed, subsequent events
on some of those planets could be more complex than any-
thing that came before. Basic physics tells us that no “heat en-
gine” can operate, and no complexity can emerge, if every-
thing is in thermal equilibrium: there must be some regions
that are hotter than others. Planetary biospheres are energized
by light from the central star. This “high grade” energy drives
photosynthesis, and the waste heat is radiated into cold in-
terstellar space. Biological evolution is sensitive to accidents—
climatic changes, asteroid impacts, epidemics, and so forth—
so that, if Earth’s history were to be rerun, its biosphere would
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end up quite different. The same would be true on any other
planet.

Incidentally, astronomers habitually refer to the “evolu-
tion” of stars and galaxies, but a closer parallel with biologi-
cal usage would be achieved if the word “development” were
used instead. The entities studied by astronomers—stars,
galaxies, and the like—manifest a trend toward enhanced
complexity and differentiation, just as a growing animal or
plant does. But stellar and galactic astronomy offer no ana-

logue of Darwinian evolution by natural selection.

Cosmic Texture

The universe cannot have started off perfectly smooth and
uniform. If it had, it would now contain hydrogen and he-
lium gas so rarefied that there would have beenless than one
atom in each cubic meter everywhere, It would have been
cold and dull: no galaxies, therefore no stars, no periodic
table, no complexity, certainly no people.

But because of the “contrast enhancement”™ that’s in-
duced by pravity during the expansion, even a slight initial
nonuniformity could change all that. The amplitude of these
nonuniformities can be described by a simple number Q—
the energy difference between peaks and troughs in the den-
sity, expressed as a fraction of the total energy (Einstein’s
mc) of the material. Q determines the scale of the biggest
structures in the universe, with larger values of Qleading toa
“lumpier” universe. The computer models suggest that Q has
to be about 0.00001 in order to account for present-day galax-

ies and dusters. The smallness of O implies that, in terms of



gravity, our universe is as smooth as the Earth would be if the
highest mountains or waves were only 50 meters high.

These irregularities, or ripples, reveal themselves in an-
other way: they make the background slightly warmer in
some parts of the sky and slightly cooler in others, The cose
satellite mapped the temperature of the whole sky and found
temperature variations of one part in 100,000, This measure-
ment was 4 real technical triumph. The radiation, less than 3
degrees above the absolute zero of temperature, is a hundred
times cooler than Earth and its atmosphere, and the temper-
ature difference between hotand cold patches on the sky are
100,000 times smaller still.

The coBe measurement also corroborated the idea that
cosmic structures emerged via gravitational instability. It
showed that the hot early universe was indeed pervaded by
ripples with just the amplitude that was needed, according to
the computer calculations, to account for our universe's pres-
ent structure.

The fluctuations must have been imprinted very early,
along with the mix of ingredients in our universe. Whatever
caused the Big Bang seems to have left it ringing or vibrating,
but there is still no understanding of what fixes the amplitude
of these vibrations—in other words, the value of Q. It is in-
teresting, however, that neither a much smoother nor a much
rougher universe would offer such a benign habitat.

If } were much smaller than 0.00001 {or 1077), galactic
"ecosystems” would never form: aggregations would take
longer to develop, and their gravity would be too weak to re-
tain gas. A very smooth universe would remain forever dark

and featureless, even if its initial mix of atoms, dark matter,
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and radiation were the same as in our own universe. On the
other hand, a rougher universe, with Q much larger than
0.00001, would be turbulent and violent. Lumps far bigger
than galaxies would condense early inits history. They would
not fragment into stars: instead, they would collapse into vast
black holes, each much heavier than an entire cluster of alax-
ies in our universe. Even if galaxies managed to form, the stars
in them would be packed so close together that any planetary
systems would be buffeted by passing stars.”

How Credible Is the Big Bang Theory?

The evidence that our universe expanded from a hot dense
state has firmed up over the years. The Big Bang theory has
lived dangerously for decades—and survived. Several things
could have been discovered during the 1980s or 1990s that
would have discredited the hypothesis, but they weren't. For
example, any object whose helinm content was zero, or at any
rate well below 23 percent, would have been fatal because
extra helium made in stars can readily boost helium above its
pregalactic abundance, but there seems no way of converting
all of the helium badk to hydrogen. Or the background radi-
ation measured so accurately by the cope satellite (shown in
fig. 5.1) might have turned out to have a spectrum that dif-
fered from the expected black body or thermal form. Excess

*For similar reasons, stable planetary systems would be less likely to
exist near the oter of our own Galaxy, where the stars are in a dense-
padked swarm, rather then being as widely digpersed from each other as they
are in the Sun's immediate loality.



radiation at the shortest (millimeter) wavelengths could have
been due to diffuse dust or other sources. But if there were, at
some wavelengths, a deficit compared to the standard black-
body radiation, that would have been a major mystery.*

The Big Bang theory deserves to be taken at least as seri-
ously as anything geologists or palaeontologists tell us about
the early history of our Earth: the inferences that Earth sci-
entists make are just as indirect {and less quantitative). The
theory's survival gives me (and 1 suspect most cosmologists
today) 99 percent confidence in extrapolating right back to
the first few seconds of cosmic history.

I would prudently leave the other one percent for the
possibility that our satisfaction is as illusory as that of a Ptole-
maic astronomer who had successtully fitted some more
epicydes. Cosmologists are sometimes chided for being often
in error but never in doubt.

My old guru, Fred Hoyle, inventor of the “steady state”™
theory, still is not reconciled to all this: he has come part of
the way and believes in a “steady bang™—a cosmos undergo-
ing a very slow expansion, on which a more rapid oscillation
is superimposed. The physicist Max Plandk claimed that the-
ories are never completely abandoned until their proponents
die. And Fred is fortunately, at the time I'm writing this, still
very much alive.

{Ironically, the steady statesmen may turn out to have
been not 100 percent wrong, but merely too limited in envi-
sioning the overall scale of the cosmos. | will mention in the
final chapters the concept that our Big Bang could be one of
many “bangs” popping off in a cosmos that on some gigantic

scale persists inan eternal self- reproducing stationary state.)
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Figure 5.4 is a time chart showing the Big Bang, right
back to the beginning. | should emphasize very strongly that
my 99 percent confidence extends back to one second—per-
haps even to a millisecond—but certainly not much farther
back than that. This limit arises because a backward extrapo-
lation into the first tiny fraction of a second leads to densities

and temperatures far higher than can be reproduced or stud-

ied on Earth, so we have no firm basis for any inferences

Now
y.__-". R .

Cosmic
environmient
complex

First galaxies 1 il yr

Bl First stars

Dark age

. » Y [ Decoupling
. ;

Bo struciures; | iy b i g |
well-understood (e %* *“a s |
Physics | " o Fireball L

0000 yr

3 min

'|I £ ! |.'
l'l. " Quark soup |
Uncertain W T

\ 7 73 |
or unknown ¥ ]

physics \x\ ?f,--' Inflation

i
\( Quantum gravity i "

5.4
Time chart of the unverse.

[mi

fought to you by | The Mational Library of the Philippines
Authenticated
Download Date | 101149 8:09 AM



about the conditions that then prevailed. After the first mil-
lisecond, the particles would have been moving and colliding
with energies that can be readily reproduced in the lab. The
background radiation and the helium and deuterium are fos-
sils of that era, and the concordance between measurements
and theory corroborate the extrapolation that far back.

In brief, we can distinguish three eras of cosmic history.

1. The first millisecond. Here, there are uncertainties in
the basic physics, which get more serious the farther
back we go, since we gradually lose our foothold in
experiment.

2. From a millisecond to some millions of years. This part is
the easy bit. The physics is well known, and everything
is still smoothly expanding, But the simplicity ends
when the first structures condense out.

3. The “recent™ universe. This era is intractable, not be-
cause we don’t understand the physics, but for the same
reason that other environmental sciences such as mete-
orology are difficult. But the whole evolving fabric de-
pends on how the conditions were set up. The key
numbers like Qand the mix of atoms, radiation, and
dark matter are all legacies of the exotic and uncertain
physics of the first era.

We are witnessing a crescendo of discoveries that we can
be confident will continue throughout the next decade be-

cause of a confluence of developments,

1. Fluctuations in the background temperature. These fluc-
tuations are caused by the “embryos™ of galaxies and
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clusters. Within the next few years, two satellites, nasa’s
maP satellite and the European Space Agency’s “ Plandk-
Surveyor,” will have covered the whole sky with far

higher resolution than coee achieved.

. The high-redshift universe. The Hubble Space Telescope

has fulfilled its potential; the two Keck Telescopes are
on-line (now joined by the vir in Chile and several
other instruments with mirrors more than 8 meters in
diameter). New X-ray telescopes in space, and radio ar-
rays on the ground, now offer greater sensitivity. A
decade from now, still larger telescopes, both in space
and on the ground, will carry the enterprise still farther

than current instruments can achieve,

. Large-scale clustering. Big surveys will catalog millions

of galaxies, permitting a whole battery of sensitive sta-
tistical tests, which should pin down more of the details
of how galaxies formed.

. Dramatic advances in computer technology. These enable

us to stimulate, with ever-improving realism, how
galaxies and stars form and develop. We can even do
“virtual experiments” to discover what happens when

stars explode or when galaxies collide.

. New concepts in fundamental physics. As | will discuss in

chapter 9, new concepts offer the hope (unless current
euphoria is completely dashed) of putting the ultra-
early universe, the first tiny fraction of a second, on as

firm a footing as the later eras.
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Black Holes and
Time Machines

CHAPTER

Complete Gravitational Collapse

Every since the beginning, gravity has been making our uni-
verse less and less uniform and building up ever-larger con-
trasts of density and temperature. In the end, gravity over-
whelms all the other forces in stars, and in anything larger,
even though the effects of rotation and nuclear energy delay
its final victory.

There are some entities in which gravity has already tri-
umphed over all other forces. These are black holes—aobjects

that have collapsed so far that no light or any other signal can
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escape them, but that nonetheless leave imprints, distortions
of space and time, frozen in the space theyve left.

An astronaut who ventured too close to a black hole
would pass into a region from which there is no return and
from where no light signals can be transmitted to the external
world; it is as though space itself were being sucked inwarnd
faster than light moves through it. An external observer
would never witness the falling astronaut’s final fate: any
clodd would appear to run slower and slower as it fell inward,
into the hole, so the astronaut would appear impaled at a
horizon, frozen in time.

The Russian theorists Yakov Zeldovich and Igor Novikov,
who studied how time was distorted near cllapsed objects,
coined the term “frozen star” for such objects. Zeldovich, one
of the last polymaths of physics, holds a prominent place in
modern cosmology. He was a dynamic and charismatic per-
sonality; from the 1960s onward, his research school in
Moscow spearheaded many key discoveries even though cos-
mology and relativity had previously been ideologically
tainted in the USSKE).! The term “black hole” itself was not
coined until 1968, when John Wheeler described how an in-
falling object “becomes dimmer millisecond by millisecond
... light and particles incident from outside . . . go down the
black hole only to add to its mass and increase its gravita-
tional attraction,”

Black holes, the most remarkable consequences of Ein-
stein’s theory, are not just theoretical constructs. There are
huge numbers of them in our Galaxy and in every other
galaxy, each being the remnant of a star and weighing several

times as much as the Sun. There are much larger ones, too, in



the centers of galaxies. Near our own galactic center, stars are
orbiting ten times faster than their normal speeds within a
palaxy. They are feeling, close up, the gravity of a dark object,
presumably a black hole, as heavy as 2.6 million suns. Yet our
Galaxy is poorly endowed compared to some others, in whose
centers lurk holes more massive than a billion suns, betraying
their presence by the high-speed motions of surrounding
stars and gas, induced by their gravitational pull.

Black holes are among the most exotic entities in the
cosmos. But they are actually among the best understood.
They are constructed from the fabric of space itself and are as
simple in structure as elementary particles. A newly formed
black hole quickly settles down to a standardized stationary
state characterized by just two numbers: those that measure
its mass and its spin. {In principle, electric charpe is a third
such number, but stars can never acquire enough electric
charge for this factor to be relevant to real collapses.) The dis-
torted space and time around bladk holes is described exactly
by a solution of Einstein’s general relativity equations that was
first discovered in 1963 by Roy Kerr, a mathematician who
later forsook research to become an internationally recog-
nized bridge player. In peneral, macroscopic objects seem
more and more complicated as we view them closer up, and
we can't expect to explain their every detail; but black holes
are an exception to this rule.

Viewed from outside, no traces remain that distinguish
how a particular hole formed, nor what kind of objects it
swallowed. The great Indian astrophysicist Subrahmanyan
Chandrasekhar was deeply impressed by this realization, aes-

thetically as well as scientifically: "In my entire scientific life,”
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he wrote, “the most shattering experience has been the real-
ization that an exact solution of Einstein’s equations of gen-
eral relativity, discovered by the New Zealand mathemati-
cian Roy Kerr, provides the absolutely exact representation of
untold numbers of massive black holes that populate the
Universe.* Roger Penrose, the theorist who perhaps did most
to stimulate the renaissance in relativity theory that occurred
in the 1960s, has remarked: "It is ironic that the astrophysical
object which is strangest and least familiar, the black hole,
should be the one for which our theoretical picture is most
complete.™ The discovery of black holes thus opened the
way to testing the most remarkable consequences of Ein-
stein’s theory.

I mentioned in chapter 1 nasa’s ambitious Terrestrial
Planet Finder mission—an array of mirrors in space that will
be able to detect Earthlike planets orbiting other stars. When
that discovery has been achieved, Nasa’s next challenge could
be to image the gas swirling down into a black hole. It would
look like the simulation in figure 6.1. We should not hold our
breath waiting for a real picture like this, but we can infer a lot
about the hole before we have an actual image. The radiation
from such objects comes primarily from hot gas swirling
downward into the gravitational pit. Instruments already in
space can collect all the emitted radiation and measure its
spectrum. Any spectral feature would display huge Doppler
effects, because the gas is moving at a large fraction of the
speed of light. There is also an extra redshift—the so-called
gravitational redshift—resulting from each photon loss of
energy as it climbs out from a region where gravity is so

strong. Measurements of this radiation (mainly X-rays rather
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6.1

Gas swirling into a black hole. This sketch depicts what would be
seen when one takes account of Dopplershifts and light-bending
due to strong aravity.

than visible light, because the gas is 50 hot) can probe the flow
very close to the hole and diagnose whether the “shape of
space” around it agrees with what theory predicts.

These black holes interest astronomers because the flow
patterns and magnetic field around them penerate some of
the most spectacular pyrotechnics in the universe, But they
challenge basic physics as well. Around any black hole is a
horizon, a surface shrouding from view an interior from
which not even light can escape. A hole’s size is proportional
to 1ts mass: if the Sun became a black hole, its radms would be

3 kilometers, but some of the supermassive holes in galactic
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centers are as big as our whole solar system. If you fell inside
one of these monster holes, you would be treated to several
hours of leisurely observation before you approached the
very center, where increasingly violent tidal forces would
shred you apart. Right at the center, you, or your remains,
would encounter the singularity where the physics transcends
what we yet understand. The new physics that we'll need is
the same that governs the initial instants of the Big Bang,

Fast-Forward (and Backward?) in Time

Good science fiction should respect the fundamental con-
straints of physical laws. [n that spirit, it is worth mentioning
that an observer could, in principle, observe the far future in
what, subjectively, seemed quite a short time, According to
Einstein, the speed of a clock depends on where you are and
how you're moving, If your subjective clock ran very slowly
compared to the cosmic clock, you could travel “fast for-
ward” into the future. This would happen if you were mov-
ing at a velocity close to the speed of light. Furthermore,
strong gravity would distort time: clocks on a neutron star
would run 20 or 30 percent slower. Near a black hole, the dis-
tortions would be even greater. If you were to fall into a
hole, your future would be finite: you would be ripped
apart—spaghettified—by ever more violent gravitational
forces. However, a more prudent astronaut who managed to
get into the closest possible orbit around a rapidly spinning
hole without falling into it would also have interesting expe-
riences: space-time is so distorted there that his clock would

run arbitrarily slow and he could, therefore, in a subjectively



short period, view an immensely long future timespan in the
external universe,

This elasticity in the rate of passape of time may seem
counter to our intuition. But such intuition is acquired from
our everyday environment {and perhaps, even more, that of
our remote ancestors), which has offered us no experience
of such effects. Few of us have traveled faster than a mil-
lionth of the speed of light (the speed of a jet airliner); we live
on a planet where the pull of gravity is 1000 billion times
weaker than on a neutron star. But time dilation entails no in-
consistency or paradox.

