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PROLOGUE

On a spring morning in 1974, a young man dressed in a
suit was carried up the steps of a white-cclonnaded man-
sion overlocking London’s St. James’s Park. Placed in a
wheelchair inside the building, No. 6 Carlton House Ter-
race, he was wheeled into a large meeting rcom to receive
one of the highest honors in Great Britain: induction into
the Royal Society, one of the world’s most eminent scien-
tific bodies.

At thirty-two, Stephen William Hawking was one of
the youngest inductees in society history, an honor be-
stowed for his work in theoretical physics. Tradition dat-
ing from the seventeenth century called for newly elected
fellows to walk to the podium to shake the president's
hand and sign the roll of honor. But at this investiture,
Sir Alan Hodgkin, Nobel-winning biologist and president
of the society, brought the roll book down from the stage
to Hawking's wheelchair at the front of the rcom. As the
new member labored over his signature, there was pro-
tracted silence. When he finished with a broad smile,
thunderous applause broke out.

I met Hawking for the first time seven years later in a
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corridor outside the meeting hall where the investiture
had taken place. We were introduced by Roger Penrose,
a mathematician and theoretical physicist at Oxford Uni-
versity. Penrose, an old friend and collaborator of Hawk-
ing, had himself been inducted into the society just two
years before, partly for work they had done together.

Since 1962 Hawking has suffered from a wasting dis-
ease called motor neurcn diseasze. It has slowly taken
most of his nervous and muscular functions. He cannot
walk and can barely talk. I had been warned by Penrose
and others that I would find his condition worse than I
expected.

In fact, I was stunned. Before me, slumped in his wheel-
chair, was one of the world’s foremost scientists, a man
not much clder than myself. | estimated his weight at no
more than 110 pounds. Because he was so thin, it was
impossible to judge his height, although he appeared
about average—perhaps five feet nine. His face was
youthful, but his body had the frailty and muscle struc-
ture of a bedridden old man.

When Penrose had concluded the introductions, Hawk-
ing began speaking in such a low voice that I had to bend
down to hear. He seemed to be struggling to speak, his
voice a labored moan punctuated with gasps. I locked to
Penrose for guidance, He quickly translated Hawking's
remark: “I'll see you in my office at eleven o'clock next
Tuesday

Afterward I asked Penrose if Hawking had been having
a particularly bad day. On the contrary, Penrose said, He
thought Hawking looked particularly good.

I have seen Hawking many times in Cambridge and the
United States. Each time I wondered how he does it. He
has not walked for over twelve years, and his voice is so
feeble only a few intimates can understand him, yet he
has made some of the moest significant strides in theoreti-

12

Prologue

cal physics in his generation, changing the way we lock
at the universe,

As I came to know Hawking, the truth became appar-
ent. His accomplishment is not due simply to his will to
live or to the fact that he is a survivor, though he is
certainly a tough and stubborn man. He succeeds because
of his intellect, and as the ravages of his disease have,
over two decades, taken his physical powers from him, he
has come to live a life of the mind,

Hawking’s mind is his most powerful tool. It is also his
work, his plaything, his recreation, his joy—his life. His
wheelchair gives him a special vantage point for the
major preoccupation of that mind: the universe we in-
habit, how it came into being, how it operates, and how
it will end. A totally cerebral man, he demonstrates the
power of the human intellect to fathom the universe
when the restless mind is set free.

13
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“It is the most persistent and greatest adventure in
human history, this search te understand the universe,
how it works and where it came from. It is difficult to
imagine that a handful of residents of a small planet
circling an insignificant star in a small galaxy have ‘as
their aim a complete understanding of the entire uni-
verse, a small speck of creation truly believing it is capa-
ble of comprehending the whole.”

Murray Gell-Mann, who made this statement, is one of
a group of theoretical physicists engaged on this adven-
ture, They are searching for a single interacticn at the
heart of the universe, one that will explain all of the
phenomena that surround us,

The task of finding this single interaction is so monu-
mental it eluded even Einstein, who spent the last thirty
years of his life in an unsuccessful search for unity, We
are a little closer today, nearly thirty years after Ein-
stein’s death, but still the universe seems to operate by
several sets of rules that act in layers, independently of
each other,

The most apparent of these basic rules of nature, grav-
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ity, controls the biggest objects in the universe—the
stars, the planets, you and me. The cther three that scien-
tists have uncovered operate at the subatomic level: the
strong nuclear force, trillions of times more powerful
than gravitation, holds the nucleus of an atom together;
electromagnetism keeps electrons in place around the
nucleus, making ordinary matter seem solid; the weak
nuclear force causes radioactive decay in certain atoms,
like uranium.

Groping in a morass of mathematics, Einstein was una-
ble to recorcile these different zets of natural laws. He
believed in his heart that beyond them lay a final simplic-
ity in which they cculd all be explained as a single law.
This belief was based purely on an aesthetic appeal, a
notion of an irreducible set of equations that could ex-
plain everything.

Not all physicists believe that such unification is possi-
ble. Wolfgang Pauli, an Austrian theorist, once joked,
"What god hath put asunder, no man shall ever join." But
a unified theory is not something science actually re-
quires for its continued progress. Physicists need a
unified theory only in the sense that Sir Edmund Hillary
needed to climb Mount Everest.

If this law is found, it could prove almost meaningless,
or it could lead to a new golden age of science. Scientists
don't know just as they had no idea that Einstein's unifi-
cation of mass and energy would lead to the age of the
atom. Or that quantum mechanics, the mathematical sys-
tem used by physicists to explain the movement of suba-
tomic particles, would be used to make the first laser. Yet
a unification theory remaina an almost religious vision to
some scientists, a Zen-like view of reality in which all the
forces and all the matter in nature come from a single
source.

16
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Taking a look at the world around us today, a recon-
ciliation of such diverse forces appears far from possible.
The reason is that we live in a low-energy, cold universe,
one in which forces and matter seem stable and discon-
nected. But the universe was not always as we observe it
today. The cosmos has cooled down dramatically since the
moment of its origin. As it cooled, the infant universe left
a trail of clues that physicists have followed back to the
beginning. There, at the instant of the Big Bang or
shortly thereafter, most physicists believe, lies the key to
the universe. In that instant, the four forces may have
existed in the intense energy of the primordial cataclysm
for a fraction of a second as a single interaction. This
interaction is thought to be so basic that all subsequent
forces have descended from it.

Theoretical physicists using the latest mathematical
reconstructicns have developed a good idea of what hap-
pened within less than a billion trillionth of a second
after the Big Bang. A remarkable achievement, but still
it doesn’t go far enough back in time for them to see, in
their equations, the moment when all the forces and laws
of nature were unified.

In later stages each of the four forces has had a time of
dominance in the history of the universe, like periods of
ascendancy of political parties in democratic govern-
ments, In the universe we inhabit, gravitation, the weak-
est but most pervasive, is the major force, Its pull acts
over vast distances—on galaxies, stars, and quasars, the
most distant and least understood objects in the universe.
Gravitation has been the major factor during almost all
of the universe's fourteen- or fifteen-billion-year lifetime.
Before that, in the first few seconds after the Big Bang,
the weak nuclear force prevailed, and before that electro-
magnetism,

17
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It is likely that the strong nuclear force was almost
completely dominant during the first few billionths of a
second after the Big Bang, an instant when matter and
energy were one, and stars and galaxies had not yvet devel-
oped. In the billionths of a second earlier in the history
of the cosmos, energy was so intense that none of the four
forces could be distinguished from each other. At least,
most theorists have convinced themselves of that sce-
nario.

“It ia the job of the theoretical physicist, using all the
mathematical tcols at his disposal, to find out what hap-
pened before things cooled down enough that the four
forces divided and cbscured the underlying interaction,”
Sheldon Glashow, a Harvard theorist, told me on a rainy
day in August 1982 at the Aspen Physics Center. “A lot
of people, including myself, are working on that very
problem. But nobody has yet shown that all the interac-
tions were in fact one and the same in the very early
universe.”

Glashow has led the way in the search for the underly-
ing interaction. During the 1960s he tried—without suc-
ceas—to group certain short-lived subatomic particles in
ways that would lead to this unifying force, His approach
kept producing unexplained and unworkable mathemati-
cal infinities,

Steven Weinberg, then at the Massachusetts Institute
of Technology, and Abdus Salam, at the Imperial College
in London, were more successful. Working indepen-
dently, they produced in 1967 a set of equations that
seemed to prove that the weak nuclear force and electro-
magnetism were, if certain chscuring factors were ig-
nored, one and the same,

The beauty of the Weinberg-Salam model was that it
predicted that certain events would occur under special
conditions in particle accelerators, the atom smashers

18
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that physicists use to strip away the many layers of
atoms. Weinberg, Salam, and Glashow shared the Nobel
Prize in 1979 for this work.

During the 1970s other physicists developed different
groups of calculations that purported to show that not
only were the weak force and electromagnetism the
same, but also that the strong force holding the nuclei of
atoms together was a member of the same family. These
types of calculations are called grand unified thecries, or
GUTs.