More problematic, of course, would be time travel back
into the past. More than fifty years ago, the great logician Kurt
Gisdel discovered that the theory of general relativity did not
in itself preclude a time machine. He discovered a valid solu-
tion of Einstein’s equations that described a bizarre universe
where some of the worldlines were closed loops—in other
words, you could come back into your own past. But Gidel's
solution was not realistic it described a universe that was
rotating and not expanding,

Other theoretical examples of systems that seem to obey
the laws of physics but which allow closed loops in time have
been proposed. For example, Princeton theorist Richard Gott
showed that a time machine could be constructed from two
so-called cosmic strings—long microscopically thin tubes of
hyperdense material, heavy enough to distort space. Gott and
his colleague Li-Xin Li also devised a cosmological model
even stranger than Gidel’s in which an entire universe, with
a finite life cycle, traces out a loop in time so that its end is

also its beginning.
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One much-discussed design for a time machine involves
a“wormhole™: two black holes linked together by a tunnel or
"spacewarp.” The tunnel could exist only if it were made of a
substance that has a very large negative pressure (or tension).
Theorists speculate that exotic stuff of this kind did exist in
the early universe, but even if such material still existed, the
mass needed in order to make a wormhole wide enough to be
comfortably traversed by a human would be 10,000 times
that of the Sun!

Giddel’s discovery and its aftermath opened up a debate.
Is there a further law of physics, more restrictive than Ein-
stein’s equations, that rules out such effects? One might call it
a “chronology protection law” Or could a time machine in
principle exist? Such an artifact plainly still lies in the hypo-
thetical reaches of science fiction, but we can still ask whether
the barriers to constructing a time machine are “merely”
technological, or whether there isa fundamental physical law
that prohibits them. {To clarify the distinction, most physi-
cists would say that a large spaceship traveling at 99.99 per-
cent of the speed of light is in the first category, but one that
travels faster than lipht is in the second.)

The events on the time loop must close up self-consis-
tently, as in a movie whose last scene recapitulates its first.
Paradoxes arise if you come back into the past and undo
something that was a precondition of your existence: for in-
stance, murdering your grandmother in her cradle would
raise issues of logical consistency, not just of ethics. Time
travel makes sense only if some law of nature precludes in-
consistency of this kind. The implication that there must be

“time police” to constrain our free will might seem paradox-
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ical. But lam convinced by the robust retort of Igor Novikov,
a leading physicist who has explored these ideas, that physical
laws already constrain our choices: we cannot, for instance,
exercise our free will by walking on the ceiling. The prohibi-
tion on violating the consistency of a time loop 15, In a sense,
analogous.

Even if a ime machine could be built, it would not en-
able us to travel back prior to the date of its construction. 50
the fact that we have not been invaded by tourists from the
future may tell us only that no time machine has yet been
made, not that it is impossible.

The next chapters describe what we can infer about the
very beginning of our universe, and about its far future, with-

out leaving the comforts of our home planet.
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Deceleration or
Acceleration?

CHAPTER

Limits to Prediction

In August 1999, a total solar eclipse was visible from south-
west England. I viewed it from Cornwall through intermittent
clouds. For me it was simply an environmental experience,
shared with thousands of New Age cultists, astrology devo-
tees, and the like. But the spectacle triggered some simple-
minded thoughts.

[t reminded me, first, that astronomy is by far the oldest
quantitative science. Eclipses could be predicted, at least ap-

proxamately, in the first millennium e.C, For several centuries,
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the Babylonians recorded celestial events on cuneiform
tablets, and thousands of these records can now be seen in the
British Museum. They stretched over a long enough timespan
to reveal subtle patterns—particularly an eighteen-year repet-
itive cycle—which could be extrapolated forward to predict
when future eclipses were likely to occur. Such predictions
were feasible for lunar eclipses, which are observable from
half the Earth's surface, in contrast to solar eclipses, where
“totality” occurs only along a narrow strip. Such predictions
required no insight into how the Sun and Moon actually
moved—only a faith in the regularity of nature.

It was not until the seventeenth century that substantial
advances were made. By that time, astronomers such as Ed-
mund Halley understood the layout of the solar system, and
the eighteen-year cycle was realized to be due to a wobble in
the plane of the Moon’s orbit. Halley is famous for his insight
that the comet he saw in 1682 was the same one that others
had also seenin 1531 and 1607, He did not live to see its pre-
dicted return on schedule in 1758, though he had the good
luck to see two total eclipses of the Sun in England during his
lifetime, and he had predicted them both. His predictions of
the “totality strip” were better than the ancients could have
made. But more important was a qualitative advance: Halley,
unlike the Babylonians, based his predictions on the kind of
insight that we could properly call a sdentific explanation.

Such an explanation, of course, removes any mystery and
irrational dread. For example, a few weeks after Europe expe-
rienced the August 1999 eclipse, major earthquakes occurred
in Turkey and Greece; in earlier centuries it would have been

natural to treat these as causally linked, whereas we now un-



derstand eclipses and earthquakes well enough to realize that
acausal link is unlikely.

Eclipses are atypical among natural phenomena in being
highly predictable: we can now forecast them to the nearest
second. But earthquakes can’t be reliably predicted. Nor, of
course, can the weather: when [ went to Cornwall [ didn't
know whether it would be clear or cloudy. This unpre-
dictability does not reflect the greater competence of as-
tronomers over seismologists and meteorologists: it illus-
trates the crucial distinction between prediction and
understanding. Eclipse forecasts, even centuries in advance,
are almost as accurate as the input data. But weather forecasts
are not because atmospheric flow patterns are unstable: the
uncertainty increases because even a tiny tweak can make a
big difference to the outcome, as is the case when one bal-
ances a pencil on its end.

But people still crave explanations even when there is no
underlying understanding about what’s going on. A chill is
blamed on drafts, damp clothing, or some other conjectured
cause, Likewise, erratic stock market movements abways find
a ready explanation in the next day’s finandal columns: a
price rise is attributed to sentiment that “pessimism about in-
terest rate increases was exapgerated,” or to the view that
“company X had been oversold” Of course these explanations
are always a posteriori: commentators could offer an equally
ready explanation if a stock had moved the other way.

Even when they're understood, most phenomena are still
unpredictable, like the weather, The dockwork of the heavens
is actually the exception rather than the rule. Newton was
lucky to have hit on one of the very few things in nature that
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are predictable a long way into the future. Clean predictions
are limited to the very small { the behavior of single particles,
or simple chemicals) and the very large {celestial orbits and so
forth). The most intractable complexity manifests itself on
the intermediate scales of everyday experience—in structures
large enough to contain many layers of structure, but not so
large as to be crushed by gravity.

The subatomic world is simple—it seems to be describ-
able by a few equations. On the largest scales also, our uni-
verse is simple: its gross properties are defined by just a few
numbers: its expansion speed, the mean density, and so forth,

An overall uniformity prevails, and pravity holds sway.
The Long-Range Cosmic Forecast?

If indeed the grand astronomical phenomena are in some re-
spects simpler than everyday events, can we make some cos-
mic predictions? Can we even offer a long-range forecast for
our expanding universe?

Inabout 5 billion years, the Sun will die, and the Earth
with it. At about the same time, give or take a billion years,
Andromeda may crash into our Galaxy. But will the universe
go on expanding forever? Or will our firmament eventually
recollapse into a Big Crunch? Space is already being punc-
tured by the formation of black holes. Are these perhaps the
precursors of a crunch that will engulf us all? (See fig. 7.1.)

The answer depends on how much the cosmic expansion
is being decelerated. Everything exertsa gravitational pull on
everything else, and it is easy to calculate that it would take
the mass of only five hydrogen atoms per cubic meter to
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bring the expansion to a halt—unless some other force inter-
venes. This doesn’t sound like much. But if all the galaxies
were dismantled and their constituent stars spread uniformly
through space along with all the pas, they would make an
even emptier vacuum—one atom in a volume of 10 cubic
meters. There seems to be a similar amount of material in dif-
fuse intergalactic gas, but even when that is added into the
mix, the resulting density amounts to only 0.2 hydrogen
atoms per cubic meter. This is equivalent to a few grains of
sand in the volume of Earth; or to a small asteroid, a few hun-
dred meters across, ina box big enough to contain our entire
solar system. This density is still twenty-five times less than
the critical density of five atoms per cubic meter. Though it
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may seem to imply per petual expansion by a wide margin, the
actual situation is less straightforward due to the mysterious
dark matter. As explained in chapter 5, palaxies, and even en-
tire clusters of palaxies, would fly apart unless they were held
together by the gravitational pull of five to ten times more
“dark”™ material than we can actually see. We think dark mat-
ter is probably some kind of particle, with no eectric charge,
left over from the early universe, but, whatever it is, it is im-
portant for the fate of our universe,

The Greek letter omega (£2) is used to denote the average
density divided by the critical density. If £2 exceeded 1, grav-
ity could lead to eventual recollapse. According to our current
inventory, ordinary atoms contribute only 4 percent of the
critical density—in other words, if there were nothing else in
the universe, £ would be only 0.04. About half of these atoms
make up the stars and gas within galaxies; the rest are mainly
in intergalactic gas. Dark matter contributes five to ten times
more, but that is still no more than about 0.3 of the density
needed to halt the expansion. This finding suggests that the

universe is not slowing down enough to ever come to a halt.

Acceleration?

There is another approach to this long-range cosmic fore-
casting that at first sight seems more straightfor ward: namely,
to look directly for the difference between the expansion rate
a few billion years apo and the present rate, and then extrap-
olate the trend forward. This comparison is possible in prin-
ciple because the redshifts of distant objects tell us how they

were moving when their light set out, not how they are mov-



ing now. The practical problem is that this technique requires
objects bright enough to be detectable far away and, more de-
mandingly, standardized enough that their apparent bright-
ness tells us their distance. Galaxies themselves are not suit-
able. They are a rather varied o of objects, and it is
uncertain how their brightness changes over time: their con-
stituent stars age and die, new stars form, and so forth.

The best standard candle yet recognized is a type of su-
pernova that is triggered by a nuclear explosion. These so-
called Type 1A supernovae are, in effect, thermonuclear
bombs—exploding stars with a standardized yield. The first
results from studies of distant supernovae, announced in
1998 by two international teams of researchers, caused a stir.
There certainly did not seem to be as much deceleration as
one would expect in the simplest kind of universe where
was exactly one. That in itself was not surprising because it al-
ready seemed clear that there was not enough dark matter to
make £ more than about 0.3, But it was a surprise that the
expansion seemed actually to be speeding up.

Science magazine rated this finding as the No. 1 saentific
discovery of 1998, in any field of research, but this accolade
may have been premature. The observations that were made
are right at the limits of what is possible with existing tele-
scopes, One still worries about possible complications and
errors. For instance, the supernova "bombs” going off in the
remote past, and observed as faraway objects with large red-
shifts, may not have been quite the same as those going off
now, nearby. Or a fog due to intergalactic dust might make
distant supernovae appear fainter than they actually are. The

case is not yet overwhelming, but every month more super-
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novae are added to the sample, and within two or three years
the various loopholes should be dosed. It is fortunate that
there are still two teams working independently, since the
long-term prognosis for the universe is too important to be
decided without a second opinion.

Acceleration implies an extra cosmic force—some kind of
cosmic repulsion that overwhelms gravity. This idea is not in
itself new: it goes back to Einstein in 1917, At that time, as-
tronomers only really knew about our own Galaxy, Not until
the 19205 did a consensus develop that Andromeda and sim-
ilar “spiral nebulae”™ were actually separate galaxies, each com-
parable to our own. It was natural for Einstein to presume
that the universe was static, neither expanding nor contract-
ing. He found that a universe could not persist in a static state
unless pravity was counteracted by an extra force. He incor-
porated an extra number into his equations, which he called
the “cosmological constant,” denoted by the Greek letter
lambda (X). This introduced a repulsive force—a kind of
“antigravity"—which counterbalanced the ordinary gravity
and allowed a static universe that was finite but unbounded.
In Einstein’s static universe, any light beam you transmitted
would return and hit the back of your head.

Einstein, in his later life, rated lambda as his “biggest
blunder,” because if he hadn’t introduced it to permit a static
universe he might have predicted the expansion before Edwin
Hubble’s discovery in 1929, Einstein’s motive for inventing
lambda has been obsolete for seventy years; but that does
not discredit the concept itself. On the contrary, lambda now
seems less ad hoc than Einstein thought it was. Lambda can

be envisioned as energy that is somehow contained even in
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empty space (known as “vacuum energy”). According to our
present concepts, empty space is anything but simple. All
kinds of particles are latent in it, and on an even tinier scale,
it may be a seething tangle of strings. From our modern per-
spective, the puzze is not why there should be a lambda, but
why it is not much, much higher.

If there is energy in empty space (equivalent, as Einstein
taught us, to mass through his famous equation E = md),
why does it have the opposite effect on the cosmic expansion
from atoms, radiation, and dark matter, all of which tend to
slow down the expansion? The answer depends on a feature
of Einstein’s theory that is far from intuitive: gravity, accord -
ing to the equations of general relativity, depends not just on
energy (and mass), but on pressure as well. A generic feature
of the vacuum is that if its energy is positive, then its pressure
is negative—in other words, it has a “tension,” like stretched
elastic. The net effect of vacuum energy is then to accelerate
the cosmic expansion. It has a huge negative pressure and so,
according to Einstein’s equations, it pushes rather than pulls.!

If lambda represents the energy latent in space, which we
realize has intricate structure on subatomic scales, the best the-
oretical guess is that it should induce a cosmic repulsion 120
powers of 10 stronger than is actually daimed. There 1sa widely
popular idea called “inflation”™ (discussed in chapter 9) which
postulates that, very early in cosmic history, there was indeed
a repulsion as ferce as this. If so, how could it have switched
off {or somehow be neutralized) with such amazing precision?

Most physicists suspected that some process, not yet un-
derstood, made the resultant vacuum energy exactly zero,

jJust as other features of our universe—for instance, its net
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electric charge—are believed to be. Recent research shows
that it is not zero, but it is still very, very, small. Why? There
clearly has to be some impressive cancelation, but why should
this be so precise that it leads to a row of 119 zeros after the
decimal point, but not 120 or more?

A slightly different theory speculates that the repulsion is
not actually due to empty space (the vacuum), but that there
is some all-pervasive fluid that has negative pressure and
therefore exerts a gravitational repulsion, but which dilutes
and decays during the expansion, so that by now it is guaran-
teed to be very small. This mysterious substance—a kind of
dark energy—~has been dubbed “quintessence™

Evidence for "Flathess":
Concordant Measures of Our Universe

Other data, quite independent of the supernova evidence for
an accelerating universe, now support the case for lambda or
quintessence. These data come from precise measurements of
the “afterglow™ of the Big Bang. This radiation is not com-
pletely uniform across the sky: there is a slipht patchiness in
the temperature, caused by the ripples that evolve into galax-
ies and dusters. Theory tells us that there’s a certain wave-
length on which the fluctuations—acoustic vibrations of the
universe, as it were—would be maximal. How large these
dominant ripples appear on the sky—whether, for instance,
they are one degree across or only half a degree—depends on
the geometry of the universe, which in turn depends on the
mass and energy that it contains.

At almost any cosmology conference, one or more speak-
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ers are sure to project a picture resembling figure 7.2, which
depicts the amplitude of the various vibration modes of the
early universe: small angles to the right, large ones (lower har-
monics) to the left. Maps of the background temperature,
made from high, dry mountain sites, from Antarctica, or from
long-duration balloon flights, have pinned down the angular
size of these dominant ripples with better than 10 percent
precision. The results indicate a “flat”™ universe: the relation be-
tween distance and angles is the same as in Endidean space.
This 15 what would have been expected if dark matter
provided the full critical density—if, in other words, £ had
been 1. On the other hand, a value of 0.3 for 2 would imply

Angular scale
90° 0° F§ oz’

Low-density
universe

Amplitude of Temperature Fluctuations

1.2

Predicted fluctuations in the background temperature in a flat uni-
verse. In a low-density open universe, the peak would occur on a
smaller angular scale.
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(if there were no other energy in the universe) an angle
smaller by a factor of 2—definitely in conflict with observa-
tions. However, if vacuum energy (lambda) or quintessence
contributes, in effect, the other missing 0.7, we get consistency
with the data. Even these exotic forms of energy can modify
the geometry of the universe and render it flat. However, be-
cause they contribute a negative pressure (despite having pos-
itive energy ), they exert an antigravity or cosmic repulsion
and therefore can account for the supernova evidence for an
accelerating expansion.

Between 1998 and 2000, a remarkable concordance
emerged in the results from several independent methods of
measuring the key numbers describing our universe, It seems
that the universe is flat, in harmony with theoretical preju-
dices. But its contents are an arbitrary -seeming mix of strange
ingredients. Ordinary atoms (baryons) in stars, nebulae, and
diffuse intergalactic gas provide just 4 percent of the mass-
energy; dark matter provides about 30 percent; and dark en-
ergy the rest (e, about 76 percent). The expansion acceler-
ates because dark energy (with negative pressure) is the dom-
inant constituent. Of the atoms in the universe, only about
one-half are in galaxies and the rest are diffusely spread
through intergalactic space. The most conspicuous things in
the cosmos, the stars and the glowing gas in galaxies, are less
than 2 percent of the universe’s total budget of mass-energy,
an extraordinary turnaround from what would have been
the natural presumption at the start of the twentieth century.?