Some scientists are not so sure the GUTs approach is
exactly on target. Murray Gell-Mann says, “They are
neither grand, nor unified. It might even be said that they
are not even theories—just glorified models.” Still, he
admits that the approach may be one of the most promis-
ing in the pursuit of the underlying interaction.

Gell-Mann himself originated the concept of quarks,
the sub-subatomic particles that most theorists believe
are the fundamental constituents of the protons and
neutrons that make up the nuclei of every atom in the
universe. Before Gell-Mann conceived and named them
(indirectly from a line in James Joyce's Finnegans
Wake, "Three quarks for Muster Mark"), particle phys-
ics was in a state of disarray, having failed miserably to
cope with the dozens of new particles found in sccelera-
tors in the 1950s and early 1960s. As a result of Gell-
Mann’s quark synthesis, particle physicists once again
viewed the atom's core as a more or less orderly little
universe of its own.

Gell-Mann admits he would like to see a unification of
the four forces, but he's not sure it will happen in his
lifetime. “Nobody's even yet shown that the three forces
at work inside the atom have the same root, Some people
may be close, I don’t know. But it hasn't been shown to
me yet,"

19
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And what about gravity, the force we are all most fa-
miliar with? Where does it fit into grand unification?
Although particle physicists may be coming close to a
unified theory of the universe with the three forces that
push and pull within the atom, gravitation is still the odd
force out. And this despite the fact that the vast world of
cosmology and the tiny universe within the atom are
finally converging as particle physicists looking inward
with their giant accelerators and cosmologists looking
outward with their telescopes begin to realize they are
looking at the same thing.

There are several groups of scientists working on unify-
ing all four forces, trying to add gravity to the other three.
Gell-Mann told me, “Most of them don't know what
they're doing. They're just using various mathematical
tricks." He conceded somewhat cautiously that there was
one group of theorists who had a chance of' making some
progress toward finding this great secret of the universe.

The group is headed by Stephen Hawking at Cam-
bridge University in England. “Hawking is the only one
on the relativity side who understands particle physics,”
said Gell-Mann. “He's a remarkable man, an absolutely
astonishing fellow.”

20
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Stephen Hawking was the eldest of four children of a
bookish, tightly knit family. His father was a research
biologist in tropical diseases for the National Institute for
Medical Research. Born January 8, 1942, in Oxford, he
grew up in London and in the city of St. Albans, about
twenty miles to the north. From the age of eleven he
attended St. Albans School, a private school his parents
hoped would prepare him for entrance into Oxford Uni-
versity.,

By the time he was eight or nine, he knew that he
wanted to be a scientist. He had already shown a knack
for taking clocks and radios apart to find out how they
worked, and science seemed to him to be where the truth
about the things surrounding him would be found. As a
teenager, though, he found much of science too imprecise:
“The biological sciences were too descriptive, too hazy for
me,” Hawking recalls. “Of course, it has become more
exact today because of molecular biology.” By the time
he was fourteen, he had made up his mind to become a
mathematician or physicist. Fearing his son would never
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find work, Hawking's father tried unsuccessfully to talk
him out of it.

At about the same time, Hawking's mind took a skep-
tical turn. When he was fifteen, he tried the same
dice-throwing experiments being conducted in the extra-
sensory program at Duke University in the 1950s. After
following the Duke experiments closely for a while, he
became convinced that ESP was a fraud. “Whenever the
experiments got results, the experimental techniques
were faulty,” he says now. “Whenever the experimental
techniques were sound, the results were no good.”

To this day he thinks parapsychology is a waste of time.
“People taking it seriously are at the stage where I was
when I was a teenager,” he says, laughing.

Despite these occasional bouts with precocity, he was
not outstanding in secondary school. His parents worried
he might fail his entrance exam for Oxford, and his fa-
ther, an alumnus of University College, tried to pull
strings to ensure his acceptance. But the father had un-
derestimated the son. Stephen received a nearly perfect
score on the physics section of the entrance exams and
performed so well during the interview that there was no
question about admission; he entered Oxford in 1959.

At Oxford, Hawking was a popular student, known for
his wit, and at one time the coxswain for one of the col-
lege’s eight-man rowing shells, Most of the people who
remember him from those days recall a spirited under-
graduate with long hair and an interest in classical music
and science fiction, He tosk an independent and free-
wheeling approach to studies although his tutor, Dr, Rob-
ert Berman, recalls that he and other dons were aware
that Hawking had a first-rate mind, "completely different
from his contemporaries.”

He was s0 good at physics that he had to put little work
into it. “Undergraduate physics was simply not a chal-
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lenge for him,” says Berman. “He could do any problem
put before him without even trying.” One day in class
after reading a solution he had worked out, he balled the
paper up and disdainfully threw it across the room into
a wastebasket.

Hawking could prove forgetful at appropriately crucial
—or convenient—moments. During his last year at Ox-
ford, he applied for a job with Britain's Ministry of
Works, He then forgot to appear for the examination.
Had he passed, he might well have ended up taking care
of monuments.

When it came time to graduate, Hawking needed first-
class honors to receive a scholarship for a graduate phys-
ics program at Cambridge University, Oxford’s ancient
rival eighty miles to the northeast. At a crucial oral exam
he responded thus to an examiner about his plans: "If I
get a first, I shall go to Cambridge. If I recsive a second,
[ will remain at Oxford. So I expect that you will give me
a first.” Those who know him agree it’s pure Hawking.

Dr. Berman reported later of Hawking’s meeting with
the examiners: “At least they were intelligent enough to
realize they were talking to someone more intelligent
than they.” Hawking received his first and entered the
graduate program at Cambridge the following year.

By then Hawking had settled on a career in theoretical
physics, specializing in cosmology. He had considered
other areas in physics, but only briefly. Once, while tak-
ing a special summer course at the Royal Greenwich ob-
servatory, he helped Sir Richard Woolley, then Great
Britain's Royal Astronomer, measure the constituents of
a double star. When he looked through the chservatory's
telescope, he was profoundly disappointed to see just a
pair of fuzzy spots of light going in and out of focus,

Since then he has only looked through a telescope once
or twice and has remained unimpressed with chserva-
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tional astronemy. Theory was always more exciting for
Hawking, and cosmology the most exciting of all, since it
involves the question, Where does the universe come
from?

By the time he was in graduate school he had begun
showing signs of becoming a top theoretical physicist.
Roger Penrose, then a research associate at King's Col-
lege, London, recalls first coming across Hawking in
those days. ""He used to ask the most awkward questions,
questions that were very difficult to answer,” Penrose
remembers., "He would always take aim right at the
weakest part of your argument. But it was not easy then
to tell hew original he was going to become.”

Signs of serious illness initially appeared at the begin-
ning of his first year in graduate school—a lack of dexter-
ity and slight paralysis that made it difficult for Hawking
to tie his shoes and, occasionally, to talk. After some
initial difficulty, doctors diagnosed the disease as amyo-
trophic lateral scleresis, or motor neuron disease, a rare
and potentially crippling disease. It is sometimes called
Lou Gehrig's disease, after the Yankee first baseman who
died from it. The same disease claimed the life of David
Niven in 1983,

Motor neuron disease is marked by the gradual disinte-
gration of nerve cells in the spinal cord and brain that
regulate voluntary muscular activity. The first symptoms
are weakness and twitching of the hands along with, per-
haps, slurred speech or difficulty in swallowing. As the
neuronsstop functioning, the muscles under their control
atrophy; a victim becomes increasingly disabled although
the mind remains lucid. Death usually occurs from either
pneumonia or suffocation, when the respiratory muscles
finally fail,

Dectors hoped that Hawking's iliness would stabilize,
but his condition continued to deteriorate. He was given
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Just a couple of years to live. "I was understandably quite
depressed at the prognosis,” Hawking recalls. The pros-
pect of an early death propelled him into a stupefying
depression for two years, a period in which he spent little
time on his research and a great deal of time in his room
listening to classical music—mostly Wagner—and read-
ing science fiction. He also began "drinking a fair
amount.”

His tutor, a theorist named Dennis Sciama who headed
the general relativity group at Cambridge, was both
aware of his student’s potential and concerned about his
illness. "He always had a feeling for what we were dis-
cussing. With other bright students, it might take & cou-
ple of years, With Stephen it was just a month. He was
always saying, ‘But . . ' to almost any statement you
would make.” Sciama allowed Hawking to indulge his
depression. If he wanted to drink himself into a stupor to
forget his troubles, fine; if he didn't want to work on his
thesis, too bad. But Sciama turned down an appeal from
Hawking’s father to help his son finish his dissertation
early.

As the months passed, Hawking’s condition finally
began to stabilize. He realized that death was not immi-
nent. His spirits lifted, and with the encouragement of
friends, family, and tutor, his natural buoyancy reap-
peared. He also began to realize that he was working in
a purely cerebral area—one with virtually no emphasis
on human physical prowess. The disease had not affected
his mind; it would not affect his work. The depression
vanished, Sciama urged him on, and he started to work
on his dissertation again.