In still earlier centuries, the classical view was that every-
thing in the “sublunary sphere” consisted of the four “ee-

ments"—earth, air, fire and water—but the heavens were

fought to you by | The Mational Library of the Philippines

Authenticated

Download Date | 101149 5:09 AM

[mi




constituted from some quite different “fifth essence” This
concept was laid to rest in the nineteenth century, when stud-
ies of stellar spectra showed, as described in chapter 3, that
stars were made of the same stuff as Earth. But modern cos-
mology revives a similar antithesis. It looks as though the
mysterious “antigravity substance”—vacuum energy, or quin-
tessence—provides the dominant mass-energy in our uni-
verse even though it plays no role in stars or galaxies. It could
be a vestige of the (far fiercer) force that, according to the the-
ory of “inflation,” drove the rapid expansion in the early uni-
verse, though we still face the question of why the force, once
s0 strong, is now so feeble. Its nature is a challenge to theo-
rists: it holds important clues to the early universe,and to the

nature of space.
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The Long-Range Future

CHAPTER

A Darker Future

Five billion years from now, when the Sun dies, the galaxies
will be more widely dispersed and intrinsically somewhat
fainter becanse their stellar population will have aged, and less
gas will survive to form bright new stars, But what might hap-
pen still farther ahead? We can’t predict what role life will
eventually carve out for itself: it could become extinct, or it
could achieve such dominance that it can influence the entire
casmos. The latter is the province of saence fiction, but it

can't be dismissed as absurd. After all, it has taken little more
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than one billion years for natural selection to lead from the
first multicellular organisms to Earth’s present biosphere,
which includes us. By the time the Sun dies, five times longer
will have elapsed—time enough for Earth’s biosphere (and
any others that exist) to be inconceivably transformed, even it
future spedies emerged on the timescale of biological natural
selection. Future changes would occur faster still if they are
artificially directed—on a cultural or historical timescale.

We can, despite these inponderables, offer tentative long-
range projections for the gross features of our universe, [t
seems fated to continue expanding, and even—if current evi-
dence is borne out—accelerating. Eventually, even the slowest-
burning stars will die, and all the galaxies in our Local
Group—our Milky Way, Andromeda, and dozens of smaller
palaxies—will merge into a single system. Most of the original
gas would by then be tied up in the dead remnants of stars;
some would be black holes, others would be cold neutron
stars or white dwarfs.

Still farther ahead, events far too rare to be discernible
today, such as stellar collisions, could come into their own,
Stars are so thinly spread through space that collisions be-
tween them are immensely infrequent (fortunately for our
Sun), but their number would mount up. The terminal
phases of galaxies would be sporadically lit up by intense
flares, each signaling an impact between two dead stars. An-
other very slow process is gravitational radiation, the weak
ripples in space that are generated by any heavy object that
moves and changes its shape. These waves carry away energy.
Their effects are imperceptible today, except in a few binary
stars where the orbits are spedally close and fast; but they



would, given enough time, grind down all stellar and plane-
tary orbits.

Eventually, even black holes will decay. The surface of a
black hole is made slightly fuzzy by quantum effects, and
consequently it radiates. This effect would be important in
our present universe if it contained miniholes the size of
atoms: such black holes would erode away, emitting radiation
and particles; the smaller they get, the more powerful and en-
erpetic the radiation would be, and they would eventually
disappear in an explosion. But it seems unlikely that such
miniholes exist. They could form only in the hyperdense early
universe, and even there this would be unlikely unless condi-
tions were far more turbulent than theory suggests. To form
them today, a kilometer-sized asteroid {or something of sim-
ilar mass) would need to be compressed to the size of an
atomic nucleus,

The evaporation of black holes, being a quantum
process, is far less important for big holes: the time it would
take for a hole to erode away depends on the cube of its mass.
The lifetime of a hole with the mass of a star is 10 years.
Even black holes as heavy as a billion suns, such as those that
lurk in the centers of galaxies, would have eroded away before
10" years had elapsed.

The Asymptotic Future of Life

Cosmologists have produced an immense speculative litera-
ture on the ultra-early universe. In contrast, cosmic futurol-
ogy has been left to science fiction writers. I myself can claim

to have made one of the first scientific contributions, back in
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1968, when [ wrote a short paper entitled “The Collapse of
the Universe: An Eschatological Study” Many cosmologists
then suspected that we might live in a bounded universe that
would end in a Big Crunch, and I calculated what might hap-
pen after the cosmic expansion had come to a halt and the
universe had started to recollapse. During the countdown to
the crunch, galaxies would merge together, and individual
stars would accelerate to almost the speed of light (rather as
the atoms speed up in a gas that is compressed). Eventually,
these stars would be destroyed because the heat irradiating
their surfaces (the blue-shifted radiation from other stars)
would be hotter than their interiors.

Ten years later, Freeman Dyson made the subject scien-
tifically respectable: he published, in Reviews of Modern
Physics (an austere and prestigious academic journal), a fas-
cinating and detailed article called “Time without End:
Physics and Biology in an Open Universe.” The evidence for
an ever-expanding universe was then less clear than it is now.
But Dryson already had his prejudices: he would not counte-
nance the Big Crunch option because it “gave him a feeling of
claustrophobia” He discussed the prognosis for intelligent
life. Even after stars have died, he asked, can life survive for-
ever without intellectual burnout? Energy reserves are finite,
and at first sipht this might seemn to be a basic restriction. But
he showed that this constraint was actually not fatal. As the
universe expands and cools, lower-energy quanta of energy
{or, equivalently, radiation at longer and longer wavelengths)
can be used to store or transmit information. Just as an in-
finite series can have a finite sum (for instance, 1 + 1/2 +

/4 + ... = 2), so there is no limit to the amount of infor-
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mation that could be processed with a finite expenditure of
energy. Any conceivable form of life would have to stay ever
cooler, think slowly, and hibernate for ever longer periods.
But there would be time to think every thought. As Woody
Allen once saud, "Eternity is very long, especially toward the
end.”

Dyson imagined the endgame being spun out for anum-
ber of years so large that to write it down you would need as
many zeros as there are atoms in all the palaxies we can see, At
the end of that time, any stars would have tunneled into black
holes which would then evaporate, in a time that is in com-
parison almost instantaneous,

In the twenty years since Dyson's article appeared, our
perspective has changed in two ways, and both make the out-
look more dismal. First, most physicists now suspect that
atoms don’t live forever. In consequence, white dwarfs and
neutron stars will erode away, maybe in 107 years the heat
penerated by atomic decay inside dead stars makes them
glow, but as dimly as a portable heater. By then our Lol
Group of galaxies would be justa swarm of dark matter and
some electrons and positrons. Thoughts and memories

{]35

would only survive beyond the first 107 years if downloaded
into complicated circuits and magnetic fields in clouds of
electrons and positrons—maybe something that would re-
semble the threatening alien intellipence in The Black Cloud,
the first and most imaginative of Fred Hoyle's science fiction
novels, written in the 19505,

Dyson was optimistic about the potentiality of an open
universe because there seemed to be no limit to the scale of

artifacts that could eventually be constructed. He envisioned
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the observable universe petting ever vaster; moreover, many
galaxies, whose light has not yet had time to reach us, would
eventually come into view and therefore within range of pos-
sible communication and “networking” Gravity tends to slow
the recession of distance galaxies even though they move ever
farther away, so the disruptive effect of the expansion be-
comes less important. As described in chapter 7, cosmologists
suspect that the expansion is not slowing down: some repul-
sive force or antigravity seems to be pushing galaxies apart at
an accelerating rate. The long-term future is then more con-
stricted. Galaxies will fade from view even faster: they will get
more and more redshifted—their clocks, as viewed by us,
will seem to run slower and slower and freeze at a definite in-
stant, so that even though they never finally disappear, we
would see only a finite stretch of their future. The situation is
analogous to what would happen to Star Trekkers who fell
into a black hole: from a vantage point safely outside the
hole, we would see our infalling colleagues freeze at a partic-
ular time, even though they experience, beyond the horizon,
a future that is unobservable to us.

Our own Milky Way Galaxy, Andromeda, and the few
dozen small satellite galaxies that are in gravitational grip of
one or other of them will merge together into a single amor-
phous system of aging stars and dark matter. In an accelerat-
ing universe,everything else disappears beyond our horizon;
if the acceleration is due to a fixed lambda, this horeon will
never get much farther away than it is today. So there is a firm
limit—though, of course, a colossally large one—to how large

any network or artifact can ever become. This translates into
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a definite limit on how complex anything can get. The inher-
ent “graininess” of space sets a limit to the intricacy that can
be woven into a universe of fixed size.' The best hope of
staving off boredom in such a universe would be to construct
a time machine and, subjectively at least, exhaust all poten-
tialities by repeatedly traversing a closed time loop.

These long-range projections involve fascinating physics,
maost of which is quite well understood. But readers who are
really concerned about what happens in zillions of years
should be mindful of some uncertainties. First, we can not be
absolutely sure that the regions beyond our present horizon
are like the parts of the universe we see. On the ocean, there
could be something extraordinary just beyond the horizon.
Likewise, a universe that’s decelerating, though seemingly not
enough ever to stop, could eventually be crushed by denser
material not yet in view. Even if that did not happen, the
trend toward greater smoothness on larger scales may not
continue indefinitely. There could be a new range of struc-
tures, offering new supplies of energy on scales far larger
than the part of the universe that we have so far observed.

Second, we don’t know what may eventually happen to
the quintessence—the mysterious energy in space that drives
the accelerating cosmic expansion. This residual energy could
convert into some new kinds of particles, If this conversion
happened smoothly, it would not lift the terminal gloom.
However, the residual energy could decay in bubbles whose
surfaces crash together, giving rise to energy concentrations
where atoms might possibly even be regenerated. This re-

vived universe would be patchy, with slands of renewed ac-
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tivity separated by vast voids. To quote Paul Steinhardt, would
future beings “figure out that their origin was the sotropic
universe we see around us today? Would they ever know that
the universe had once been alive and then died, only to be
given a second chance?™

A more disconcerting prospect is that empty space could
be vulnerable to a catastrophic transfiguration. Very pure
water can “supercool” below its freezing point, but it will
suddenly freeze when a speck of dust is put into it. In an
analogous way, our present “vacuum” may be merely meta-
stable and could then transform to a quite different universe,
poverned by different laws, perhaps with a large negative
lambda that would cause everything to implode rather than
accelerate outwards. It is a cosmic version of what happens to
the world’s water in Kurt Vonnegut's lre Nine some event
triggers formation of an anomalous form of ice, solid at or-
dinary temperatures, which then catalyzes the conversion of
all the water on Earth into this fatal new state.

There are periodic scares that this kind of transition
could be induced artificially by high-energy particle colli-
sions in accelerator experiments. It is reassuring, however,
that far more energetic collisions—involving cosmic ray par-
ticles—have been happening naturally for billions of years,
without tearing the fabric of space.

Another route to Armageddon could be the conversion
of ordinary atomic nudei into hypothetical particles called
strangelets, which contain a third kind of quark, additional to
the kinds that make up normal protons and neutrons, If
strangelets can exist as stable objects, and if their electric
charge is negative (which is thought very unlikely), they could
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attract other nuclei and then, by contagion, convert their sur-
roundings, and eventually the entire Earth, into so-called
strange matter. This eventuality was taken seriously enough
by those in charge of the Brookhaven accelerator that they
commissioned an expert assessment on whether experiments
that crash together very heavy nuclei could trigger such a
catastrophe.”

The experts offered reassurance. However, [ don’t think
we can sleep completely soundly unless we are sure that es-
sentially identical events have already happened naturally
without any disaster ensuing. The acceptable level of risk in
such an experiment is surely less than one chance ina trillion.
Theoretical arguments alone cannot offer adequate comfort
at this level: only a recklessly overconfident theorist would
stake a bet on the validity of his assumptions at odds of a tril-
lion to one.

Our remote descendants are likely to have an eternal fu-
ture (unless they come within the clutches of a bladk hole).
Nonetheless, it 1s worth noting that the alternative fate—
being snuffed out ina Big Crunch—could be an enriching ex-
perience. We have seen that events happen ever more slowly
in the ever-expanding universe; the total number of discrete
events or “thoughts” could then be bounded, even in an infi-
nite future, John Barrow and Frank Tipler have emphasized
that, in a collapsing universe, the converse is possible: there
can be an infinite number of “happenings” within a finite
time. Cosmologists are used to the idea thata lot could hap-
pen in the initial instants after the Big Bang: as we extrapolate
back to more extreme densities, time must be measured by a

series of progressively smaller, more robust, and faster-ticking
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clodks. An infinite set of numbers canadd up to a finite sum.
Likewise, in the final instants before the crunch, we could not
only see our entire earlier life flash by, but we could experi-
ence an infinite number of new events,

S0 much for the far future. Let's now go back to the
beginning.
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How Things Began:
The First Millisecond

CHAPTER

Tracing the Causal Chain Backwards:
Confidence or Caution?

Astronomy and cosmology have a high profile and a positive
image, in contrast to the ambivalence with which the public
perceives, for instance, genetics or nuclear saence. The essence
of the new discoveries and concepts in these cosmic scences
can be conveyed, free of technicalities, to a wide general audi-
ence. | am uneasy, however, about the media’s portrayal of the
subject: all too often, daims are hy ped up, only to be retracted

later, with the retraction usually being more subdued. When
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this happens, it is often the scentists themselves (or their press
offices) who are at fault, not the journalists indeed, journalists
may soon become as skeptical of some researchers as they
routinely are of politicians. Exaggerated claims about cosmol -
ogy plainly are not as damaging as, for instance, misleading re-
ports about medical research that raise false hopes of miracle
cures, But it is in the cosmologists’ own interest to avoid hype.
If we daim too often to make breakthroughs that overthrow
all previous ideas, we'll surely lose even the credibility that we
deserve. Cosmologists thus should not blur the distinction
between what is well established and what is conjectural. Oth-
erwise there are two downsides. On the one hand, flaky ideas
may gain undue credence: on the other hand, robust skeptics,
realizing that parts of the subject are indeed still speculative,
may fail to appredate that other parts are firmly battle tested.
We can now set our entire solar system ina grand, evolv-
ing scenario stretching back to a Big Bang—an era when
everything was hotter than the centers of stars and expanding
on a timescale of a few seconds. The evidence is as com-
pelling as most of the claims made by geologists and paleon-
tologists about the history of Earth—indeed, it is a lot more
quantitative, In chapter 5, [ sketched how an expanding fire-
ball, fluctuating slightly from place to place, can end up, 10
billion or more years later, resembling our present cosmos.
Computer simulations can mimic how this happens.
Galaxies of stars, grouped into clusters, emerge mainly
through the action of gravity—the same force that Newton
realized held the planets in their orbits. One can extend the
parallel with Newton. He knew why planets traced out el-
lipses, but the initial "setup” of the solar system was a mystery
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to him: Why were the orbits of the planets all close to a single
plane, the ecliptic, while the comets came from random di-
rections? In the second edition of Opticks (1717) he wrote:
“Blind fate could never make all the planets move one and the
same way in orbits concentrick. . . . Such a wondertul unifor-
mity in the planetary system” must, he claimed, be the result
of providence. This coplanarity of the orbits, however, is now
understood: it is a natural outcome of the solar system’s ori-
pin as a spinning protostellar disk. Indeed, we can trace things
back farther still—to the first second of the Big Bang,

Conceptually we face a similar barrier to Newton. He
wondered why the planets moved in a particular plane. We
wonder why the few-second-old universe was set up to expand
at a particular rate and with a particular set of ingredients,

In another respect, too—in the interface between cosmol-
ogy and religion—there seems to have been no qualitative
change since Newton’s time. His discoveries triggered a range of
religious (and antireligious) responses. Likewise, modern cos-
mologists evinee a variety of religious attitudes: there are both
traditional believers as well as hardline atheists among them.
My personal view—a boring one for those who wish to pro-
mote constructive dialogue (or even just unconstructive de-
bate) between science and religion—is that, if we learn anything
from the pursuit of science, it is that even things as “elemen-
tary” as atoms are quite hard to understand. This should induce
skepticism about any dogma, or about any claim to have
achieved more than a very incomplete and metaphorical insight
into any profound aspect of our existence. Itis of interest, how-
ever, that E. 0. Wilson, in his book Consilience, regarded deism
(if not theism in general) as “a problem in astrophysics”
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Back into the First Millisecond

The recipe that describes our one-second-old universe is sim-

ple enough to be encapsulated very briefly:

1. The proportions of ordinary atoms, dark matter, and
radiation

2. The cosmic expansion rate

3. How smooth the expansion is—essentially the value of
just one number, (}, which determines the texture and
scale of structures

4, The basic properties of atoms and their nudei.