At about this time, one of the most important events in
Hawking’s life cccurred: He attended a party and met
Jane Wilde, a student of languages in London. In 1965,
after a two-year courtship carried on between London
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and Cambridge, they were married. “He already had the
beginnings of the condition when I first knew him, o I've
never known a fit, able-bodied Stephen,” she says, "' sim-
ply decided what I was going to do, and I did it.”

Hawking's marriage was the turning point. "It made
me determined to live, to go on. Jane really gave me the
will to live.”

Everybody who knows her describes Jane Wilde Hawk-
ing as a remarkable woman. During the first vear of their
marriage, she commuted between London and Cam-
bridge so she could finish up her own graduate studies,
and in the meanwhile typed her husband's dissertation.
For nearly two decades she has taken care of Hawking's
physical needs and has made certain that the Hawking
family leads a relatively normal life, in spite of both
Hawking’s disability and the fame that has recently come
his way. Their first child, Robert, was born in 1967. A
daughter, Lucy, arrived three years later, and Timothy
was born in 1979,

Although Jane and other people around Stephen are
protective to a degree, they all tend to ignore his condi-
tion. "Stephen doesn’t make any concessions to his ill-

ness, and I don’t make any concessions to him,” Jane once
said. The major problem in their life is not her husband's
physical condition; it is that she cannot follow all the
details of his work in theoretical physics,

During the three years after he received his doctorate,
Hawking worked as a research associate at Cambridge
and began collaborating with Penrose on what was to be
his first major piece of research, the mathematical proof’
of the beginning of time. His physical conditicn was
detericrating again, and by the early 1970s Hawking was

permanently confined to a wheelchair. But by then his
mind was scaring. His induction into the Royal Society in
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1974 was a stunning triumph for a man who, a decade
earlier, thought he would not live to his twenty-fifth
birthday. '

Those were happy years, both professionally and per-
sonally, for Jane and Stephen Hawking. Since then his
condition has more or less stabilized, although some of his
colleagues believe that it has become more difficult to
understand him in the past year or two. And some of his
friends, particularly those who do not see him regularly,
fear that his overall condition has begun worsening again
over the past few years.

The dirty brick structure housing the Department of
Applied Mathematics and Theoretical Physics, where
Hawking works, looks like an abandoned nineteenth-cen-
tury factory lost among the Gothic facades and spires of
Cambridge. Its main door faces onto an alleyway off Sil-
ver Street. Toward the rear of the building, in another
alley, is a twenty-five-foot ramp Hawking uses to enter
the building through a swinging door. He commutes each
day by motorized wheelchair from his home on the
ground floor of a Victorian house in West Road about a
half mile away.

The office facing into a gray and uninviting lounge is
scientific gothic. It contains racks of physics texts, a com-
puter terminal, pictures of three handsome children, and
a special page turner Hawking fought the bureaucracy to
obtain. There is also a specially fitted telephone that now
sits idle. Lists of scientific papers are suspended by trans-
parent tape on the walls so he can view them easily,

It is almost impossible to understand Hawking upon
first meeting him. After a few hours of listening closely
to his thin monotone—translated by Judy Fella, the
young woman who was then his secretary—I found I
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~old understand about half of what he was saying. Some
werds were incomprehensible even to Fella, who had
worked with him for years, and Hawking was forced to
spell them out, T told him, to his amusement, that part of
e preblem for an American in understanding him was
wis British accent.

As he works, his body occasionally droops down into his
whoeelchair, his head sometimes collapsing onto his chest.
‘{o has almost no head or facial control, and a smile
sometimes turns into a grimace, Nonetheless, when I first
aopeared in his office, Hawking greeted me with an imp-
& grin, his blue eyes twinkling behind heavy glasses.

tlis brown hair, flecked with gray, is early Beatles, and
se normally dresses in standard scientist garb: bagay
wwusers, garish tie often mismatched with a broad-
soiped shirt, plaid or tweed sport coat, academic soft
soes or boots with bottoms noticeably unused.

Hawking thinks things through carefully before speak-
4 50 that he will not have to repeat himself. He does not
wuste words. Sometimes after he stops working for a few
wuutes—for a bit of secretarial business or tea—he
wsumes talking in midsentence exactly where he left off,
e so completely ignores his physical limitations that,
her a while, I found myself doing the same.

Jue day, as I spoke with him, I had become so fully
seuvious to his condition that I carelessly began talking
savat a problem I was having with my elbow as the result
« 4 squash match in London the day before. Hawking
wade no comment. He simply steered his wheelchair out
+the room and waited in the hall for me to return to the
«aect at hand, theoretical physics.

Nost days at work Hawking just thinks. He spends
wech of his time developing new approaches to problems
" theoretical physics. One of his colleagues, lan Moss,
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told me one morning, "Stephen comes up with all the
ideas. The rest of us only test them out to see if they
work."”

Hawking is blessed with a prodigious memory. He is
able to work out and retain page after page of complex
equations, weaving the mathematical hieroglyphs to-
gether as an ordinary person might arrange the words in
a sentence. The University of Alberta’s Werner Israel, a
theoretical physicist and Hawking’s co-auther on the
book General Relativity, has said that his feats of mem-
ory are akin to Mozart’s compoesing an entire symphony
in his head.

His colleagues are constantly stunned by what Hawk-
ing has remembered. A secretary who worked for him
while he was visiting the California Institute of Technol-
ogy said he once recalled twenty-four hours later a tiny
mistake he had made while dictating—from memory—
forty pages of equations,

One of Hawking’s students told me that, while driving
him to London for a physics conference ence, Hawking
remembered the page number of a minute mistake he
had read in a book years before, Other physicists have
said that the complex equations that pour forth finished
from his mind are both elegant and inspired—the ulti-
mate accolades for a theoretical physicist.

Hawking’s work has drawn an outstanding group of
theoretical physicists to Cambridge from both gides of the
Atlantic. Most days at lunch and again at teatime they
assemble to share their wit and wisdom with Hawking,
The setting is nineteenth-century institutional. But the
discussion is twenty-first-century science fiction, jumping
from red shifts and quantum effects to black holes and
singularities at the beginning of time, light-years beyond
the surroundings.
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The talk is fast, punctuated with put-downs and one-
liners. “Hey, Stephen'’s showing his age,” one graduate
student says when Hawking makes a minor mathemati-
cal error. Hawking lights up at such lines, and the ses-
sions can be the high point of the day. One of his students

Against the Odds

York University, Queen Elizabeth has named him a Com-
mander of the British Empire. The media have fre-
quently labeled Hawking this half century's answer to
Einstein. Hawking himself disputes such notions with
one of his standard remarks: "You shouldn't believe ey-

once told me that teatime with Stephen can be more erything you read.”

_ enlightening than a semester with somebody else.

£ It is remarkable that Hawking has been able to achieve
what he has. Doctors, in fact, believe it is a miracle he is
alive. An American dector familiar with Hawking's dis-
ease told me that each day he lives he sets a new medical
record.

Hawking's colleagues shake their heads at such dra-
matic pronouncements. “Stephen's just Stephen,” a for-
mer graduate student of his, Malecolm Perry, now a
physicist at Princeton University, said. “He doesn't take
it very seriously, so we don’t either.”

Gerald Wasserburg, a geologist and physicist at the
California Institute of Technology, who has met Hawking
at a number of conferences, says of him, “He is one of the
most striking examples in the history of science of the
power of the human intellect,”

However, Hawking is net without his critics in the
tightly knit physics community. One top theoretician at
Princeton told me once, "He’s working on the same
things everybody else is. He just receives a lot of attention
because of his condition.” Other physicists have accused
him of being overly dramatic and argumentative at sci-
ence conferences.

Despite these bouts with temperamental and jealous
colleagues, Hawking’s work has been widely honored. In
1978 he received the Albert Einstein Award, considered
by some the highest honor in theoretical physics.

In 1982 alone he received honorary degrees from Notre
Dame, the University of Chicago, Princeton, and New

30

| T e —

|

A4\

1 Il

|

|
‘ .

!

B
Ie—. %,

31

(L3

Ll




e o S S IO i

GALILEO’S
EYES

Stephen Hawking suggested to me that Galileo Galilei,
the seventeenth-century astronomer, may have been the
best scientist of the twentieth century. “He was the first
scientist to actually start using his eyes‘ both figuratively
and physlcally And in that sense, he was responsible for
the age of science we now enjoy,” said Hawking.

“And he used his eyes to good effect. He knew what he
had seen, and he acted on it. He knew how to draw the
right deductions. Once he knew he was right, he stuck
with it." Hawking believes today’s scientists, some 340
vears after Galileo’s death, could usge a little more of the
same attitude,

"Like Galileo, scientists today have to be prepared to
step outside the mainstream, out beyond the currently
accepted ideas. That is the way you make progress.” He
laughed almost silently for a few seconds, "Of course, you
have to know which way to step.”

Several letters each week come to Hawking from peo-
ple far out of the mainstream. He is rather amused by
them. One he showed me was a savage scrawl of equa-
tions on a single sheet sent by a man from Michigan. “He
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thinks he may have found the secret to the universe,”
Hawking said. “But this man is no Galileo.”