This recipe must be the outcome of what happened still
earlier, within the first tiny fraction of a second. | emphasized
that we could confidently trace things back to the first few
seconds of cosmic expansion. The background radiation, and
the helium and deuterium, are well-measured fossils of that
era. At even earlier times, conditions become more extreme
and unfamiliar. For the first 1077 seconds, the material would
be denser than an atomic nucleus; protons and neutrons
would, in effect, split into their constituent quarks, Experi-
menters at the cern laboratory in Geneva and at Brookhaven
National Laboratory in the United States have replicated these
conditions on a tiny scale by crashing together nuclei of lead
and gold accelerated to almost the speed of light.! Farther
back still, the energies and densities are so extreme that we
have even less foothold in experiment.

In this context, we should think of time on a logarithmic
scale. Each factor of 10—each extra zero after the decimal

point on the cosmic clodk—should count equally. Ideas about
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this ultra-early era are still tentative—they should be pre-
ceded by the sort of health warning printed on cigarette pack-
ets—but nonetheless there has been immense progress in
pushing back the frontier.

Anabsolute limit to any credible backward extrapolation
is set by quantum theory. The key concept of this theory is
Heisenberg’s uncertainty relation, which tells us that the more
accurately you want to locate or localize something, the more
energetic are the quanta—the packets of energy—you need.
There is a limit when the energy is so concentrated that it risks
imploding into a black hole. This limit is the Planck length: its
value is 1073 cm—smaller than a proton by about 19 powers
of 10 (see the diagram in the Appendix). This minuscule
length, divided by the speed of light, defines the smallest meas-
urable time interval, the Planck tine, about 107" seconds.

In the first trillionth of a second, each particle would
have carried more energy than the most powerful accelerators
can attain. But a trillionth of a second exceeds the Plandk time
by more than 30 powers of 10; therefore, there are many
decades of logarithmic time during which the microphysics is
uncertain because of the high energies and densities, but
where conditions are nonetheless not so extreme that we
need to worry about quantum gravity and the (perhaps) dis-
crete structure of space and time.

Some of the formative processes in our universe are be-
lieved to have happened when it was about a hundred million
times older than the Planck time, but still only 107 seconds
old. In particular, this could have been when the present mix
of atoms and radiation was imprinted. As mentioned earlier,

the most abundant entities in the universe are the quanta of
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radiation—photons—that make up the residual heat from
the Big Bang, Atoms, which are crucial to our existence and to
the existence of all planets, stars, and galaxies, are 2 billion
times less abundant than these photons. But the surprising
thing, the theoretical conundrum, is why there isn’t just radi-
ation—why are there any atoms at all?

If you were setting up a universe in the simplest form,
you might mix in equal amounts of matter and antimatter: as
many antiprotons as protons; as many antiquarks as quarks.
But in such a universe, all the matter and antimatter would
annihilate into radiation.

What is it that allowed some matter, but not antimatter,
to survive? The answer depends on the ideas pioneered by the
great Russian physicist and one-time dissident Andrei
Sakharov, combined with experimental evidence that matter
and antimatter are not precise mirror images of each other.
This asymmetry slightly favors matter over antimatter very
early in cosmic expansion. The favoritism 1s only about one
part in a billion, though. But that small effect is arucial: we
owe our very existence to a difference in the ninth decimal
place. For every billion pairs that annihilate, eventually yield -
ing the photons that make up the microwave badkground,
one extra unpaired quark is left over.

There is an important contrast here with electric charge.
Our universe has zero charge, where any positive charged par-
ticle is exactly balanced by a negatively charged partide. But the
baryon number—the number of protons minus the number of
antiprotons—is not absolutely conserved. That is why the ex-
cess can be imprinted in the early universe. There is a price to

pay, however. Since the number of protons is not strictly con-

fought to you by | The Mational Library of the Philippines

[mi

Authenticated
Download Date | 1041149 8210 AM



served, they cn decay spontaneously, even if there is no an-
tiparticle to annihilate with. The difficulties our descendants
will face in 1073 years, when their constituent atoms gradually
erode away, are the payback or downside for the good fortune
that favored matter over antimatter in the first place. This pre-
vented everything from annihilating into pamma rays before
galaxies, and their constituent stars, had a chance to form.

The common presumption is that a consistent favor itism
for matter over antimatter prevails throughout the observable
universe, but what 15 the hard evidence for this Antimatter can
survive only if it is well quarantined from ordinary matter. Oth-
erwise itannihilates, and the entire mass-energy (Einstein’s mc?)
is transformed into radiation, mainly gamma rays. Our own
Galaxy could certainly not have started off as an equal mix of
matter and antimatter: if it had, nothing would now be left, be-
cause its contents have been churned up and mixed by the tur-
bulent processes attendant on the births and explosive deaths of
stars. Even in entire clusters of galaxies, there is enough mixing
that we would expect stronger gamma-ray emission than isac-
tually detected. On the scale of the largest superclusters, we
cannot be so dogmatic. Alternating domains of matter and an-
timatter could be spread through the universe, provided these
were on scales larger than a hundred million light years,

Why Expansion?

We have an explanation of why our expanding universe con-
tains a mix of radiation and matter. But there is a still more
fundamental question—how did it begin, and why is it ex-
panding the way it is?
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It is seriously misleading to think of the Big Bang as
being triggered by an explosion. Bombs on Earth, or super-
novae in the cosmos, explode because a sudden boost in in-
ternal pressure flings the ejecta into a low-pressure environ-
ment. But in the early universe the pressure was the same
everywhere: there was no empty outside region. The extra
gravity due to the pressure and heat energy actually helps to
slow down the expansion. We need some other explanation
for what banged and why it banged. Furthermore, there is
something very spedal about the expansion rate, as illus-
trated in figure 9.1,

Suppose you were setting up an expanding universe. The
trajectory it would follow would depend on the impetus it
was given, If it were too fast, then the expansion energy
would, early on, have become so dominant that palaxies and
stars would never have been able to pull themselves together
via gravity, and then condense out. On the other hand, if the
initial impetus were insufficient, a premature Big Crunch
would quench evolution when it had barely begun. Back at
one second (remember that we have good grounds for ex-
trapolating back that far) its kinetic and pravitational energies
must have differed by less than one part in a million billion
{one n 1074

When this problem was first recognized, there were two

*If the postulated starting point were much earlier, then the inferred
predsion would have been still greater; far larger numbers, indicating far
mone impressive-sceming fine-tuning, are quoted by other anthors, Thave
taken one seoond as the starting point beause we have firm evidenae (from
heliumand deuterium} about the physical conditions and expansion rate at
that time, whereas at earlier times the evidence is less divect.
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no time for
stellar evolution
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allow galaxies and
stars to condense out

/[ il

hot fireball
throughout

— scale of universe

2.1

Trajectories for nonhabitable expanding universes. If the expansion is
too slow, recollapse occurs before there has been a chance for com-
plex evolution. If it & too fast, gravity cannot pull structures together,
and no galaxies or stars would farm.

responses. One was that the universe would probably some-
time recollapse, but that we should not be surprised that it
had heaved itself up to such a vast size. If it hadn't, we would
not have had time to evolve before the collapse and crunch,
and we would not be here to wonder about it. (Arguments of
this kind will recur in chapter 11). The second response,
which has been the dominant one for the last twenty years,
has been to seek some reason for the close balance between
expansion energy and gravity.

Why is our universe so big! Why, indeed, is it expanding
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at all? By far the most plausible answers involve a so-called in-
flationary phase. According to this concept, very early on,
when everything astronomers now see was literally of micro-
scopic size, the dominant stuff in the universe was not ordi-
nary particles or radiation, but concentrated dark energy la-
tent in the original space. The nonintuitive aspect of this
dark energy is that it can exert a negative gravity—it pushes
rather than pulls. Like a very high lambda, the “dark energy™
overwhelmed ordinary gravity, generating an immensely
powerful antigravity, or cosmic repulsion. The expansion was
exponential; the scale doubled, then doubled, and then dou-
bled apain. And then, the fierce repulsion switched off; some
of the dark energy was converted into ordinary energy, gen-
erating the heat of the primeval fireball and initiating the
more familiar expansion process that has led to our present
habitat.

Within about 107 seconds—a trillionth of a trillionth
of a trillionth of a second—a microscopic patch could have
inflated large enough to encompass everything we now see,
and to establish the fine-tuned balance between gravitational
and kinetic energy.

It may take a very long time to stop exponential expan-
sion once it has started. Theorsts refer to this situation as the
"graceful exit” problem. Our universe will end up being
stretched flat, rather as any part of a wrinkled surface be-
comes smooth if it is stretched enough. On a two-dimen-
sional surface, the effects of curvature show up in the geom-
etry: for example, on Earth’s curved surface, the three angles
of a triangle add up to more than 180 degrees. Likewise, the

peometry of three-dimensional space depends on its curva-
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ture, but inflation theories predict that our universe has the
special property of “flatness.” In a flat universe there is a def-
inite relation between the angular size of remote objects and
their distance from us and measurements of the background
radiation confirm this prediction.”

The mechanism that drove inflation s, In essence, the
same as the one that causes acceleration at the present day, ex-
cept that the repulsive force—and the energy and tension in
space—was higher by 120 powers of 10,

Inflation, once started, is likely to overshoot, leading toa
flattened domain extending much farther than the 10 billion
light-year dimensions of our observable universe. The dis-
tance to the “edge” could be a number with millions of zeros.
The 60 powers of 10 difference between the Planck length and
our horizon scale would then be nothing compared with the
leap beyond to the real limit of our universe. [n this expanse
of space, far beyond the horizon of our observations, the
combinatorial possibilities are so immense that dose replicas
of our Earth and biosphere would surely exist, however im-
probable life itself may be. Indeed, in a sufficiently colossal
cosmos there would, somewhere, be exact replicas not just of
our Earth, but of the entire domain (containing billions of
galaxies, each with billions of stars) that lies within range of
our telescopes.

Furthermore, even this stupendous expanse of space may
not be everything there is, Some theories suggest that our Big
Bang was not the only one. Space inflates so fast that it opens
up enough “room” to trigger a perpetual succession of inde-
pendent Big Bangs. This line of speculation dramatically en-

larges our concept of reality—from a universe to a multiverse,
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As [ shall discuss in chapter 11, this scenaro might make
some features of our own cosmic habitat less surprising,

Most theorists regard inflation as a beautiful idea, which
they will cling to until something better comes along, In-
deed, there are intimations that something might, that extra
spatial dimensions beyond the usual three may lead us to an-
other paradigm. Some have never been enraptured by the
inflation theory. Roger Penrose, for instance, thinks inflation
is a “fashion the high energy physicists have visited on the
cosmologists”; he notes that “even aardvarks think their off-
spring are beautiful.” He believes that an understanding of
our Big Bang must await a new conceptual breakthrough that
will transform our concepts of quantum theory as well as of
gravity; he also—and here he is farther out on a limb—sus-
pects that this same breakthrough will illuminate the enigma
of consciousness as well.

Everyone accepts that new insights—or some firmer way
of deciding among the various ideas already proposed—uwill
be needed before we can describe the ultra-early universe
with any confidence. Some features of our present universe
may be sensitive to the details of those ideas; observations
may therefore help to select among rival theories. For in-
stance, inflation suggests an origin for the ripples that show
up as nonuniformities in the background temperature and
are the embryos of galaxies and clusters of galaxies. They are
quantum vibrations, generated on a scale that is actually mi-
croscopic, that have inflated so much that they now stretch
across the sky in an amazing link between cosmos and mi-
croworld. Related to these ripples would be gravitational

waves—osdllations in the fabric of space itself, crisscrossing
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the universe at the speed of light. These waves make every-
thing shake slightly. The effect is minuscule and its detection
poses a formidable technical challenge, even for large exper-
iments in space that are being designed to search for gravita-
tional waves. Such waves may manifest themselves indirectly,
however: they cause a small polarization in the microwave
background radiation, and if this polarization could be meas-
ured, we would have a direct diagnostic of what happened
during inflation.

We can make various guesses about the physics, calculate
what each guess implies for the microwave background fluc-
tuations, the way galaxies cluster, the gravitational waves, and
so on, and thereby at least narrow down the options. As-
tronomers normally just apply laboratory physics (except
where gravity is concerned ). Perhaps they can now return the
compliment by learning things about “extreme physics” that
cannot be checked in the laboratory.

Cosmological Research Ten Years from Now

I would bet reasonable odds that by the year 2010 we will be
very confident of what the dominant dark matter is, the value
of £, and the properties of the dark energy in the vacuum. If
that happens, it will sipnal a great triumph for cosmology: we
will have taken the measure of our universe, just as, over the
last few centuries, we have learned the size and shape of our
Earth and Sun. And, subject to some provisos mentioned in
the next chapter, we will know the long-range cosmic forecast.

The challenges after 2010, will then be of two very dif-
ferent types. That's becanse cosmology has two faces: it is a
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fundamental science, but it is also the grandest of the envi-
ronmental sciences. The Canadian theorist Werner [srael has
likened this dichotomy to the contrast between chess and
mud wrestling. The community of cosmologists is, perhaps,
such an ll-assorted mix of extreme refinement and extreme
brutishness (only in intellectual style, of course).

A decade or so from now, those of us who are happier
wallowing in the mud—and more intellectually fitted for that
than for chess—will be enthusing about ever-more-detailed
observations from telescopes both on the ground and in
space. Massive computer simulations will enhance our un-
derstanding and intuition of how galaxies, stars, and planets
form.

The data rate will be s0 colossal that the entire process of
analysis and discovery will be automated. Astronomers will
focus attention on heavily processed population statistics for
planets, stars, and galaxies, and on the best cases of each phe-
nomenon—for instance, the most Earthlike planets and the
pathological objects that may hold exciting dues to extreme
physics. Dramatic advances in computer technology will
allow virtual-reality experiments on stellar collisions, black
holes, and other phenomena. Astronomers will be part of a
larger and more widely dispersed community than they are
today. Technology will allow more democratic access to data
that in the past were accessible only to an elite {(or otherwise
favored ) minority. Detailed maps of the sky will be available
to anyone who can access or download them from the Inter-
net. There will be virtual observatories. Enthusiasts anywhere
in the world will be able to participate in exploring our cos-

mic habitat, checking their own hunches, seeking new pat-
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terns, and discovering unusual objects. There will be armchair
observers as will as armchair theorsts,

But the “chess players™ will still,I would puess, be seeking
a deeper understanding of the very beginning, The search for
unified theories of the cosmos and microworld will not be
exhausted (though it may have exhausted the searchers). In
the remaining two chapters, | will speculate on the scope and
limits of such insights.
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Cosmos and Microworld

CHAPTER

From Nothing?

Everything astronomers can see, stretching out to distances of
10 billion light-years, emerged from an infinitesimal speck.
This astonishing idea becomes easier to swallow if we realize
that, in a sense, the universe’s net energy can be zero. Every-
thing has an energy equal to me, according to Einstein’s fa-
mous equation. But everything also has negative energy be-
cause of gravity. We on Earth have an energy deficit compared
to an astronaut in space. But the deficit due to all the masses

in the universe added together could amount to minus me,
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In other words, the universe makes for itself a gravitational pit
so deep that everything in it has a negative gravitational en-
erpy that exactly compensates for its rest-mass energy. So the
energy cost of inflating our universe could actually be zero.

Cosmologists sometimes claim that the universe can arise
“from nothing” But this is loose language. Even if shrunk to
a point or a quantum state, our universe is latent with parti-
cles and forces: it has far more content and structure than
what a philosopher calls “nothing.”

I mentioned in chapter 9 that modern cosmologistsstill,
like Newton, come up against a barrier when tracing the
causal chain backward: at some stape, the only answer to be
given is “things are as they are because they were as they
were,” Weare far from having a unique, self-consistent picture
of our universe. In one sense, cosmologists may actually be
worse off than Newton was. His laws are autonomous—orbit-
ing planets obey them, but planets don’t react back on the
laws and modify them. On the other hand, one cannot count
on this disjunction for an entire universe: the cosmos may de-
termine the local laws as well as be governed by them,

The nineteenth-century physicist and philosopher Ernst
Mach suggested that objects derived their inertia from some
kind of interaction with the rest of the universe. This idea,
dignified with the term “Mach’s principle,” is central to the
nature of rotation and spin. Newton himself pointed out
that, if you spin a bucket of water, the shape of the water’s
surface does not depend on whether it is rotating relative to
the bucket walls: rotation is measured relative to a more

global frame of reference, the so-called inertial frame. Mach

fought to you by | The Mational Library of the Philippines

[mi

Authenticated

Download Date | 1041149 8210 AM



conjectured that this inertial frame was actually fixed by the
average motion of everything in the universe.

This might at first sight seem a meaningless distinction,
but it 15 not. It turns out that the inertial frame defined, for
instance, by the steady swings of a Foucault pendulum, is at
rest relative to the distant universe. But some have thought it
at least conceivable that this might not be so. Indeed, Ein-
stein’s equations certainly allow rotating universes. (One of
these universes was the solution discovered by Godel, which
also allowed time travel, but there are others that are less
bizarre.) Is it just a contingency that our own universe looks
the same in all directions and has no special axis? Or is there
some deeper and more restrictive principle that rules out ro-

tating universes?”

Inconstant Constants?

Our universe may not be rotating, but it is certainly expand-
ing—and changing as it does so. Some have argued that it
would actually be surprising if, in a changing universe, the
physical laws were unchanging. Back in 1937 the great physi-
cist Paul Diirac gave a specific argument of this kind, which
suggested that Newton’s gravitational constant G might be
decreasing as the universe aged. The change would amount to

one part in 10 billion each year.

*This is the same kind of question that we encountered in chapter &
with regard to time machines: Is there some law that precludes closed time-
like lines?
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Dirac’s motivation was interesting,' He noted that grav-
itational and electric forces both obey the inverse square law,
Therefore, the ratio of the strengths of the electrical and grav-
itational forces between, say, an electron and a proton is a
fundamental number and exceedingly large: about 10°%, Dirac
was surprised to find that the size of the observable universe
{the Hubble radius) exceeds the size of a proton by a factor
also around 107, He then estimated the number of atoms in
the observable universe (this is an even rougher estimate) to
be about 107, the square of 10°. Being reluctant to treat the
similarities as a coincidence, he conjectured that there must
be some underlying linkage between these large numbers—
specifically, he suggested that Newton's constant, G, might be
changing with the age of the universe, so that the two num-
bers increased in step.*

An effect as large as Dirac envisioned can now be ruled
out, even by evidence within our solar system. If Dirac were
right, all planetary orbits would spiral pradually outward, at
a calculable rate, as the Sun’s grip weakened. The Earth,
when it formed, would therefore have been closer to the
Sun than it now is. Moreover, the Sun would have been
more luminous: stronger gravity would have caused its
outer layers to press down harder on the hot core, enhanc-
ing the power output from the nuclear furnace. These two
effects—that the Earth was closer then than it is today and

the Sun was hotter than it s now—would have made the

*The number quoted in chapter 3 is 107 rather than 10** because
there Iconsidered the gravitational foroe between two protons, rather than
between an electron and a proton. The Hubble radivs is essentially the time
since the Big Bang multiplied by the speed of light.
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oceans boil when the Earth was young, contrary to what ge-
ology tells us.

We now know that G is not weakening at even a hun-
dredth of the rate that Dirac wanted. The best evidence comes
from the careful tracking of space probes and from a binary
system containing two neutron stars whose orbits around
each other can be monitored very accurately.

Of all the cosmic forces, gravity is the one that most ob-
viously links with the large-scale universe. But could the cos-
mic expansion somehow induce changes in atoms—the elec-
tric and nuclear forces within them, the mass and charge on
each electron, and so forth? As mentioned in chapter 2, as-
tronomers already realized 150 years ago that the stars were
made of the same stuff as Farth. We know we do not live in a
complelely anarchic cosmos, where the atoms, and the laws
governing them, vary capriciously from star to star. But the
light from very distant galaxies set out when our universe was
much younger and more compressed. Could the micro-
physics have been different then, in ways that would show up
when astronomers analyzed this ancient light?

The “bar codes™ in the spectra from even the remotest
galaxies convey the message that all atoms, everywhere, seem
closely similar: remote atoms do not differ by more than one
part in a million from those we can study in the laboratory.
Neither the charges nor the masses of electrons have changed
by more than this amount in the billions of years since the
light set out from these galaxies.

Another strong constraint comes from a surprising quar-
ter: the Oklo mine in Gabon, West Africa. On this site, ura-

nium ore and water accumulated about two billion years ago
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and “went critical.” The geological deposits contain the out-
come of radioactive decays in the remote past. The rare ele-
ment samarium is espedally interesting, because its rate of
decay would be substantially altered even if the electron
charge had differed by only one part in a million from its
present value. Careful analysis of the 2-billion-year-old Oklo
deposits constrains any changes in the physics of atoms just as
stringently as astronomical observations can.”

The most distant galaxies are so far away that their light
set out when the universe was only about a tenth of its pres-
ent age. But could there have been more rapid and drastic
changes even earlier? Here the best evidence comes from the
outcome of nuclear reactions that occurred in the first few
minutes after the Big Bang, (see chapter 5). Changes of more
than a few percent in either the pravitational force or in the
properties of electrons would have altered the yield of helium
and deuterium rendering their abundances inconsistent with
observations.

These constraints are already quite stringent, but as-
tronomers should keep refining them because some modern
theories actually predict very slow changes. What have come
to be called “grand unified theories” supgest that, at the ex-
treme temperatures attained 1077° seconds after the Big
Bang, when inflation is thought to have occurred, electrical
and nuclear forces would have had the same strength; these
forces would have differentiated as the expanding universe
cooled. But the expected adjustments would happen so early
that the “constants” really would seem unchanging over the
entire span of time that we can now probe. Other, more rad-

ical, ideas involve extra dimensions that could induce larger
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and later changes in the forces and other basic features of the
microworld. There is therefore a strong incentive to improve
the sensitivity of these searches; perhaps astronomers can
thereby provide a defining test for radical new theories in
microphysics.

Our intuitions about space and time break down on the
very tiniest scales, and at the very earliest times. We cannot
describe the so-called Planck scales without going a step be-
yond even a prand unified theory to a theory that incorpo-
rates gravity and reconciles it with the quantum principle.
This is unfinished business, but it is likely to involve jettison-
ing commonsense concepts of continuous time and three-

dimensional space.

Other Dimensions?

Universes could have short lives, be governed by basic forces
with different strengths, or even contain a different “zoo™ of
fundamental particles. But could their number of space di-
mensions be different from our actual three? Such spaces are
routine to mathematicans, but the physics in them is harder
to grasp. In a two-dimensional world, complicated networks
are impossible without the wires crossing each other, though
this does not preclude elaborate patterns of waves that can
pass through each other. Even in one dimension, there could
be intricate complexity. In his dassic science fiction novel
Star Maker, Olaf Stapledon envisages, among many imagina-
tive cosmoses, a " musical universe, where creatures appeared
to one another as complex patterns and rhythms of tonal

character. A creature’s body was a more or less constant tonal
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pattern, [which] could traverse other living bodies in the
pitch dimension much as wave-trains in a pond may cross
one another”

Stapledon’s musical universe has, in effect, just one spa-
tial dimension, in addition to time. Our actual space-time
has, of course, three spatial dimensions, Time, the fourth, is
different from the other three insofar as it has an arrow: we
seem to be dragged only one way in it (forward), Three-di-
mensional space has special features, For instance, if an object
is rotated in an arbitrary way, it takes three numbers—the
same as the number of dimensions—to specify the rotation:
two to fix the direction of the rotation axis, and one to spec-
ify the angle through which it rotates around that axis. (In
two dimensions, rotations are defined by just one number; in
four dimensions, six are needed.)

It is actually because there are three space dimensions
that electric and gravitational forces obey an inverse square
law. This dependence is easiest to appreciate in terms of Fara-
day’s concept of lines of force. A shell of radius r around a
mass or charge has an area proportional to r%; the foree falls
off as 1/r? because at larger radii the lines of force are spread
over a bigger area and their effect is diluted. If there were a
fourth spatial dimension, the area of a sphere would be pro-
portional to r? instead of 2, and the force would follow an in-
verse cube law. The inverse square law is special because it al-
lows orbits that are stable, in the sense that a planet’s orbit
only changes slightly in response to a slight "nudge” (such as
would be caused by the recoil after an asteroid impact).
Things would be catastrophically different if, instead, gravity
obeyed an inverse cube law: a planet that was slightly slowed
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down would plunge into the Sun; and if it were slightly
speeded up, it would spiral outward toward cold interstellar
darkness, We would now interpret this conclusion as one of
the spedal biophilic consequences of the three dimensions of
space.

It was actually the eighteenth-century theologian Wil-
liam Paley—famous for his arguments that a universe that
appears to be designed implies a Creator, just as a watch im-
plies a watchmaker—who first noted the special stability of
an inverse square law. (Paley had received a mathematical
training in Cambridge in an era when Newtonian mechanics
loomed large in the syllabus.) This realization buttressed his
arguments for divine providence, but he did not relate the in-
verse square law to the number of dimensions of space. Had
Paley been writing a century later, he would have applied a
similar argument to atoms: electrons could not exist in stable
“bound states” if electrical forces obeyed an inverse cube law,

Currently nothing seems absurd about a universe where
space has extra dimensions: according to superstring theories,
the ultra-early universe had ten or eleven. The extra ones
would have wrapped up and “compactified” rather than ex-
panded along with the others. If the extra dimensions were
wrapped on the Plandk scale, then they would not directly af-
fect any experiment. But it is possible that the wrapping scale,
though still microscopic, is not so tiny as the Planck length.
The extra dimensions might then have some consequences
that could be probed by particle physicists. Suppose, for in-
stance, that two extra dimensions came into play on sales
below 107 '° em. Then Faraday's line- of-force argument tells

us that the force within that radius would follow an inverse
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fourth power law rather than the usual inverse square. In
three-dimensional space, gravity gets so fierce that quantum
effects are important only on scales as small as the Planck
length, 10”* cm. But if gravity depended more steeply on the
radius, going as an inverse fourth power rather than an in-
verse square, then quantum effects would set in before one
reached down to a radius as tiny as 107 cm. The effective
Planck length would no longer be quite so tiny, and the
amount of compression needed to create a mini-black hole
would be less extreme than in ordinary three-dimensional
space. Some physicists speculate that small bladk holes could
even be created in technically feasible accelerators.

Einstein famously spent his last thirty years seeking a uni-
fied theory of the physical Laws. For him, it was a lone venture;
but others, notably the English astrophysicist Arthur Edding -
ton, were separately engaged in a similar quest. (Eddington, al-
ready celebrated for his classic and durable work on relativity
and stellar structure, in later life became obsessed with a nu-
merological “fundamental theory,” according to which our
universe was closed and finite. He even proposed a formula for
the exact number of atoms in the umverse. )"

These attempts were premature for many reasons. For in-
stance, they focused on gravity and electromagnetism with-

out taking cognizance of the other forces: the strong nudear

*In his*Fundamental Theory,” Eddington wrote: 1 believe that there
are™ 15,747, 724,136,275 002 57 7,605,653,9 1, 181,555 468,044,7 17,914,527,
116,709, 3606,231,425,076,1 85,631,031,29 protons in the Universe and the
same number of electrons” (This number is actually 254 x 136.) No living
scientist believes this, and hardly any have made the effort to fathom Ed-

dington’s reasoning,
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force and the so-called weak force, important in neutrinos
and radioactivity. There have been other false dawns. But
now, optimism is rife that superstring theory, or what is now
called M-theory, offers the gateway to the fundamental equa-
tions. | Some spedalists liken the present situation to the state
of quantum theory before 1925, when everyone realized that
a new paradigm was needed but there were only glimmerings
of what it was.) Unified theories now engage young scientists,
not just established dignitaries who can afford to risk over-
reaching themselves and achieving nothing,

There is a daunting gap between the intricacies of ten or
eleven dimensions and any thing that we can observe or meas-
ure. It is unclear what determines the geometry of “ordinary™
space: why did only three spatial dimensions expand to make
our universe? Theorists can’t yet tell us whether all the extra
dimensions are wrapped up on microscopic scales, or
whether there could be other universes separated from ours
in a noncompactified extra dimension, just as many two-di-
mensional surfaces could exist, without contact with each
other, in our three-dimensional space. { Whether a universe
could have more than one timedimension is less straightfor-
ward. Certainly a language with more tenses would be needed
to describe what happens in it.)

Generally, the mathematics needed by physicists can be
taken “off the shelf” The non-Euclidean geometry that Ein-
stein used to describe curved spaces had been developed by
Riemann and others; the pioneers of quantum theory also
found nineteenth-century mathematics sufficient for their
purposes. But string theorists need twenty-first-century

mathematics.
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Superstring theory cannot yet account for various types
of subatomic particles—quarks, gluons, and so forth—nor
has it yet predicted something new, experimental or cosmo-
logical, caused by the extra dimensions. But many are already
willing to bet on it partly because it almost seems to “predict”
that a force like gravity should exist, but partly also for aes-
thetic reasons. There are precedents for this kind of stance.
Einstein’s theory of gravity—general relativity—gained wide-
spread acceptance because of its aesthetic appeal, even when
its empirical support was tenuous and imprecise. It tran-
scended Newton’s theory by offering deeper insights. Ein-
stein accounted naturally, in a way that Newton did not, for
why everything falls at the same speed and why gravity
obeys an inverse square law. General relativity dates from
1916 and accounted for a long-standing anomaly in Mer-
cury’s orbit. It was famously corroborated by the measured
deflection of starlight during an edipse in 1919, but Einstein
himself set more store by his theory’s elepance: when asked
how he would have reacted if the eclipse result had been dis-
crepant, he replied that he would have been “sorry for the
good Lord”

What a Fundamental Theory Won't Tell Us

A unified theory might, if it were achieved, genuinely be the
greatest intellectual triumph of all time, certainly the culmi-
nation of an intellectual quest that started well before Newton
and continued through Maxwell, Einstein, and their succes-
sors. It would elucidate the basic stuff that everything is made
of and exemplify what the great physicist Eugene Wigner



called “the unreasonable effectiveness of mathematics in the
physical sciences.” It would also illustrate the remarkable con-
tingency—and it surely would be a contingency—that
human mental powers could grasp the bedrodk of physical
reality.

But I hope it is not curmudgeonly to point out what it
would not do. Such a theory would not signal the end of chal -
lenging science. Indeed, it would actually have minimal im-
pact on most of science—even on most of cosmology. Two
phrases often used in popular books—"final theory™ or “the-
ory of everything”—have connotations that are not only
hubristic but very misleading,

Almost all scientists already believe that our everyday
world s, in a sense, reducble to atomic physics. Just as every
possible elliptical orbit of every planet is a solution of New-
ton’s equations of motion, so every lump of material, whether
living or inanimate, is governed by Schridinger’s equation—
the basic equation of quantum theory which describes all
atoms and assemblages of atoms. In practice, though, we
can’t solve this equation for anything more complicated than
asingle molecule. The complexity of the solution depends on
how many atoms are involved, and also on the intricacy of
their internal structure (for instance, a living cell 1s vastly
more complex than a regular crystal made of the same num-
ber of atoms).

Moreover, even if we had a hypercomputer that could
solve Schridinger’s equation for a complex macroscopic sys-
tem and reproduce that system’s behavior, the computer out-
put would not yield any real insight. The insights that scien-

tists seek require different concepts. For example, the flow of
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water—swirling eddies, breaking waves, and so forth—is best
explained in terms of wetness, vorticity, and turbulence,
These are emergent properties that exist only on scales large
enough to allow us to treat a liquid as a continuum and ig-
nore quantum efforts. Likewise, what goes on in a computer
could be attributed to electrons moving in complicated cir-
cuits, but this notion misses the essence, the logic encoded in
those signals. And, as Steven Pinker says, "Human behavior
makes the most sense when it is explained in terms of beliefs
and deasions, not in terms of volts and grams.”

Each saence, from chemistry to social psychology, has its
own irreducible and emergent concepts and its distinctive
types of explanation. There are general “laws of nature” in the
macroscopic domain that are just as much of a challenge as
anything in the microworld and are conceptually au-
tonomous from it—for instance, there are peneral mathe-
matical laws that describe the transition between regular and
chaotic behavior and apply to phenomena as disparate as
dripping taps and animal populations.?

The sciences are often likened to different levels of a
building—logic in the basement, mathematics on the first
floor, then particle physics, then the rest of physics and chem-
istry, and so forth as we dimb upwards, But the analogy with
a building breaks down becawse the superstructure (the
“higher-level” science dealing with complex systems) is not
imperiled by an insecure base,

Even if we knew the basic laws, we still would not under-
stand how their consequences have unfolded over the last 13
billion years. We are baffled by complex patterns and inter-
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connections—incomplete knowledge of the microworld gen-
erally is not the impediment.

This issue came into focus during the debates about the
Superconducting Super-Collider (ssc)—a giant and hugely
expensive accelerator, under construction in Texas but can-
celed by the U.S. Congress after $2 billion had already been
spent on it. The hyperbole of its advocates led to a backlash
from other scientistsi—even from some physicists who felt
that complex materials, fluid flows, and chaos theory offered
intellectual challenges as great as those in particle physics, and
the resources consumed by the ss¢ would have been dispro-
portionate,!