Galileo was Hawking's—as well as Einstein’s and New-
ton's—direct intellectual forebear in the sense that he
was the first to define gravitation, nature's most perva-
sive yet, paradoxically, its weakest force. Since Galileo, it
has been a matter of correcting, redefining, and adjusting
the original explanation. Newton repaired and refined
Galileo; Einstein honed and broadened Newton's basic
laws to include the entire universe, Now Hawking and
other cosmologists are trying to do the same to Einstein's
general relativity, the modern explanation of gravitation
and the force that most concerns cosmologists.

In 1905, when he published three papers in Volume 17
of the German scientific journal Annalen der Physik, Ein-
stein’s ideas were revolutionary; it was then far from
apparent that these papers would change the course of
science history. The first paper dealt with statistical me-
chanics, and the second, which he thought the most im-
portant, with the photoelectric effect,

The third paper was the bombshell, Destined to change
forever the way we look at time and space, it cutlined the
special theory of relativity, as it later came to be called
and took on the old dictum that space consisted of a mat-
ter-permeating ether and that time worked like the flow
of a river, These were ideas that had dominated science
for hundreds of years.

Einstein showed that time and space must be defined in
terms usable to scientists—not to poets or philosophers.
They had to be quantities that ordinary men using ordi-
nary toels could measure—not scientifically useless ab-
stractions. There was nothing more to either space or

time. It was a straightforward, twentieth-century solu-

tien to a nineteenth-century preblem.
34
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Boldly dismissing the best thinking of the previcus two
hundreds years, Einstein stated two postulates: One was
that no matter the motion of its source, light always trav-
els at a constant speed. This was not news. Every mea-
surement ever taken up to then had borne this out, and
it was well established that light traveled about 186,000
miles per second (186,282 miles per second is the precise
figure used today). Yet none of the great experimentalists
of the day was willing to believe the implications of the
evidence that lay right in front of them.

Nobody saw what Einstein saw, that the velocity of
light is always the same, that it never changes no matter
its source or direction. This held true, Einstein wrote in
the third paper, no matter where the light came from. In
cther words, the speed of light was constant through
empty space even if its source was moving very fast—like
a galaxy cr star,

This was a heretical notion and seemed to violate com-
mon sense. It meant that light projected from a star mov-
ing toward us would have the same velocity as light from
a star moving away from us. It was, and still is, an unset-
tling thought. It is logical to assume that a bullet fired
from a gun aboard a moving train will have a greater
speed-~the velocity of the bullet in addition to the veloc-
ity of the train—than a bullet fired from a gun at rest,

The same, Einstein said, did not held true for light: its
speed is always constant, and as a result light's velocity
iz different from the speed of anything else. A bullet or
moon or planet always has a speed that is relative to
something else. The speed of light is relative to nothing;
it is an absolute constant, always the same,

The other postulate was that an experimenter is able
to detect only relative motion, In other words, to a person
standing on a station platform as a train speeds by it is
the train that is in motion, not the platform. Yet another
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perscn on the train could just as well imagine that he and
the train are standing still while the person on the plat-
form, and everything else, is flying past him.

These two postulates—one stating that all motion is
relative, and the other excepting the speed of light, which
is an absolute constant, seem contradictory. Yet in the
world of special relativity they do not conflict, and the
postulates served to abolish Newton's basic assumption
that time is absolute and that, like a river, it always flows
from past to present, "

To demonstrate the constancy of the speed of light and
the relativity of all other motion, Einstein used thought
experiments like the following: If a person standing on a
station platform sees two lightning bolts, one far to the
east and the other far to the west, strike the tracks simul-
taneously, legically he would conclude that they occurred
at the same time. Yet to a person sitting on a train mov-
ing at high speed from east to west just in front of the
platform, it would look as if the bolt in the west had
struck first,

The reason, according to Einstein, was that the ob-
server on the train was moving toward the bolt in the
west, and because light speed is constant, its light
reached him slightly sooner than from the one in the east.
The person on the platform thus saw two simultaneous
flashes, while the observer on the train saw first one and
then another. They would have reported different
phenomena that, in fact, were the same. Moreover, had
the bolts struck at slightly different times, the one in the
east first, it would have been the person on the train who
reported two simultaneous flashes.

Which of the observers was wrong? Both were right,
depending on their frame of reference—the train or the
~p}atform. By similar reasoning, Einstein showed that
time and space were linked and equally fickle, depending
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on the motion of the cbserver. Using reasonably simple
mathematics, he showed, for instance, that to the person
on the station platform, the windows of the train flying
by would actually be shortened. As the train speeded up,
approaching light speed, the windows' length would
shrink to nothing. To the person on the train, the win-
dows would remain the same.

Nothing remained the same in Einstein’s bold new
relativistic world—except, of course, the speed of light.
Some bizarre conclusions emerged from such thinking.
For instance, if the person on the platform could see the
watch of the person on the speeding train, the timepiece
would move more slowly, even at the slow speeds of nor-
mal, earthbound trains, Of course, the slowing down of
the watch would be impossible to measure, it would be so
slight. But at higher speeds, near the speed of light, the
changes would be monumental,

Einstein demonstrated mathematically that to a per-
son on earth watching a spaceship move away at a speed
of 160,000 miles per second, about 86 percent the velocity
of light, a clock aboard the ship would seem to be moving
at only half speed. It alse would look as if the ship’s mass
had doubled while its dimensions had shrunk te half their
previous size, To an astronaut aboard the spacecraft, the
changes seem to be occurring not aboard his spaceship
but on earth, where time would also appear as it if were
glowing down.

In declaring that time is measured differently for ob-
jects or people moving relative to one another, Einstein
abolished absolute time forever (the concept of “forever"”
was another idea that no longer had meaning in the rela-
tivistic universe). Einstein later showed that an astro-
naut aboard the ship traveling close to the speed of light
would age more slowly than his twin brother left behind
on earth.
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In his fourth and final paper in 1905, Einstein made
perhaps the boldest stroke of all. He had already abol-
ished previous notiens of space and time; now he did the
same for mass and energy. Before Einstein, mass and
energy were viewed as separate and distinct. Intuition
tells us, as it had physicists before Einstein, that a ball
and the energy to throw it are not the same thing. Ein-
stein found, from the postulates to special relativity, that
this distinction was not valid,

Using mathematics from special relativity and some
ideas from his paper on the photoelectric effect, Einstein
came to the conclusicn that if' an object emits energy in
the form of light, its mass will be reduced by the amount
of energy divided by the velocity of light squared—that is,
m = E' From there it was just a simple algebraic step to
the mést famous equation in history, E = m¢?, which was
published in 1907,

Einstein showed that mass and energy are not merely
equivalent, but interchangeable. The implications were
enormous. It meant that even a small portion of matter
under the right conditions could be converted into an
awesome amount of energy, equivalent to the explosive
power of thousands of tons of TNT.

That special relativity works, that mass and energy are
indeed interchangeable, hss been demonstrated thou-
sands of times in particle accelerators, the immense atom
smashers physicists use today to explore the nucleus of
the atom. At Fermi National Accelerator Laboratory the
masses of protons accelerated through a tube four miles
around have been found to increase many thousands of
times as the velocity becomes a significant fraction of the
speed of light.

In working out his special theory of relativity and the
postulates, Einstein had dealt only with new laws involy-
ing the measurement of space and time between obgery-
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ers moving at uniform velocity, that is, not accelerating
or slowing down or traveling along a curve such as a
planetary orbit. Einstein knew he had to solve the more
complicated questions of accelerated motion.

One of the biggest problems ¢f nonuniform motion in-
volved gravitation, manifested in accelerated velocity as
the earth pulls an object toward the ground. The remark-
able thing about gravity, noticed by Newton and Galileo,
was that it seemed to act the same on all bodies regardless
of their weight. In his famous—although probably apo-
cryphal—experiments from the Tower of Pisa, Galileo
supposedly had shown that objects of different mass
struck the ground at the same instant when dropped
simultaneously. If there was any difference, such as when
a cannonball hit the ground sooner than a feather, it was
due to air resistance.

Galileo and Newton had seen gravitation as a unique
force in nature: a force peculiar to the earth or other
heavenly bodies. Einstein saw it as a broader pheno-
mencn.

Suppose, he said, a scientist rides in an elevator in a
spaceship far from the influence of the earth’s gravity.
Imagine that the elevator inside the spacecraft is ac-
celerating upward at the rate of 32 feet per second each
second. That is the exact rate an object—like a cannon
ball dropped from a tower—is pulled toward the earth by
gravity. But in the spaceship’s elevator, away from grav-
ity's influence, the scientist’s feet still press against the
floor as his body resists its upward acceleration and if he
drops a stone, it falls to the floor just as on earth.