Nonetheless, as Steven Weinberg has emphasized, some
sciences can claim a distinctive status, a special “depth.”™ If
you go on asking why? why? why? you end up with a funda-
mental question either in particle physics or in cosmology:
the sciences of the very small and the very large. This is an im-
portant feature of our universe, We seek unified theories of
the cosmos and microworld not because the rest of science
{or even the rest of physics) depends on them, but because
they deal with deep aspects of reality.

The lure of the “final theory” is very strong. Ambitious
students want to tackle the No. 1 challenge. But an undue
focus of talent in one highly theoretical area is likely to be
frustrating for all but a few exceptionally talented (or lucky)
individuals. I advise my own students to multiply the impor-
tance of a problem by the small probability that they will
solve it, and maximize that product. | remind them also of

Peter Medawar’s wise remark that "no scentist is admired for
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failing to solve a problem beyond his competence. The most
he can hope for is the kindly contempt earned by utopian
politicians.™

Despite Einstein’s aphorism about the comprehensibility
of the world that 1 quoted in the Prologue of this book, it
would be astonishing if human brains were "matched” to all
aspects of the external world. Some of nature’s complexity
may never be explained or understood.
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Laws and Bylaws
in the Multiverse

CHAPTER

Many Universes?

[ described in chapter 9 how the entire domain astronomers
observe, extending at least 10 billion light-years, could have in-
flated from an infinitesimal speck; moreover, the inflationary
growth could have led to a universe so large that its extent re-
quires a million-digit number to express it. But even this vast
expanse of space may not be everything there is: patches where
inflation does not end may grow fast enough to provide the
seeds for other Big Bangs. If so, our Big Bang wasn’t the only

one but may even be part of an eternally reproducing cosmos,
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There are other conjectures that suggest a multiplicity of
universes. For instance, whenever a black hole forms,
processes deep inside it might trigger the creation of another
universe into a space disjoint from our own. If that new uni-
verse were like ours, stars, galaxies, and black holes would
form in it, and those black holes would in turn spawn another
generation of universes, and so on, perhaps ad infinitum. Al-
ternatively, if there were extra spatial dimensions that were
not tightly rolled up, we may be living in one of many sepa-
rate universes embedded in a higher-dimensional space.

All these theories are tentative and should be prefaced by
something akin to a health warning, But they give us tanta-
lizing glimpses of a dramatically enlarged cosmic perspective,
The entire history of our universe could be just an episode,
one facet, of the infinite multiverse. Were this indeed so, some

features of our universe would be less surprising. Let me

sketch why [ think this is so.
A Special Recipe?

The distinctive details of our universe, and of everything in it
{ourselves included), seem to be the outcome of what might
be called an accident. The size and shape of our home Galaxy
are the outcome of quantum fluctuations imprinted when the
universe was the size of a golf ball; so is the layout of galaxies
in the Local Group around us. The gases that ended up in our
Sun had been, for billions of years, churned up by the shear-
ing motions in our rotating Galaxy and buffeted by super-
nova explosions, Our Earth (along with the other inner plan-

ets, Mercury, Venus, and Mars) is an agglomeration of rocks



and asteroids; the largest crash scooped out the material that
made the Moon. Earth’s surface has been molded by conti-
nental drift, by volcanism, and by further impacts. These and
other terrestrial contingencies have controlled the topography
and climate and determined the emergence and extinction of
species. On a more parochial scale of space and time, each of
us is the outcome of time and chance—the key events in the
lives of all our ancestors. On a still smaller, microscopic, scale
we owe our genetic inheritance to the near-random fate of in-
dividual spermatozoa.

Obviously, we can never explain all the contingencies
that led from a Big Bang to our own birth here 13 hillion
years later. The outcome depended crudally on a recipe en-
coded in the Big Bang, and this redpe seems to have been
rather special. I argued in chapter 5 that the emergence of
such an intricate variety from a simple beginning does not
conflict with any fundamental principle. But a degree of fine-
tuning—in the expansion speed, the material content of the
universe, and the strengths of the basic forces—seems to have
been a prerequisite for the emergence of the hospitable cos-
mic habitat in which we live.

The following are some prerequisites for a universe con-
taining organic life of the kind we find on Earth.

First of all, it must be very large in its spatial extent com-
pared to individual partides, and very long lived compared
with basic atomic processes. Indeed, this is surely a require-
ment not only for our universe, but for any hypothetical uni-
verse that a science fiction writer could plausibly find inter-
esting, If atoms are the basic building blocks, then clearly

nothing as elaborate as an ecosystem could be constructed un-
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less there were huge numbers of them. Nothing much could
happen in a universe that was was too short lived: an expanse
of time, as well as space, is needed for evolutionary processes.

‘We have seen that a force such as gravity is crucial. But an
interesting universe requires it to be very weak. If gravity were
not exceedingly weak on the scale of atoms, then stars (gravi-
tationally bound fusion reactors) would be small and short
lived; gravity would crush anything larger than an insect, and
there would be no time for complex evolution. Any interesting
recipe must involve at least one very large number. This in it-
self is not fine-tuning—it is merely a constraint. And there is
another constraint: the cosmic repulsion in empty space must
be very weak (equivalently, the number lambda must be very
small); otherwise, this disruptive force would have prevented
pravitationally bound structures from forming,

But even if such structures form in a universe as large
and long lived as ours, the outcome could be very boring; it
could contain just black holes or inert dark matter, and no
atoms at all. An interesting universe requires the kind of
asymmetry in the laws that allows an excess of matter or an-
timatter, so that enough atoms can exist. Atoms need not be
the dominant constituent in terms of mass in our own uni-
verse the dark matter outweighs them by a factor of 5 to 10,
But if there were, say, ten times fewer atoms than there actu-
ally are, they would remain in diffuse gas that would never
condense into galaxies and stars.

The requirement of an interesting universe pins down
other numbers in a specdfic narrow range. As discussed in
chapter 5,the number Q, measuring the cosmic texture, can-

not be too far from 1/100,000. If it were still smaller, the ex-
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pansion could be so smooth—with no initial ripples or fluc-
tuations—that no structures would develop. If (} were much
larger, the universe would be so rough that it would cllapse
into huge black holes: an inclement environment for any
form of life that we can readily imagine.

There is tuning in the microworld as well. The nuclear
fusion that powers stars depends on the balance between two
forces: the electrical repulsion between any two protons, and
the strong countervailing nuclear force that attracts them to
each other (and which also attracts the electrically neutral
neutrons). The laws must not only allow protons and neu-
trons to exist, but they must allow the variety of atoms re-
quired for complex chemistry. If nuclear forces were slightly
weaker, no chemical elements other than hydrogen would be
stable: there would be no periodic table, chemistry would be
a trivially simple subject, and there would be no nuclear en-
ergy to power the stars. But if the nuclear forces were slightly
stronger than they actually are relative to electric forces, two
protons could stick together so readily that ordinary hydro-
gen would not exist, and stars would evolve quite differently.
Some of the details are still more sensitive. For instance, we
noted in chapter 3 that carbon would not be so readily pro-
duced in stars were it not for some apparent fine-tuning in
the properties of its nucleus, which depend even more sensi-

tively on this same number.

What Does the Fine-Tuning Mean?

If our existence depends on a seemingly special cosmic recipe,

how should we react to the apparent fine-tuning? We seem to
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have three choices: we can dismiss it as happenstance; we can
acclaim it as the workings of providence; or (my preference)
we can conjecture that our universe is a spedally favored do-

main in a still vaster multiverse, Let’s consider them in turn.

Happenstance (or Coincidence)

Perhaps a fundamental set of equations, which may some
day be written on T-shirts, fixes all key properties of our uni-
verse uniquely. [t would then be just an unassailable fact that
these equations permitted the immensely complex evolution
that led to our emergence,

But I think there would still be something to wonder
about. It is not puaranteed that simple equations permit com-
plex consequences. To take an analogy from mathematics,
consider the beautiful pattern known as the Mandelbrot set.
This pattern is encoded by a short algorithim but has an infi-
nitely deep structure: tiny parts of it reveal novel intricacies
no matter much they are magnified. In contrast, you can
readily write down other algorithms, superficially similar,
that yield very dull patterns. Why should the fundamental
equations encode something with such potential complexity
as our actual universe rather than the boring or sterile uni-
verse that many recipes would lead to?

One hard-headed response is that we could not exist if
the laws had boring consequences. We manifestly are here, so
there’s nothing to be surprised about. But I am afraid this
leaves me unsatisfied.  am impressed by a metaphor given by
the Canadian philosopher John Leslie. Suppose you are facing
a firing squad. Fifty marksmen take aim, but they all miss hit-
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ting you, the target. If they had not all missed, you would not
have survived to ponder the matter. But you would not leave
it at that: you would still be baffled, and you would seek some
further reason for your luck. Likewise, we should surely probe
deeper, and ask why a unique recipe for the physical world
should permit consequences as interesting as those we see

around us (and which, as a by-product, allowed us to exist).

Providence or Design

Design in the cosmos is the traditional theme of what used to
be called "natural theology” Two centuries ago, William Paley
introduced the famous metaphor of the watch and the watch-
maker—adducing the eye, the opposable thumb and so on as
evidence of a benign Creator. This line of thought fell from
favor, even among most theologians, in post- Darwinian
times. We now view any biological contrivance as the out-
come of prolonged evolutionary selection and symbiosis with
its surroundings.

As mentioned in chapter 10, Paley induded the fact that
pravity obeys an inverse square law among his design arpu-
ments. He actually could not muster much astronomical am-
munition for his main theological thesis. He said, in his
quaint way, that “astronomy is not the best medium through
which to prove .. .an intelligent creator, but that, this being
proved, it shows beyond all other sciences the magnificence of
his operations.”

Paley might have reacted differently, however, if he had
known about the providential-seeming physics that led to
palaxies, stars, planets, and the ninety-two elements of the
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periodic table (encapsulated in the fine-tuned strength of the
nuclear force) and the number Q that imprints cosmic struc-
ture. And he would have been impressed by other seemingly
biophilic features of basic physics and chemistry—for in-
stance, those that give water its unusual properties of ex-
panding when it cools and freezes.

These features can not be as readily dismissed as the old
claims for design in living things. This is because the basic
laws poverning stars and atoms are a given, and nothing bio-
logical can react back on them to modify them. A modern
counterpart of Paley is John Polkinghorne, a Cambridge
physics professor who turned theologian in later life {and
who was one of my own physics teachers). He interprets our
fine-tuned habitat as “the creation of a Creator who wills
that it should be s0.™!

A Spedal Universe Drawn

from an Ensemble, or Multiverse

If one does not believe in providential design, but still thinks
the fine-tuning needs some explanation, there isanother per-
spective—a highly speculative one, so | should reitererate my
health warning at this stage. It is the one I much prefer, how-
ever, even though in our present state of knowledge any such
preference can be no more than a hunch.

There may be many “universes” of which ours is just one.
In the others, some laws and physical constants would be dif-
ferent. But our universe would not be just a random one, [t
would belong to the unusual subset that offered a habitat

condudve to the emergence of complexity and consciousness.
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The analogy of the watchmaker could be off the mark. In-
stead, the cosmos may have something in common with an
off-the-rack clothes shop: if the shop has a large stodk, we are
not surprised to find one suit that fits. Likewise, if our uni-
verse is selected from a multiverse, its seemingly designed or
fine-tuned features would not be surprising,

This hypothesis may not seem “economical™: indeed, it
might seem to flout, absolutely maximally, the dicturmn now
known as Ockham's Razror—the injunction of the fourteenth-
century sage William of Ockham “not to multiply hypotheses
muore than necessary.” At first sight, nothing seems more con-
ceptually extravagant than invoking multiple universes. But
this concept follows from several different theories (albeit all
speculative), and opens up a new vision of our universe as

Just one atom selected from an infinite multiverse.*

Are Questions about Other Universes
Part of Science?

Science is an experimental or observational enterprise, and it
is natural to be troubled by assertions that cannot be checked
empirically. Some might regard the other universes as being
in the province of metaphysics rather than physics, But |

*There is a risk of semantic confusion here, The usual definition of
“universe” is of course “everything there is” It would be neater to redefine
the whole enlarged ensemble as*the universe™ and then intmduce some now
term—for instance, “the metagalaxy”—for the domain that coemologists
and astronomers can directly observe. But so long as these concepts all re-
main =0 onjectural, it is best to leave the term “universe” undisturbed,
with its traditional connotations, even though this then demands a new
ward, the “multiverse,” for a (still hypothetical} ensemble of *universes”
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think they already lie within the proper purview of science. [t
is not absurd or meaningless to ask, “Do unobservable uni-
verses exist?” even though no quick answer is likely to be
forthcoming,. The question plainly cannot be settled by direct
observation, but relevant empirical evidence can be sought,
which could lead to an answer.

There is actually a blurred transition between the readily
observable and the absolutely unobservable, with a very
broad gray area in between. To illustrate this, one can envis-
age a succession of four horizons (see fig. 11.1), each taking us

farther than the last from our direct experience:

Galaxies
unobservable
now in principle

Speed-of-light
Horizon
Technical
Harizon

if expansion decelerates,
visible in remaote future
BUT
il expansion accelerates,
never visible

1141
Successie “credibility honzons® (see text for an
explanation).



1. Limit of present-day telescopes

There is a limit to how far out into space our present- day
instruments can probe. Obviously there s nothing funda-
mental about this limit: it is constrained by current technol -
opy. Many more galaxies will undoubtedly be revealed in the
coming decades by bigger telescopes now being planned. We
would obviously not demote such galaxies from the realm of
proper scientific discourse simply because they have not been
seen yet. When ancient navigators speculated about what ex-
isted beyond the boundaries of the then-known world, or
when we speculate now about what lies below the oceans of
Jupiter’s moons, Europa and Ganymede, we are speculating
about something “real™—we are asking a scientific question.
Likewise, conjectures about remote parts of our universe are
genuinely scientific, even though we must await better in-

struments to check them.

2. Limitin principle at present era

Even if there were absolutely no technical limits to the
power of telescopes, our observations are still bounded by a
horizon, set by the distance that any signal, moving at the
speed of light, could have traveled since the Big Bang. This
hor izon demarcates the spherical shell around us at which the
redshift would be infinite. There is nothing special about the
galaxies on this shell, any more than there is anything special
about the circle that defines your horizon when you are in the
middle of an ocean. On the ocean, you can see farther by
climbing up your ship’s mast. But our cosmic horizon cannot
be extended unless the universe changes, so as to allow light
to reach us from galaxies that are now beyond it.
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When our universe is, say, twice as old as it is now, this
horizon will be twice as far away. But if that expansion is de-
celerating, then each galaxy, having slowed down, will be less
than twice as far away, so the horizon of our remote descen-
dants will also encompass extra galaxies that are beyond our
horizon today. It is, to be sure, a practical impediment if we
have to await a cosmic change taking billions of years, rather
than just a few decades—maybe—of technical advance, be-
fore a prediction about a particular distant galaxy can be put
to the test. But does that introduce a difference of principle?
Surely the longer waiting time is a merely quantitative differ-
ence, not one that changes the epistemological status of these

faraway galaxies.

3. Never-observable galaxies from "our” Big Bang

But what about galaxies that we can never see, however
long we wait? In chapter 5 [ discussed evidence that we in-
habit an accelerating universe. As in a decelerating universe,
there would be galaxies so far away that no signals from
them could yet have reached us; but if the cosmic expansion
is accelerating, we are now receding from these remote
palaxies at an ever increasing rate, so if their light has not
reached us yet, it never will. Such galaxies are not merely un-
observable in principle now—they will be beyond our hori-
zon forever. But if a galaxy 1s now unobservable, it hardly
seems to matter whether it remains unobservable forever, or
whether, as in a decelerating universe, it would come into
view if we waited a trillion years. (And | have argued, under
{2) above, that the latter category should certainly count as

“real.”)
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4, Galaxies in disjoint universes

The never-observable palaxies in (3) would have emerged
from the same Big Bang as we did. But suppose that, instead
of causally disjoint regions emerging from a single Big Bang
{via an episode of inflation), we imagine separate Big Bangs.
Are space-times that are completely disjoint from ours any
less real than regions that never come within our horizon in
what we would traditionally call our own universe? Surely
not. 5o these other universes should count as real parts of our
COSIMTHS, too.

This step-by-step argument (those who don’t like it
might dub it a slippery slope argument) suggests that whether
other universes exist or not is a scientific question. 5o how do

we answer 1t?

Scenarios for a Multiverse

Many scenarios could lead to multiple universes. Andrei Linde,
Alex Vilenkin, and others have performed computer simula-
tions depicting an “eternal” inflationary phase where many
universes sprout from separate Big Bangs into disjoint regions
of space-time. Alan Guth and Lee Smolin have, from different
viewpoints, suggested that a new universe could sprout inside
a bladk hole, expanding into a new domain of space and time
inaccessible to us. And Lisa Randall and Raman Sundrum sug-
pest that other universes could exist, separated from us in an
extra spatial dimension. These disjoint universes may interact
gravitationally, or they may have no effect whatsoever on one
another. In the hackneyed analogy where the surface of a bal-
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loon represents a two-dimensional universe embedded in our
three-dimensional space, these other universes would be rep-
resented by the surfaces of other balloons: any bugs confined to
one, and with no conception of a third dimension, would be
unaware of their counterparts crawling around on another
balloon. Other universes would be separate domains of space
and time. We could not even meaningfully say whether they ex-
isted before, after, or alongside our own because such concepts
make sense only insofar as we can impose a single measure of
time, ticking away in all the universes.

Guth and Edward Harrison have even conjectured that
universes could be made in the laboratory by imploding a
lump of material to make a small black hole. Is our entire uni-
verse perhaps the outcome of some experiment in another
universe? Smolin speculates that the daughter universe may be
governed by laws that bear the imprint of those prevailing in
its parent universe. If so, the theological arguments from de-
sign could be resuscitated in a novel puise, further blurring the
boundary between natural and supernatural phenomena.

Parallel universes are also invoked as a solution to some
of the paradoxes of quantum mechanics, in the “many
worlds” theory first advocated by Hugh Everitt and John
Wheeler in the 1950s. This concept was prefigured by Olaf
Stapledon, as one of the more sophisticated creations of his
Star Maker: “Whenever a creature was faced with several pos-
sible courses of action, it took them all, thereby creating many
... distinct histories of the cosmos. Since in every evolution-
ary sequence of the cosmos there were many creatures and
each was constantly faced with many possible courses, and

the combinations of all their courses were innumerable, an

fought to you by | The Mational Library of the Philippines

[mi

Authenticated
Download Date | 1041149 8210 AM



infinity of distinct universes exfoliated from every moment of
every temporal sequence.”

None of these scenarios has been simply dreamed up
out of the air: each has a serious, albeit speculative, theoreti-
cal motivation, However, one of them, at most, can be correct.
Quite possibly none is: there are alternative theories that
would lead just to one universe.

Firming up any of these ideas will require a theory that
consistently describes the extreme physics of ultra-high den-
sities, how structures on extra dimensions are confipured,
and so forth. But consistency is not enough: there must be
grounds for confidence that such a theory is not a mere math-
ematical construct but applies to external reality. We would
develop such confidence if the theory accounted for things we
can observe that are otherwise unexplained. At the moment,
we have an excellent framework called the "standard model™
that accounts for almost all subatomic phenomena that have
been observed. But the formulas of the standard model in-
volve numbers, about eighteen altogether, which cannot be
derived from the theory but have to be inserted from experi-
ment. Any theory that pave some insight into why there are
particular families of particles,and into the nature of the nu-
clear and electric forces, would acquire credibility; we would
then be disposed to pay serious regard to other predictions it
made, even if we could not directly test them.

Einstein’s theory of gravity, or general relativity—dates
from 1916. It took more more than fifty years before any tests
could measure the distinctive effects of the theory with better
than 10 percent accuracy. But now the scope and precision of

empirical tests have improved so much, and yielded such com-
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prehensive and predse support for Einstein, that it would re-
quire very compelling evidence indeed to shake our belief that
peneral relativity is the correct dassical theory of pravity, In
consequence, we now have confidence in what the theory tells
us even about regions we cannot probe, such as the interiors of
black holes. Likewise, we take seriously our ideas about nudear
reactions inside stars and in the hot early universe because
they are based on theories of atoms and their nucler that have
been well confirmed experimentally.

Perhaps, in the twenty-first century, physicists will for-
mulate a theory that copes with an extrapolation right back to
the Planck time and earns our confidence by accounting for
hitherto unexplained phenomena accessible to experiment. If
such a theory were to predict many Big Bangs, then we would
have as much reason to believe in separate universes as we
now have for believing statements about black holes, or about
helium formation in the first few minutes after the Big Bang,
Some day we may therefore have grounds either for belief or

for dishelief in other universes.

Universal Laws, or Mere Bylaws?

If other universes exist, theory may also offer clues to a further
key question about them: How much variety do they display?
Some theorists, Frank Wilczek for instance, regard the ques-
tion “Are the laws of physics unique?™—a less poetic para-
phrase of Einstein’s question quoted in the Prologue—as a key
scientific challenge for the new century. If there were some-
thing uniquely self-consistent about the actual reape, then any

Big Bang would trigger a universe that was just a rerun of ours,
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But a far more interesting possibility (which is certainly ten-
able in our present state of ignorance of the underlying laws)
is that the underlying laws governing the entire multiverse may
allow variety among the universes. What we call the laws of na-
ture govern the entire domain we obser ve, but they may in this
prander perspective be local bylaws, consistent with some
overarching theory governing the ensemble but not uniquely
fixed by that theory. Many things in our cosmic environ-
ment—ifor instance, the exact layout of the planets and aster-
oids in our solar system—are accidents of history. Likewise,
the recipe for an entire universe may be arbitrary.

The same balance between chance and necessity arises in
biology. Our basic development—from embryo to adult—is
encoded in our genes, but many aspects of our development
are molded by our environment and experiences. There are
far simpler examples of the same dichotomy—snowflakes, for
instance. Their ubiquitous sixfold symmetry is a direct con-
sequence of the properties and shape of water molecules, But
their immense variety depends on their environment—on
the fortuitous temperature and humidity changes during
each flake’s prowth. If we had a fundamental theory, we
would know which aspects of nature were direct conse-
quences of the bedrock theory (just as the symmetrical tem-
plate of snowflakes is due to the basic structure of a water
maolecule) and which are the outcome of accidents (like the
distinctive pattern of a particular snowflake). The accidental
features could be imprinted during the cooling that follows
the Big Bang, rather as a piece of red-hot iron becomes
magnetized when it cools down, but with an alignment that
may depend on chance factors. They could have other con-

F

(e, =3

NDAMENTALS AND CONJIECTURES

ught to wou by | The Mational Library of the Philippines
Authenticated
Download Date | 1041149 8210 AM

173

IN THE MULTIVERSE

AND BYLAWS

LAWS



REES

MARTIN

174 OUR COSMIC HABITAT

tingent causes, such as the influence of another nearby uni-
verse separated from ours in a fifth dimension.

The cosmological numbers in our universe, omega, (J,
and lambda, and perhaps some of the so-called constants of
laboratory physics as well, could be arbitrary rather than
uniquely fixed by some final theory. If so, then the off-the-
rack clothes shop analogy—where there 1s a large stock of
universes, as it were—would remove any reason for being
surprised by the apparent fine-tuning of these numbers in
our particular home universe.

Some features of our universe could then only be ex-

plained by "anthropic™ argument (see fig. 11.2). Although this

HOW MANY BIG BANGS?
!
™
# \'q
one many
L)
variety in the
physical laws /constants
I T
no ¥ES
L , L]
no role for “bylaws" governing our
anthropic universe should be typical of
explanations anthropically allowed subet

11.2
Flowy chart illustrating how the status of anth ropic explanations
depends on the character of fundamental physical laws.
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style of explanation raises hackles among some physiasts, it is
analogous to what observers or experimenters do when they
allow for selection effects in their measurements: if there are
many universes, most of which are not habitable, we should
not be surprised to find ourselves in one of the habitable ones.

Testing Multiverse Theories Here and Now

We may one day have a convincing theory that tells us
whether a multiverse exists and whether some of the so-called
laws of nature are just parochial bylaws in our cosmic patch,
But while we are waiting for that theory—and it could be a
long wait—the “off-the-rack clothes shop™ analogy an al-
ready be chedked. It could even be refuted: this would happen
if our universe turned out to be even more specially tuned
than our presence requires.

To illustrate this line of reasoning, let’s consider one
seemingly tuned cosmic number: the energy latent in empty
space which causes a cosmic repulsion and is measured by the
number lambda. Physiasts would expect lambda to be large
because it is a consequence of a very complicated mi-
crostructure of space. A small lambda is, however, a pre-
requisite for our existence: an unduly fierce cosmic repulsion
would disrupt palaxies. Perhaps there is only a rare subset of
universes where lambda is below the threshold that allows
galaxies and stars to form (as below the blurred line on fig.
11.3). Lambda in our universe obviously had to be below that
threshold. But if our universe were drawn from an ensemble
in which lambda was equally likely to take any value, we
would not expect it to be too far below it.

FUNDAMENTALS AND CONJECTURES
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A

Mo Galaxies

| —

- Claimed Value

11.3

Constraints on lambda: f cosmical repulsion weme
too strong, no galaxies would form. 15 our universe
typical of anthropically allowed universes, or is
|lambda far lower than our existence requies?

If we are indeed in an accelerating universe, as the cur-
rent evidence suggests, the actual value is five to ten times
below that threshold. That would put our universe between
the tenth or twentieth percentile of universes in which palax-
ies could form. In other words, our universe is not signifi-
cantly more special, with respect to lambda, than our emer-
pence demanded. But suppose that, contrary to current
indications, future observations showed that lambda made no
discernible contribution to the expansion rate and was thou-

sands of times below the threshold, not just five to ten times,
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This “overkill predsion” would raise doubts about the hy-
pothesis that lambda was equally likely to have any value and
suggest that it was zero for some fundamental reason {or that
it had a discrete set of possible values, and all the others were
well above the threshold)

I have taken lambda just as an example. We could analyze
other important numbers of physics in the same way to test
whether our universe is typical of the habitable subset that
could harbor complex life. The methodology requires us to
decide what values are compatible with our emergence. It
also requires a speafic theory that gives the probability of any
particular value, For instance, in the case of lambda, are all
vilues equally probable, or is there some more complicated
formula? With this information, one can then ask if our ac-
tual universe is "ty pical” of the subset in which we could have
emerged. If it is an atypical member even of this subset (not
merely of the entire multiverse), then our hypothesis would
be disproved.

As another example of how "multiverse” theories can be
tested, consider Smolin's conjecture that new universes are
spawned within black holes, and that the physical laws in the
daughter universe retain a memory of the laws in the parent
universe: in other words, there is a kind of heredity, Smolin’s
concept is not yet bolstered by any detailed theory of how any
physical information (or even an arrow of time) could be
transmitted from one universe to another, It has, however, the
virtue of making a prediction about our universe that can be
checked.

If Smolin were right, universes that produce many black
holes would have a reproductive advantage, which would be

FUNDAMENTALS AND CONJECTURES
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passed on to the next generation. Our universe, if it isan out-
come of this process, should therefore be near-optimum in its
propensity to make black holes, in the sense that any slight
tweaking of the laws and constants would render black hole
formation less likely.” In our universe, black holes form as the
endpoint of massive stars, and also in the centres of galaxies.
It would then require only astronomical observations and an
astrophysical understanding of these formation processes to
test whether any change in the physics of atoms, nuclei, or
galaxies would enhance the propensity to form black holes. |
personally think Smolin’s prediction is unlikely be borne out,
but he deserves our thanks for presenting an example that il-
lustrates how a specific multiverse theory can be vulnerable to
disproof.

These examples show that some daims about other uni-
verses may be refutable, as any good hypothesis in science
should be. We cannot confidently assert that there were many
Big Bangs—we just don’t know enough about the ultra-early
phases of our own universe. But the physics of ultradense ma-
terials may, when applied to the Big Bang, predict multiple
universes. Moreover, this same theory may tell us that each
universe cools down differently, ending up with different ex-
pansion rates, contents, dimensionality, and microphysics.

Elucidating whether the underlying laws are as permis-
sive as this is a challenge to twenty-first-century physicsts. If
things work out that way, then so-called anthropic explana-
tions would become legitimate—indeed, they'd be the only
type of explanation we'll ever have for some important features
of our universe.! Efforts to seek fundamental formulas for

some of the key numbers of physics would then be as mis-



guided as Kepler's attempts to relate the sizes of planetary or-
hits to the Platonic solids (cubes, tetrahedra, and so forth).

A Seventeenth-Century Flashback

Kepler knew only about our solar system. Moreover, he
thought that the orbits of the planets should be arcles in
exact mathematical ratios. Today we don’t expect that. Our
Earth traces just one ellipse out of an infinity of possibilities
allowed by Newton's laws—the exact shape is a result of its
complicated history and origins. Its orbit is special only inso-
far as it allows an environment conducive for evolution (not
getting so dose to the Sun that water boils, nor being so far
away thatit’s perpetually frozen).

Perhaps our traditional perspective on the universe and
the physical laws that govern it will go the way of Kepler's
concept of Earth’s orbit. What we have traditionally called
“the universe” may be the outcome of one Big Bang among
many, just as our solar system is merely one of many plane-
tary systems in the Galaxy. Just as the pattern of ice crystalson
a freezing pond is an accident of history rather than a funda-
mental property of water, so some of the seeming constants of
nature may be arbitrary details rather than being uniquely de-
fined by the underlying theory.

Qur own universe—our cosmic habitat—has a simple
recipe, but it isn't quite as simple as it might have been. [t con-
tains dark matter as well as atoms. As an extra complication,
dark energy in empty space exerts a repulsion that over-
whelms gravity on the cosmic scale, Some theorists are upset

by these developments because they frustrate their craving for
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maximal simplicity. [ think we can learn a lesson from the
cosmological debates in the seventeenth century. Galileo and
Kepler were upset that planets moved in elliptical orbits, not
in perfect circles. But later Newton showed that all elliptical
orbits could be understood by a single unified theory of grav-
ity. Likewise, our universe may be just one of an ensemble of
all possible universes, constrained only by the requirement
that it allows our emergence. But to regard this outcome as
ugly may be as myopic as Kepler’s infatuation with circles.
Newton was perhaps the greatest scientific intellect of the
second millennium. Perhaps his third-millennium counter-
part will uncover a mathematical system that governs the en-
tire multiverse.

Finally, let us recall Hubbles words in his classic 1936
book, The Realm of the Nebulae: “Only when empirical re-
sources are exhausted do we reach the dreamy realm of spec-
ulation.” We still dream and speculate. But there has been as-
tonishing empirical progress since Hubble’s time owing to
large telescopes on the ground, to the great instrument in
space that bears his name, and to other technical advances.

There are three preat frontiers in science: the very big the
very small, and the very complex. Cosmology involves them
all. First, cosmologists must pin down the basic numbers
such as 02, and find what the dark matter 1s. | think there isa
good chance of achieving this goal within ten years. Second,
theorists must elucidate the exotic physics of the very earliest
stages, which entails a new synthesis between cosmos and
microworld. It would be presumptuous for me to place bets
here. But cosmology is also the grandest environmental sci-

ence, and its third aim is to understand how a Big Bang de-
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scribed by a simple recipe evolved, over 13 billion years, into
our complex cosmic habitat: the filamentary layout of galax-
ies throuph space, the palaxies themselves, the stars, planets,
and the prerequisites for life’s emergence. No mystery in cos-
mology presents a more daunting challenge than the task of
fully elucidating how atoms assembled—here on Earth and
perhaps on other worlds—into living beings intricate enough
to ponder their origins.

F

(e, =3

NDAMENTALS AND CONJIECTURES

UGt Lo o oy ne Mational Library of the Fhiippines

Authenticated
Download Date | 1041149 8210 AM

181

IN THE MULTIVERSE

AND BYLAWS

LAWS



Brought to you by | The Mational Library of the Philippines
Authenticated
Download Date | 104149 210 AM



Scales of Structure

APPENDIX

Our universe involves an immense range of scales—from
smaller than atoms to larger than galaxies. We are each made
up of between 107 and 107® atoms. The human scale is,in a
numerical sense, posed midway between atoms and stars. [t
is actually no coincidence that nature attains its maximum
complexity on this intermediate scale: anything larger, if it
were on a habitable planet, would be vulnerable to breakage
or crushing by gravity.

But even the nearest stars are millions of times farther
away than the Sun. Our Galaxy contains a hundred billion

stars altogether. There are at least as many galaxies within
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range of our telescopes as there are stars in a galaxy; alto-
gether these visible galaxies contain 107* atoms.

There are over 40 powers of 10 between the smallest
known subnuclear particles probed by accelerators and the
largest scales surveyed by telescopes. And the actual range of
scales is surely far wider. Theorists discuss microscales 20
powers of 10 smaller than atomic nudei—right down at the
Planck length.