The scientist cannot tell whether the downward pull is
cauged by gravitation or because of the inertia of his bedy
resisting the upward acceleration of the elevator. This
means that there is no difference between acceleration
caused by gravitation or acceleration from other sources,
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Einstein said. It was called the principle of equivalence: ' thing with mass is attracted by gravity. And what is grav-
A gravitational field has a “relative existence.” ity, but a form of acceleration. Thus, in the accelerating

Had Galileo jumped from the Tower of Pisa and then elevator, the light and the scientist are equally affected,
dropped a stone on his way down, both he and the stone and both are drawn toward the elevator's floor. By the
would have been in free fall. The stone would have ap- same reasoning, Einstein said, if a beam of light passes
peared to Galileo to be in a state of rest, and with the near a heavy object such as a planet, gravitation will
effects of gravity momentarily suspended, Galileo could actually bend the light path in toward the planet.
have, for a few seconds, considered himself in a state of | Einstein brought these concepts together in ten mathe-
rest as well. i matical formulations or field equations, which ke pub-

Then what is gravity? Einstein used ideas from special ‘ lished as his theory of general relativity in 1916. It was
relativity and added new ones to describe it in a unique even more revolutionary than special relativity, since it
way—an explanation that showed gravity wasn't really a had virtually no theoretical antecedents at the time.
force in the usual sense, Einstein added to special relativ- The most remarkable thing about general relativity
ity a different kind of geometry, since he had found the was that Einstein did away with the concept of gravita-
old kind—Euclidean geometry—too limited for his new , tion as a force, In fact, he said, there was no such thing
way of leoking at the universe. as the force of gravity. It was instead the geometry of the

An old friend, Marcel Grossman, whose notes had ; universe—the curved geometry supplied by Riemann—
helped Einstein pass an important exam when they were that was responsible for the force we think of as gravity.

Einstein called his curved space a space-time continuum.

It was a bit like a trampoline, If you placed a cannon-
ball on it, a large indentation was the result. An orange
would make a smaller dent in the trampoline, and have
an inclination to roll toward the deeper hole. Stars and
planets have the same effect on space that balls have on
a trampoline; heavenly bodies actually put a dent in the
space around them, altering the geometry of space itself,
Larger objects in this dented, curved space tend, like a
cannonball on a trampoline, to pull less massive objects
toward them,

General relativity moved far beyond the conventional
thinking of the day. It was a new physics altogether, an
entirely different way of looking at the universe, and
there were a number of dishelievers.

Two natural phenomena existed which Einstein was
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classmates in a Swiss high school years before, told him
where to look. It was a type of non-Euclidean geometry
that had been developed by a German mathematician
named Bernhard Riemann. It gave Einstein the mathe-
matical tool he lacked: the geometry of curved space.
But what have curved space and accelerating elevators
to do with gravitation? Imagine again, said Einstein, that
the elevator on the spaceship holding the scientist was
accelerated so immensely that its speed began approach-
ing that of light. If that were the case, a beam of light
entering through a hole in one wall would appear to the
scientist inside to bend a little bit down in an arc and
strike the opposite wall at a lower point,
The reason is that, by Einstein's earlier formulation,
light and mass are equivalent under certain conditions,
-Since light has energy, it therefore has a mass, and every-

40




STEPHEN HAWKING'S UNIVERSE

certain would prove that his ideas about curved space
were right. The first involved the orbit of Mercury, which
for more than a century had refused to move in the ellip-
tical orbit described by Newton's physics: its orbit had 43
seconds of arc too many when the planet was nearest the
sun. Nobody had been able explain this difference, small
but measurable with the technology of the nineteenth
century. When Einstein’s field equations were applied to
Mercury’s orbit, they predicted a difference of precisely
43 seconds of arc.

The other test of the theory was more difficult. Ein-
stein’s equations showed that light from a distant star
would be bent slightly by the gravitational field around
the sun—just like the light beam in the scientist's eleva-
tor in the spaceship. The defiection would be exactly 1,756
seconds of arc, the equations predicted, The only time to
test the idea was when the sun was in total eclipse, since
the light from any star in line with the sun would be
obscured by sunlight.

As it happened, a total eclipse was to occur in the
Southern Hemisphere on May 29, 1919, about three years
after the publication of general relativity. An expedition
was launched by the Royal Society to Principe, an island
off the west coast of Africa. And during the eclipse, Brit-
ish physicist Arthur Eddington found deflections in star-
light that nearly matched Einstein’s calculations. When
informed of this confirmation in Berlin, Einstein re-
sponded that he had never doubted what the results
would be. Asked what he would have thought had
the measurements not confirmed general relativity, he
replied, "Then I would have felt sorry for the dear
Lord.”

With the observations geeming to prove general rela-
tivity—the first of many confirmations that the universe
behaved almost exactly the way general relativity
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dictated it should—modern theoretical cosmology was
born.

A reworking of man's conceptual view of the universe
nearly always follows a period when the old view has
begun to fail. New facts are discovered, which do not fit
the old scheme of things, and the old conceptual view
begins to crumble, Science was ripe for & conceptual over-
throw when Einstein appeared on the scene. There were
enough chinks in the Newtonian edifice to require a
vastly different look at things, Whether there are now
enough chinks in the monolith of twentieth-century phys-
ics to lead to a new conceptual view is not certain.

Hawking, born into a universe wholly and acceptably
described by general relativity, is among the second gen-
eration of scientists who grew up with its dogma. Prog-
ress in the twentieth century has been so rapid that
Einstein has already become less than sacred. Has Ein-
stein’s vision of the universe begun to crumble so much
that we might be on the threshold of a new age of science?
Hawking doesn't quite answer the question, "One cannot
say until it happens. One of the beauties of something
undiscovered is that it is undiscovered.”
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On several occasions Einstein said or wrote, "God does
not play dice with the universe.” This was a declaration
of his abiding exasperation with quantum mechanics, the
mathematical system developed in the 1920z and 1930s to
explain the behavior of subatomic particles, Decades
later Stephen Hawking replied, “God not only plays dice,
but sometimes he throws them where they cannot be
seen.” It was not as pithy as Einstein’s remark, but it
made Hawking’s point: Time and knowledge have at last
overtaken Einstein.*

In his office Hawking has a small collection of photo-
graphs and posters of Einstein. Old ones are replaced
with new arrivals from time to time. Yet all Hawking
would say to me of Einstein was, “Well, he was a very fine
physicist.”

Following experimental confirmation of general rela-
tivity, Einstein received much worldwide acclaim. He
was received by kings; newspapers and magazines beat a

*The remark sbout the dica being where they ¢cannot be seen refers
to the pessibility that they may be inside a black hole.
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path te his door for interviews; and popular books on
general .relativity sought to explain its secrets, There was
also resistance to relativity, Some people refused to be-
lieve }hat a lone man using only mathematical hiero-
glﬁhlg: c:\;ld redefine the entire universe,
Spite the acclaim and controvers , Ei i
ahea.d with his work. It would have b);en l;:zt:olzsifl?ll;gig
duplicate a feat as revolutionary as general relativity
but he wantled to broaden it. Its equations describe thé
geometry of space-time, and he was certain they would
wo.rk for the geometry of all space-time—that is, for the
universe from its beginning to its end. He published a
paper a year later, in 1917, that, more than anything else
es_tabhshed modern cosmology—the study of the origin,
hlﬁory, and shape of the universe. '
was a remarkable piece. In it he sot down t inci-
ple of tl}e laser forty years before the first one s:::‘;l::l:;;
astunning achievement in itself, But more important he,
descr_ibed how the equations of' general relativity co'uld
degcrlbo the behavior of large pieces of matter in the
;xirga;‘vte;s:at;\lrer long periods of time. He ran into trouble
: The prol'alem was that the best and simplest interpreta-
tions of his equations pointed to an unstable universe
possibly even one that was expanding. Among others the’
Dutch astfronomer Willem de Sitter had already soi\'ed
tl.xe equations i.ndicating that the universe was nonstatic
elt.her'expandmg or collapsing, but not standing still.
Einstein balked. He wanted his equations to show thé
heavens as portrayed by most astronomers: stable and
unchanging, isotropic—the same in all directions—and
hogogten'eott‘xs—the same everywhere,
instein found a rather cdd way out. In or
general' relativity fit this model if‘ the 3noiv(:zmjrseto!'12a::]e-
tered his equations, adding a figure he called the’cosmo-
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logical constant, referring to it as a "slight modification,”

One immediate problem with the cosmclogical con-
stant was that general relativity was a theory so complete
in itself that it did not need universal constants. So the
"delta terms,” as they were called, were really unneces-
sary. Einstein himself was keenly aware of this, and the
last sentence of the 1917 paper declared, “That [delta]
term is necessary only for the purpose of making possible
a quasi-static distribution of matter as required by the
fact of the small velocities of the stars.”

In 1922 a Russian mathematician, Alexander Fried-
man, sclved Einstein’s equations both with and without
the coamological constant. Like Einstein's, his sclution
with the cosmological constant produced a static universe
that remained the same forever. Friedman's more daring
second solution left out the delta terms and led to the first
model of an expanding universe, actually two different
models. It has yet to be determined which is correct; each
posits a different view of the universe’s eventual fate.

The two Friedman models of an expanding universe
are, in fact, the basis of cosmology today. The first is one
in which the density of matter is less than a certain criti-
cal ameunt, meaning that the universe is infinite and will
expand forever, In the second—the one approved by most
modern cosmologists—the density is greater than the
critical level. The expansion of the universe will, as a
result, one day cease, It is finite, but also unbeunded; in
it, il you start off in a straight line, you eventually come
back to where you started.

It’s a bizarre concept that we have come to accept as
naturally as the notion that eggs fry in a hot skillet.
Hawking thinks that such a universe, curved back on
itself, is like a gigantic black hole that also curves around
itself. At least, he says, the mathematical descriptions
are similar.,
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"An9ther way you might like to look at this model of
the universe,” says Hawking, "is as a gigantic expandin
balloen.”* Points on it represent galaxies, -

I_n 1922 Einstein published a mathematical criticism of
Fm?dman’s work. He soon withdrew it, and dropped the
subject altogether for nearly a decade.

About the same time, a succession of larger and larger
tele_scox?es being built in the western United States were
seeing in the heavens what Friedman had already pre-
dicted in his calculations. The &0-inch reflector was built
at I‘:.Iount Wilson in California in 1908, and in 1917 a
100-1.110}: telescope was built at the same observatory
Edwin Hubble, a former amateur boxing champio;'n‘
began werking at Mount Wilson in 1919, and by 1923 hé

gald madlc: t};\e; ﬁ:‘st estimate of the distance betwee; our
alaxy, the Milky Way, and t
e d the Andromeda galaxy, our

Hubble also showed that Andromeda was
same size-as the Milky Way, the first hint that o?}lm):::mt:ltz
of the universe were the same as ours. During the 19205
Hubble discovered that distant galaxies are distributed
::lel?ly eflctr}?ss hthe heavens and, more important,

irm at they are all flyin
like spray from a shotgun. fr et e

Hubble' announced in 1929 that his data showed that
t?xe galaxies were moving apart at a rate directly propor-
t10218|‘t0 their distance from the Milky Way. This was the
first direct proof that the universe was expanding; it be-
came known as Hubble’s law and convinced most ’physi-
cists that Friedman's interpretation of Einstein was more

correct than Einstein's interpretation of Einstein. Ein-
stein came to admit that the cosmological constan.t was
the worst mistake in his scientific career.

*As the balloon is blown up, the points move apart from each other.
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Before Hubble’s observations, Friedman's calculations
had served as little more than a plaything for theoreti-
cians. But linked with Hubble's law, they established
what is known today as the cosmelogical principle. Its
basic tenet is that the universe is the same, roughly, in
all directions, The universe will also look approximately
the same to any observer no matter where he finds him-
self stationed in the cosmos. Since the 1930s, virtually
every observation has confirmed expansion of the uni-
verse, but whether the cosmelogical principle holds is not
necessarily borne out by astronomical data.

“In fact,” Hawking said to me as we talked about this
proposition, “there is no guarantee that the universe is
the same at all points. One is eventually led to a picture
in which the universe could have different branches, We
could be in a branch of the universe that doesn't allow us
to see all the rest of the universe. In fact, there is a
nonzero probability for the universe to have many differ-
ent forms."”

Still, general relativity coupled with Friedman’s inter-
pretation and Hubble's cbservations provided for the first
time a complete—if not necessarily entirely accurate—
picture of the universe. Yet it was only when Hawking
and Roger Penrose appeared on the scene decades later
that cosmologists began to realize how comprehensive
that picture actually was.

“One of the features of the Friedman sclutions that was
not taken too seriously at the time was that these solu-
tions indicated there was a singular epoch in the past in
which all the matter of the universe was concentrated
into a single point,” Hawking told me. This is the point
known as “singularity.” "Most people felt at the time that
conditions in the real universe could never have been go
extreme,”

Hawking told me that at the time when he and Penrose
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had put their minds to the problem of a relativistic inter-

pretation of the universe's origin, the Friedman model

had offered a reasonably good view of what had happened
back to the first one hundred seconds or so, "Naturally,
we were rather eager to find out what happened before
that,” he said.

The problem with the Friedman models, as innovative
as they were, was that the real universe contains ir-
regularities. “As one went back in time, these might grow
large and cause the individual particles converging to
miss each other, giving a sort of nonsingular bounce,”
Hawking said. "In that case, the points would have
missed one another during the contraction and then the
universe would actually have reexpanded without ever
reaching the singularity,

"As a result, nobody took the Friedman model very
seriously as an interpretation of what occurred during
the creation of the universe,” Hawking told me. "In fact,
most people thought that there Was no true beginning,
We proved them wrong.”

By running Friedman's model of the expanding uni-
verse backward in a theoretical contraction—in a sense,
going backward in time—physicists were searching to
discover what happened at the very beginning of the uni-
verse. More fundamentally, they wanted to prove that
the universe had, as Friedman’s model suggested, a be-
ginning in which all mattey was concentrated in a single
point, and that there was a Big Bang in which this point
emerged and exploded, creating our universe, space, and
time. Hawking and colleague Roger Penrose were to ac-
complish this feat,

Penrose, a young mathematician and theoretical physi-
cist, was then at Birkbeck College at the University of
London. He had already established himself as one of the
world's foremost mathematicians. He was a master of
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geometrical and mathematical riddles and p}lzzles, and
had provided the inspiration for several draw’mgis by the
Dutch graphic artist M. C. Escher. Perrose’s 1_n'terests
were no accident—his father was a noted gengtlclst and
inventor of mathematical puzzles and one of his brothers
a ten-time British chess champion; his unclg was a lead-
ing surrealist painter and a friend and biographer of
Picasso.
Pﬁ?ll'(l))e first major area we worked on was whether or(pot
time had a beginning or will end,” Hawking told me. f}t
the time that I started working on the problem in !962’;
the general opinion was that it did not ha.vg a beginning.
One logical place for Big Bang thecreticians to look .for
observable models is at the phenomenon of collapsm_g
stars, These stars, collapsing in on themselves of their
own weight, may eventually lead to a black h'ole"at the
core of which exists the problematic "singu]_ar}ty. .Most
important, they have some of the characteristics—in re-
f an expanding universe. ¢ ool
veﬁfgﬁistory o? any star—whether qf average size like
the sun or as big as Antares, whose diameter is as large
as the earth’s orbit—is essentially a tl.zg-of'-war betwe?n
the powerful outward-directed force qf its heat apd fadla-
tion—the product of interactions taking l.)lace within the
star’s atoms—and the strong inward-directed force of
gravity. If a star were heavy enough,. none of the other
three interactions at work in the universe—the strong
nuclear force, the weak nuclear force, and electromagnet-
ism—would be able to resist gravitatiox}'s Pull on the
star’s own matter, It would begin collapsing in on |ts?lf.
What is to prevent such collapse from. continuing
forever, the star crushing itself down to anlmﬁm!esm?al
speck containing all its matter, a single point of mﬁmtp
density? Imagining an endlessly collapsing star, physi-
cists were unable to determine what would happen when
51
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a star reached the point they called singularity. Singular-
ity is the end of the road, a place where space and time
gimply disappear. “At singularity, normal concepts of
space and time break down,” Hawking told me. “The
same thing happened to the equations.”

Many thecrists had believed that singularities would
turn out to be nothing more than mathematical abstrac-
tions. It took a brilliant mathematical tour de force from
Penrose to show that an endlessly collapsing star was not
simply a theoretical plaything, and that it would end as
a real, a physical, singularity. Penrose showed that space
and time can come to a physical, rather than a merely
metaphorical, end.

In 1965, Hawking, drawn by this proof of singularity,
started working in collaboration with Penrose, During
the next three years they developed several key theories
about the structure of space and time and singularities,
showing that it was with a singularity that the universe
began.

Demonstrating that the universe began as a singular-
ity of infinite density, similar to the end product of a star
in ultimate collapse, was no easy task. "That, of course,
was the point where all of our equations broke down,”
Hawking recalled. "There were solutions to Einstein’s
equations that most people in those days thought weren't
realistic; they represented a universe that was too uni-
form and isotropic,

“Most people working on the problem believed that to
get close to the truth you had to have a complicated solu-
tion with numerous irregularities on a large scale,”
Hawking said with a laugh. “Nobody wanted to believe
that the truth could be as simple as it was.”

As the expansion of the universe is played backward in

.a theoretical contraction, one of the problems physicists
face is the possibility that the particles, with irregular
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and random metion, miss each other. This was the think-
ing of a group of Russian theorists in 1963, when they
proposed a theory that called for alternating contracting
and expanding phases during the Big Bang that would
allow particles to avoid striking each other.

Hawking laughed. "My first big piece of research was
to show they were wrong.” Between 1965 and 1968 he and
Penrose worked on the problem. Hawking explained
their thinking to me, “We developed a new mathematical
technique that was actually an analysis of the way that
points in space-time can be causally related to each other,
The thing iz that in general relativity, no signal can
travel faster than light. So two events cannot be related
unless they can be joined and you can get from one to the
other at a speed equal to or less than that of light.” This
meant that Hawking and Penrose did not need to explain
what would happen to individual particles at the instant
of the Big Bang, as everyone else had been trying to do.
"In fact, we found that you could use large-scale proper-
ties to prove that there must have been a singularity at
the beginning, a much simpler approach. This meant
time has a beginning.”

Hawking and Penrcse went on to prove that not only
could the universe begin in a singularity, but that, in
actually, it had to begin in a singularity.