Figure A.1 depicts this range of scales on a diagram that

1&?5
Mass within Hubble radius 4
. Galaxles
tars
10%7 -
Planets
O Earth
g
= w0
=
1L
10 Mptanck
1 : .
? Proton
1w 1 10"
r"rr|:w|\:|I!|:lr|n
A
Scales of cosmic structure.
Brought to you by | The Mational Library of the Philippines

Authenticated
Download Date | 104145 6210 AN



plots mass against radius on a logarithmic scale. The sizes of
black holes are shown: they give a line of slope 1 on this log-
arithmic plot. Note that a minihole the size of a proton has a
mass of about 107 protons. Because gravity is so weak, that
vast number of protons would have to be packed into the vol-
ume normally occupied by one proton before gravity over-
whelms nuclear and electrical forces.

Ordinary solids—grains of sand, humans, and aster-
oids—lie on a line of slope 3, mass being proportional to the
cube of radius. But when they get so massive that they con-
tain about 107! atoms (the mass of Jupiter) their own gravity
starts to crush them. Above this mass range lie the stars.

A black hole weighing 10" times more than a proton has
aradius 10'® times less thana proton. This radius equals the
Planck length. For this hole, the uncertainty in its location
due to quantum effects is as large as its entire size,

The largest scales (top right in the figure) correspond to
our observable universe. It 15, however, a theme of this book
that there are intimate links between the very large and the
very small—between inner space and outer space—and that
our cosmos extends beyond even the largest scales depicted
here by many more powers of ten than the entire range

spanned by the diagram.
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NOTES

Chapter 1 Planets and Stars

1. This particular quotation from Lord Kelvin (then William
Thomson ) is from Macmi lkain’s Magazine (5 March 1B62), p. 288 he re-
peated his argument in several later articles.

2. These instruments would consist of four or five lelescopes in
space, arrayed as an interferometer so that the light from the star itself
cancels out by interference (the peaks of waves from one telescope neu-
tralizing the troughs from the other) and won't deown out the light
From any (fr Ginter) planel

Chapter 2 Life and Intelligence

1. Conway-Morris's comments were made at a 2000 conference at

the Pontifical Academy of Sciences. See also his book The Grucible of
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Crevtion: The Burgess Shale and the Rise of Animals (Cambrid ge Uni-
versity Press, 1998).

Just as there can be debate about arbitrariness versus converge noe
in natural selection, so there is controversy about whether the diemical
lasis of other biospheres would be the same as that of life on Earth, Pro-
teins are built up from about twenty different amino acids, and the
number of possible proteins that are one hundred amino acids long—
even il only a tiny fraction of them are water soluble and have surfaces
that are chemically active—is surely vast compared to the number that
actually exist in our biosphere. [fthat is indeed so, alien life—even ifit
is carbon -based like ours—auld involve an immense variety of differ -
ent bivchemistries.

But some have argoed that there is nonetheless just alimited range
of possible chemical templates, just as there might be a limited range of
bod y designs, The Harvard biologist George Wald (in Origins of Life s
[1974]: 7} inferred this limitation from the properties of chlorophyll,
the molecule that harnesses the light from the Sun in all green plants,
This molecule is actually rather inefficient, in that it intercepts only a
small fraction of mrttlrrg:,' ufﬁu:llighl. lxiug insensitive to the part of
the spectrum where the Sun's light is most intense. The very fact that
this molecule has been chosen by natural selection on Earth, despite
seeming to be suboptimal, led Wald to suspect that no better molecule
exists, Chlorophyll could therefore, be siugpests, be a generic feature of
life arournd stars of any color

2. Earthlike planets induce speeds of only about a centimeter per
second. Such a slow crawl would be undetectable in an ordinary star,
However, the movement is measured differently when the star is a pul-
sar. A clock is set by the pulse period. If the star gets nearer 1o us, the
pulses arrive earlier: if it moves away, they arrive later. The arrival time
can be measured Lo a precision far better than a millisscond—accurate
enough to reveal the motions induced by orbiting planets smaller than
Mercury.

3. The pulsar in the Crab Mebula emits visible light as well as
radio waves and can be seen through any large telescope, But the pulse
repetition rate, thirty pulses per secomd, is so high that the eye respomnds
bor it as a steady source. Had it been equally bright but spinning more
sh.:wl:,-'—sa:,'. ten times a second—the remarkable properties of the little
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star in the Crab Nebula could have been discoverad seventy years ago.
How woruld the course of twentieth-century physics have been changed
il superdense matter had been detected in the 19205, before neutrons
were discovered on Earth? One cannot guess, except that astronomy's
importance for fundamental physics would surely have been recog-
nized far sooner.

4. The amount of headstart is hard to assess, Some stars in our
Galaxy formed 5 billion years before the Sun. But they would have
been made from almost pristine material. The first planetary systems
probably did not form until galactic coygen and silicon had built up to
at least a third of their abundanee in our solar spstem. Nonetheless,
there could have been planets around stars whose formation preceded
the Sun by at least 2 billion years: longer than the time since the fiest
multicellular organisms formed on Earth.

Chapter 5 Pregalactic History

I. The quote is from Lemaitre’s popular book, The Promordial
Asonn { Kluwer, 1953 ),

2. The easiest way o envision what happens to the radiation is o
imagine the universe 1o be divided by a lattice of trans parent walls into
cubical cells. As the universe expamds, the walls recede from one another
and all the cubes expamd. If the universe is homogeneous, then there is
as much radiation enlering any box (across each transparent wall) as is
passing oul of it So the content of a box would be the same if the trans-
parent walls were replaced by mirrors. We can then envision a simpler
phanomenon: the expansion of a bax—small on the cosmic scale—an-
taining radiation that bounces off its reflecting walls. The pro perties of
the universe determine the expansion rate, but otherwise the physics
can be thought of in local terms.

3. One important clue relates to the proportions of helivm and
deuterivm [ heavy hydrogen) that emerge from the Big Bang. From ol-
servations we know the actual proportions of these atoms in the uni-
verse, The mix that would emerge from the Big Bang can be caleulated
and depends on the density of the atoms, Theory and observation are in
gratifying agreement if there are as many atoms as we actually see in
stars and gas. If, on the other hand, there were five or Len limes more

atoms in the universe than we a.cluall:,-' see, the prﬂl icted mix Ermnerging
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from the Big Bang would be discrepant with observation. At higher den-
sities the reactions would go Gster: too much helivm would be pro-
duced, and not enough deuterium (an intermediate product) would
survive. Extra “exotic” particles that do not participate in nuclear reac-
tions, however, can add mass withoul scuppering the wncordance be-
tween the caleulated and observed abundances of these types of atoms.,

4. The Big Bang theory could have been observationally refuted in
four other ways:

a. According o the theory, the early universe would have con-
tained neutrinos—elusive particles, with no electric charge,
that are made in radicactive decays. Indeed, neutrines and
photons would have come into balance in the hot early phases:
neutrines would therefore, like pthu:ls.uul:lu:nbrr the ordi-
nary atoms in the universe by a factor of about a billion, This
means that they would be the dominant mass in the universe
even if they weighted only a few billionths as much as a pro-
ton. Physicists have discovered that neatrines may have a
mass, but a very tiny one—probably so little that it would take
100 billion to make up the mass of a proton. They therefore
would not be expected o make a significant contribution Lo
the overall mass of the universe. Bul suppose the mass had
turmed out to be a millionth that of a proton—still tiny, but
maore than it actually seems o be. The Big Bang theory would
then predict that neutrinos would contribute far oo muoch
dark matter. We would then have been forced to develop a dif-
ferent theory in which the background radiation was somehow
generated much later in cosmic history, without concurrent
neutring production.

b. As mentioned in the previous note, the observed amount of
deuterium fits well with the amount predicled 1o survive from
the Big Bang, pmvidﬂl that the dr:lsily of atoms rquaL-i that in
visible matter, and the dark matter is in some other form., How-
ever, if astronomers had discovered far more deuterium—~For
instance, if it was 1/5000 rather than 1/50,000 as abundant as
ordinary hydrogen, then there would be a problem. Sucha
large amount could survive from the Big Bang only if the reac-
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tions converting it into helivm proceeded more slowly. This
would require an even lower density of adoms than we actually
elserve in stars and gas,

c. If the searches for angular fuctusations in the microwave back-
ground had filed to find anything and the radiation were say,
ten Limes smoother than it was actually found to be, this would
have implied a value of Q in the early univer se that was wo small
tor be compatible with the existence of present-day structures as
lar ge as clusters of galaxies.

d. According to the Big Bang theory, the temperature would have
been higher in the past. When the light from the most distant
observed galaxies set oul, they were bathed in radiation that was
at 15 degrees Kelvin (that is, 15 above absolute zero ). Atoms and
maolecules in remote intergalactic clowds are observed Lo be
heated to this temperature: i high-redshift gas had been found
tor be only at 3 degrees Kelvin, this would have refuted the theory.

Chapter & Black Holes and Time Machines

L. The key conceptual advances in gravitational physics since the
19605 can be traced to wllaborations and interactions among a small
number of leading workers, These people nearly all emerged from three
research schools—those led by Yakov Zeldovich in Moscow, John
Wheeler in Princeton, and Dennis Sciama (who was my own menlor,
and that of Stephen Hawking and of many others who contributed 1o
relativity theory) in Cambridge. The interactions among the three
groups were almost universally cooperative amd constructive, ( Black
Holes andd Time Warps [W. H. Norton, 1994], a book by the American
theorist Kip Thorpe, gives an individualistic but insightful perspective
o this research community. ) Inthese respects it is aty pical: science nor-
mally progresses in more boisterous and less coberent ways,

2. Thequoteis from | A Wheeler, American Scientisi 56, 1 (1968),

3, Quoted from a 1975 lecture by S. Chandrasekhar, reprinted in
Truth and Bemugy ( University of Chicago Press, 1987}, p. 54,

4. Penrose's views on black holes and on other issues g uoted here,
are summarized in his book The Emperor's New Mind { Oxford Univer -
sity Press, 1988 ),
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Chapter 7 Deceleration and Acceleration

L. The gravitational attraction depends not on density alone but
on (density} + 3(pressure/c) I the universe were filled with material
that had a large negative pressure (e, like a tension ), then the second
berm can oubweigh the first amd cause a major qualitative change: rather
than slowing down, the expansion actually accelerates. The following
simple argument explains why the pressure associated with vacuum en-
ergy must be negative. I an ordinary gas expands by pushing a piston,
then it ends up woler than before—in other words, with less thermal
energy. The difference represents the energy used up by pushing the pis-
ton, Bul if there were energy ina vacuum, then expanding the volume
would ereale more energy, meaning that instead of the piston being
pushed and gaining energy, it would have o provide energy. The piston
therefore has o be pulled cut, as though it were working against a ten-
siom or negative pressure. This counterintuitive result is important for
an early inflationary phase of the universe as well as today if the dy-
namics of the universe is dominated by the energy of emply space
ilambada) or by quintessence,

2. Physicists don't have a specific concept of quintessence but
conceive il as an extra feld pervading the universe. A more exotic idea
is that quintessence is a manifestation of extra dimensions: if there
were a parallel universe in another three-dimensional space separated
from oursinan extra dimension, the gravitational interaction belween
them would generate a field with the properties of quintessence, ils
strength depending on the proximity of the two spaces,

3. A similar shift occurred with respect o the mixture of elements
(asdiscussed in chapter 2} It was not known before the 19205 that only
2 percent of the atoms were in heavy elements, It took so long to appre-
ciale this key fact e use neither hydrogen nor helium reveals itself con-
spicuously in the light of stars, whereas stellar spectea show strong lines
due o the other types of atoms. Also, of course, these volatile elements
are underrepresented here on Earth and in the other inner planets,

Chapter 8 The Long-Range Future

1. The limit on information storage actually depends on the sur-

face area. This dtprudruu: means that a black hole of a certain size con-
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tainsan amount of information that depends on the square of its mass,
Similarly, the amount of information storable in an accelerating uni-
verse depends on the area of its horizon.

2. The gquote is from an article by . Ostriker and P. Steinhart in
Seieniific American, January 2001,

3. The paper is by W, Busza, R L Jaffe, | Sandweiss, and E Wileeelk,
Reviews of Modern Plysies 72 (2000): 1125-37. See also AL Dar, A, de Ru-
jula, and UL Heing, Phys. Lett B 470 (1999): 14248, A thoughtful critique
of the issues raised is given by F. Calogero in fiferdisaplinary Scence Re-
views 25 (2000 191202 Greg Benford's novel OOSM is on this theme.

Chapter 9 How Things Began

I. These heavy-ion experiments are the ones that have triggered
the unease (mentioned in chapter 8) regarding the risk of a runaway
comversion of everything into strange matter.

2. In the simplest situation, thiswould predict that the number £2
that measures the density of the universe should be exactly 1. As men-
tioned earlier, however, there appear to be only enough atoms and dark
matler 1o make £ arcund 0.3 . That's why the daim for a non-zero
lambda, or for quintessence, was seized on so enthusiastically: these
exotic forms of energy can make up the deficit and fulfill the fatness
prediction.

Chapter 10 Cosmos and Microworld

I. Dirac's motive for conjecturing that G might be steadily de-
creasingin any case seems misguided from our modern perspective. As
deseribed in chapter 3, Robert Dicke realized that the lifetime, as well as
the size, of stars was determined by the very large number that reflects
the weakness of gravily on the alomic scale. He noted that we were not
observing the universe at a random time. 1t was natural that we were on
the scene 'IJ.ur'm]g| an era when stars had formed but had not all died—in
other words, when the age of the universe was, very roughly, the same as
a stellar lifetime. At that epoch, the Hubble radius would be the age of
a typical star multiplied by the speed of light, and Dirac'’s approximate
coincidena would be automatically satisfied. There isone crudally im-
portant large number in nature, 1077, related to the weakness of gravity,
and the others are straightforwardly linked o it

[mi
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2. The quantitative implications of the Oklo reactor for the con-
stancy of various physical “constants” were reviewed and improved by
F ). Dyson and T. Damour in Nuclear Plysics B480 (1996 ) 37-54. This
article gives reference to earlier worl.

3. A classic exposition of this viewpoint is Philip Anderson's " More
s differeny” Seience 177 (1972} 39304,

4. The cutcme of the ssc's cancelation is that cery, the interma -
tional laboratory in Geneva that has for decades been the focus for ele-
mentary particle research in Euro pe, is becoming a world laboratory,
with major imvolvernent by scientists in the United States, Japan, Russia,
and elsewhere. This newly achieved European hegemony in parlicle
physics contrasts with the traditional situation in space research, where
I:'umpr's effort is smaller-scale than MASA's, and the European Space
Agencey has generally been a minor partner in the biggest projects, such
as the Hubble Space Telescope. Thus there is now—albeit by chance
rather than proper planning—a benign transatlantic complementarity
in the two “big sciences”, space research and particle physics, where fa-
cilities are so expensive that duplication would bewasteful.

5. See Steven ‘.l"ﬁ:il:lbtrg's Diveciins r.gl“ a Final T?ier.lry (Pantheon,
1993),

6. In Advice ioa Young Scientisi by P Medawar (Oxford University
Press, 1979).

Chapter 11 Laws and Bylaws in the Multiverse

1. The quoteis from John Pulkiu;g horne, Quarks, Chaos and Chris-
sanity (SPCK Triangle Press, 1994,

2. Theline of argument used here—that we expect our universe Lo
e as special as our existence requires but not much more so—could
have been usal a century ago o refule Ludwig Boltzmann's “flud uation
hypothesis.” Boltzmann worried about the arrow of time: he thought
everything was a fluctuation in an infinite cosmos where overall there
wis no distinction between past and future, 1§ he were right, then it
would be far more likely o have a brief fluctuation that constituted one
brain, complete with memories and sensations, rather than the whole
cosmic tapestry itself Unless we are solipsists, believing the vast exter-

ma | universe is an illusion, then the actual fluctuation seems '.'a_-ill:,' largrr

fought to you by | The Mational Library of the Philippines

[mi

Authenticated
Download Date | 1041149 8210 AM



fand more improbable) than our existence would necessarily entail.
Such arguments would be Gtal to Boltzmann's hypothesis,

3. Before Smolin's conjecture can be checked, he needs to make it
maore specific, particularly in spelling out the precise definition of “op-
timum.” For instance, should the rate of formation, the space density, or
the il number of holes in a universe be o plimized?

4. By far the most comprehensive treatise on this subject is The
Anthropic Cosmological Principle by ]. D, Barrow and F Tipler (Oxford
University Press, 1986 ). The term “anthro pic principle” is in my view an
unfortunate one, with pretentious connotations. A better phrase is “an-
theo pic reasoning.” Many theorists disparage anthropic arguments as a
copoul or slop-gap—a way of allaying our curiosity when we have no
“proper” explanation. Obwiously we should strive o explain as manyas-
pects of the phiysical world as we can in terms of fundamental formulas,
But success isnot guarantesd: indeed, some important numbers may be
cosmic environmental accidents that have sne funda mental explanation

any more than the detailed shape of a particolar snowflake does, or the

exact orbits of Flﬂ.[l.‘lli.
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