“What we did was show that the simplest golution of
general relativity was the correct one,"” Hawking said.
“In fact, given the overall complexity of the universe, it
actually is quite remarkable that the correct solution of
general relativity was also the simplest one."”

Friedman’s interpretation of Einstein’s general relativ-
ity had produced the first picture of a complete universe,
Hawking and Penroze added to his rough drafl a relativis-
tic interpretation of the early universe that required the
existence of at least one physical singularity.
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This singularity that Hawking and Penrose uncovered
with their calculations, although certainly real and phys-
ical, is mathematically an event in space-time where
normal physical behavior breaks down. Since their calcu-
lations showed that a relativistic universe possessed of
real physical traits must have such a singularity, the
implication was clear: You cannot look at the univerze
using general relativity without finding a Big Bang or
something very similar at the beginning. The theoretical
analysis of the Big Bang—the first ever—was one of the
biggest steps in cosmology since Friedman had applied
his mathematics to general relativity.

About the same time—during the 1960s—astronomical
discoveries confirmed Friedman’s theoretical work. The
most important of these (after Hubble) was the back-
ground radiation distributed evenly throughout the uni-
verse and found unwittingly by Arnold Penzias and
Robert Wilson in 1964. “It was correctly interpreted as a
relic of the Big Bang," said Hawking. “It had been pre-
dicted by George Gamow and his colleagues back in 1948,
but at the time, partly as a result of the problems with the
Friedman model, nobody took the prediction very seri-
ously.”

Another finding of huge significance was the discovery
that the element helium comprises about 25 percent of
the mass of all matter in the cosmos, the other 75 percent
being made up mostly of hydrogen. “Gamow’s calcula-
tions and later refinements had predicted that about one
hundred seconds after singularity one quarter of all the
protons and neutrons that had been created earlier
ghould have changed into helium along with a small
amount of deuterium. It was difficult to account for so
much helium in any other way than in the way Gamow's
calculations had shown. So it was a satisfying finding for
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theorists, nearly as much as the discovery of the back-
ground radiation left over from the dense phase of the
universe.”

These discoveries confirmed the work of theorists show-
ing that the universe had its origin in an intensely hot
explosion. Doing so, they made clear that theorists were
capable of more than mere speculation, that they could
come to some valid conclusions about the birth and his-
tory of the universe. And Hawking and Penrose brought
all these observations together, explaining how the Big
Bang was not just factually and theoretically plausible,
but even necessary.

Ironically, Einstein, in spite of the great error of the
cosmological constant, had reached a similar conclusion
years before. When he dropped—with Friedman’s indi-
rect help—the egregious delta constants, he found that
general relativity required that the universe be popu-
lated with at least one singularity during its history. But
he dismissed this singularity as a point in the equations
where theory simply broke down.,

According to the most accepted version of the Big Bang,
all the material in the universe comprised an extremely
hot compressed gas in a primordial fireball 10 to 15 billion
years ago.

“The biggest misunderstanding about the Big Bang is
that it began as a lump of matter somewhere in the void
of space,” Hawking said as we continued our talk on the
very early universe. "It was not just matter that was
created during the Big Bang. It was space and time that
were created. So in the sense that time has a beginning,
space also has a beginning.”

Does he actually believe that time, in fact, did begin
with the Big Bang? I asked him. “"When you get back in
the very early universe, the ordinary concept of time
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becomes obscured. You cannot have the normal idea of
time carried back indefinitely. There is some point near
the Big Bang, when there is simply no way to define time.
In that sense time has a beginning.”

The physics of general relativity was used in order to
prove the existence of the singularity at the beginning of
the universe. "The problem with this approach is that
general relativity, which was used to predict the singular-
ity at the origin, is a purely classical theory,"” said Hawk-
ing. “So there is nething in general relativity to take into
account the quantum bshavior of subatomic particles
that were created in the Big Bang.”

The movement and mass of subatomic particles is de-
scribed by quantum mechanics. Quantum mechanics is a
mathematical system developed during the 1920s and
1930s, and is wholly alien to general relativity. It de-
geribes the interactions that take place at the subatomic
level, and at its core is the uncertainty principle first
announced in 1927 by the German physicist Werner Hei-
senberg.

The uncertainty principle states that certain pairs of
quantities, such as the position and momentum of an
electron, cannct be measured simultaneously. This
means that the electron isnot the objective, absolute, and
determinable bit of matter that classical physics de-
scribes, but a sort of objective entity that in a sense is
smeared out around the nucleus.

The uncertainty principle distinguishes quantum me-
chanics from all other physics because it declares math-
ematically that atomic and nuclear particles are
distributed in an uncertain and randem fashion. The lo-
cation at any instant of any particle can be described only
using a system of probabilities and statistics,

It was this element of unpredictability that made quan-
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tum mechanics unacceptable to Einstein. e insisted on
viewing the universe as an orderly, predictable place,
General relativity was a perfect reflection of that view. To
Einstein, the quantum system was philosophically and
mathematically unequipped to exist in the same universe
with general relativity, Today’s physicists, though, con-
sider it of equal importance to general relativity. And like
general relativity, quantum mechanics has met every ex-
perimental test ever devised for it. These experiments are
conducted in particle accelerators that break apart the
constituents of atoms to find out what they are made of]
a process that some theorists caustically liken to smash-
ing a watch to see what falls cut.

Quantum mechanics seems to suggest that the suba-
tomic world—and even the world beyond the atom-has
no independent structure at all until it is defined by the
human intellect. (This view of the universe has similari-
ties to Eastern philosophy, which has led, to the dismay
of Hawking, to a wealth of popular literature such as
Fritjof Capra’s The Tao of Physics and Michael Talbot's
Mysticism and the New Physics that attempts to link
quantum physics with Eastern mysticism.) Physicists
have been unable to reconcile this system with the view
of the universe posited by general relativity. While gen-
eral relativity allows for a perfect pointlike singularity at
the beginning of time, guantum mechanics does not, for
it prohibits defining at the same time the precise location,
velocity, and size of any single particle or singularity.

Ultimately, quantum mechanics will have to be
brought into play if we are to understand the workings of
the infinitesimal universe at its very beginning. Only by
reconciling the two seemingly irreconcilable areas of
physics can theorists hope to find the unified field theory
that will explain the workings of the entire universe.
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Hawking's work has shown that the formulation of
such a theory will also take a deep understanding of black
holes, which in their bleak and forbidding structure con-
tain key mathematical similarities to the beginning of
time.

68

BLACK-HOLE
ENCOUNTER

The publication of a cover story on black holes by Time
magazine on September 4, 1978, was the culmination of
popular intrigue with these unseen and often misunder-
stood objects, Hawking was mentioned prominently in a
sidebar to the article, and referred to as “one of the pre-
mier scientific theorists of the century, perhaps an equal
of Einstein."

Hawking laughed when [ asked him about the compari-
son. “It's never valid to compare two different people—
much less two different physicists,” he said. Closing the
subject, he added, “People are not guantifiable.”

Hawking deesn’t dispute the notion that he is a master
of black holes, and although his attention is now focused
elsewhere—mainly on the very early universe—he still
looks on black holes with awe and amusement. He is
always ready to talk about them.

“You can’t get there from here,” he said with a grin
when I asked him what an encounter with one would be
like, Then, with a barely detectable shrug of his slight
shoulders, he asked how deeply I wanted to go into the
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mathematics as he started explaining in detail his work
with black holes.

Black holes, as Hawking tells it, are rips in the fabric
of space and time so dense and distorted by unimaginable
gravitational forces that for years physicists believed
nothing could escape from one, including light. They are
thus, by definition, invisible. No one has seen or ever will
see one, no matter how powerful the telescope.

Hawking is certain they exist. “There may be as many
as a thousand million in our galaxy alone,” he said. I
asked him for the evidence, and he conceded that for the
moment their existence can be confirmed only as special
solutions of the equations of general relativity and by a
few scanty parcels of indirect physical data.

Despite the mystery, physicists in recent years have
begun calling on black holes, largely as a result of Hawk-
ing’s work, to explain everything from the creation of
gali;;_cies and quasars to the ultimate fate of the universe
itself,

"It’s a little like using the unexplainable to explain the
unexplainable," Hawking told me. As much as anybody
else, he delights in the enigma and mystery of these most
mysterious of all celestial bodies. “Within black holes,
space and time as we normally perceive them come to an
end. It's a disturbing thought.”

An object like an asteroid or astronaut coming too near
the edge of a black hole would first be stretched out of
shape like a rubber band—then vanish into the hole with-
out a trace. In that sense, black holes are cosmic vacuum
cleaners that suck up everything they encounter, from
giant stars to particles of space dust and the photons
::h?t make up light. There is no escape from a black

ole,
~ Hawking and other theorists are convinced that the
leng-sought unifying concept in physics—the theory that
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would explain the central interaction of the universe—
lies at the periphery of black holes or similar peculiar
censtructions arising at one point or another in the evolu-
tion of the cosmos.

Such a mathematical construction should, at least in
theory, be able to explain the construction of every bit of
matter in the universe as well as all the forces that inter-
act between this matter—somewhat akin to concecting a
single recipe that would work for soup and cement and
everything in between, all expresced mathematically.
Farfetched as it sounds, Hawking assures me that physics
is within twenty years or less of such an all-encompassing

concept.

When I asked Hawking how he first became interested
in black holes, he told me, "It was in black holes that it
first became apparent to me that strong forces that bind
the elementary particles could come together with the
weaker forces of gravitation. And of courze, black holes
have a certain appeal all their own, in their mystery and
the images they convey to the human mind.”

Black holes are the natural consequences of the death
of stars, If the collapse of a star may lead ultimately to
a singularity, a black hole might be desecribed as the final
stage in the death of a star before the point of singularity
is reached. And it is the black hole that finally masks the
singularity from the rest of the universe, creating a break
with the ordinary space-time around it.

Using only Newtonian ideas about gravity and light,
the French scientist Pierre Simon Laplace first suggested
in 1796 what might happen if a star were large enough.
He theorized that there could be a strong enough gravita-
tional attraction to recapture all the star's radiation, in-

cluding light.
“It is possible that the largest luminous bedies in the
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universe may actually be invisible,” wrote Laplace,
nearly two centuries ahead of his time.

In the case of the sun, there has been a standoff’ be-
tween the contending forces for close to 5 billion years.
Astronomers think it will continue in equilibrium for at
least that much longer. At that time, it is theorized, grav-
ity will at last begin winning the tug-of-war as the sun’s
nuclear fuel is spent. The mass of the sun, a ball of dense,
hot gas 865,000 miles across, will then begin to collapse.

When the sun's matter has become condensed enough,
it will become what astronomers call a "white dwarf,” a
figurative name that refers to a seething ball of atomic
nuclei and loose electrons that, in the case of the sun,
would be enly about four times as large as the earth,
minuscule in cosmic terms,

Its mass would remain about the same as it is new,
however, As a result, the gravitational pull on the atomic
matter at its surface would be far stronger than it is
to@ay. The velocity required for an cbject like a rocket-
ship to escape from the sun’s surface would have in-
creased from 380 miles per second today to over 2,100
miles per second.

The collapse can continue. Physicists are certain that
a star can collapse indefinitely. To get to that point of
permanent self-annihilation, the star has to be massive
indeed. In the case of the sun, with only average initial
mass, it will collapse no further once it becomes a white
fiwarf'. A law of physics called the exclusion principle
Intervenes at that point.

This law states that two electrons cannot occupy the
same energy space, meaning there is a limit to how
ughtly' matter can be packed together. This limit is high
by ordinary standards: at the white dwarf stage, a thim-
bleful of the sun would weigh tons,

Ifthe original star has a greater mass—estimated to be
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1.4 times or more that of the sun—the exclusion principle
will be overpowered by gravitation. Such a star going
through the throes of gravitational collapse would be
drawn down further, breaking atomic nuclei apart, de-
stroying atoms,

It eventually becomes a “neutron star,” a heavy mass
of neutrons just a few miles across. Escape velocity at the
surface would be 120,000 miles per second. If the star is
more than about 3.6 times the mass of the sun, it will not
stop contracting at the neutron star stage. Gravity is
clearly in charge now, and it shows no mercy. It draws the
star down into itself, a victim of its own weight. Finally
it reaches the point where the escape velocity at the sur-
face is so great it reaches 186,282 miles per second—the
speed of light. If you watched a star at that exact instant,
its already dim glow, not much more than a weak electro-
magnetic shadow, would flicker out.

Gravity claims light as its final victim. The former star,
now a black hcle, has become absolutely and perfectly
invigible and will remain =o for a very, very long time.

Astronomers have been able to pick up traces of white
dwarfs that still radiate enough light to be photographed
by large telescopes, and the electromagnetic squawks of
neutron stars can be detected by radio telescopes. By
their nature, however, black holes are poor correspond-
ents. There is general agreement that they exist, but as-
trophysicists—and even theoretical physicists—would
dearly like to have a look.

As for Hawking himself, dees he really believe that
black holes exist beyond the figment of an equation? In
fact, he has become convinced, along with some other
physicists, that at least one has been found.

“If you look at the constellation Cygnus, there is a good
chance that you will be looking in the direction of a black
hole,” he maintains.
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Some stars travel in pairs. They are called binaries and
orbit a common center of gravity. Astronomers reason
that if one of the starsin a binary system has collapsed
into a black hole, the invisible black star would still hold
its gravitational embrace on its visible mate, Hawking is
certain astronomers have found one such mixed marriage
in the constellation Cygnus, 6,000 light-years from earth,
"“The visible star, a blue one, is stretched and distorted,”
he says. The reason: its mate, a black hole, is exerting
tremendous gravitaticnal force on it, pulling it into the
shape of an egg.

The discovery in 1973 of this apparent black hole in the
binary system called Cygnus X-1 has excited theoretical
astrophysicists far more than if another planet had sud-
denly drifted into sight beyond Neptune (which now, by
a temporary quirk in orbit, is the most distant planet
from the sun). Its origins are the subject of endless specu-
lation.

Hawking has made a bet with one of his best friends,
Kip Thorne, a respected theerist at the California Insti-
tute of Technology, about the ancestry of the mysterious
object in Cygnus X-1. If it turns out that the binary sys-
tem does not contain a black hole—breaking many a
physicist’s heart—Hawking will win a fou r-year subscrip-
tion to the British humor magazine Private Eye. If'itis a
black hole, Thorne wins a one-year subscription to Pent-
house,

This edd four-to-one bet has become rather notorious in
physics circles. Why would Hawking, whose work virtu-
ally requires the existence of black holes, bet against
them? "It really is a statement about my own psychol-
ogy," he told me one day as we talked about the probabil-
ity that Cygnus X-1 contains a black hole. “Actually I
could win easier than Kip, Any number of observations
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—such as the emission of pulses—could disprove a black
hole.”

However, he is certain that Cygnus X-1 will turn out to
be the real thing. "If it isn't a black hole, it really has to
be something exotic,” he said.

Astronomers may have found more than cne. A team
of Canadians and Americans anncunced in 1983 that
they had discovered a second black hole, this one cutside
our own galaxy. They found it, by its emission of powerful
X-rays, in the Large Magellanic Cloud, a satellite galaxy
of the Milky Way visible only in the Southern Hemi-
sphere.

Using the 158-inch telescope at the Inter-American Ob-
servatory at Cerro Tololo, Chile, they estimated the black
hole’s distance from earth at 180,000 light-years, its
weight about ten times that of the sun, and its distance
from its binary mate a mere 11 million miles.

Within Cygnus or the Large Magellanic Cloud or else-
where, a black hole by any definition is a weird resident
of the universe, Its existence strains the laws of physics,
Moreover, what is to prevent a black hole from collapsing
even more—in fact, down te a singularity, an infinitesi-
mal speck of infinite density like the one at the onset of
the Big Bang?

Hawking and Penrose demonstrated in their early
work that this is precisely what could be expected to
happen in the case of some burned-out stars. Later,
Hawking, working with other colleagues, was able to
show that a black hole probably would settle down into
a fairly stationary state that was no longer related to the
star from which it had collapsed. In fact, such black holes
would be possessed of only three measurable parameters:
mass, rate of rotation, and electrical charge.

“This turned out to be of actual practical importance,”
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Hawking said. I had asked him what difference it made
if'an cbject that could not be seen nor measured did have
actual parameters.

“Well,” he explained, “it meant, for one thing, that the
structure of the gravitational field of any black hole could
be accurately predicted. And that meant that cne could
construct models of astrophysical objects—such as Cyg-
nus X-1—thought to contain black holes. The properties
of the model could then be compared with actusl observa-
tions.”

In the 1970s black holes began making an appearance
as a cultural phenomenon. Bumper stickers and T-shirts
assured us that “black holes are outta gight.” They were
& common topic on talk shows, and the subject of endless
gags and jokes. The public passion of the mid-1970s for
black holes was perhaps just a fad. In that sense black
holes were a sort of Bermuda Triangle of space, some-
thing lying somewhere between parapsychology, the oc-
cult, UFOs, and astrology.

The image of'a black hole or the Big Bang both confuses
and delights our subconscious. Black holes might be a
metaphor for our own fate or for the the fate of the uni-
verse. If a star can crash down in upon itself, why not the
entire universe?

“Calling these things black holes was a masterstroke
by John Wheeler,"” said Hawking. "The name con jures up
a lot of human neuroses. There is undoubtedly a psycho-
logical connection between the naming of black holes and
their popularization.

"It is important to have a good name for a concept,”
he said, speculating for a moment on the psychology of
scientific terms. “It means that people's attention will
be focused on it. I suppose that the name ‘black hole’
does have a rather dramatic overtone, but jt also is very
descriptive. It has a strong psychological impact. It
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could be a good image for human fears of the universe."

Just as there was utter cblivion before the Big Bang,
there is utter oblivion at the center of a black hole, Nor-
mal time ceases to exist as surely as it did not exist before
the Big Bang. Therein lies much of the appeal of black
holes and the Big Bang for Hawking. Morecver, in both
concepts come together the twin pillars of twentieth-cen-
tury physics: Einstein’s theory of general relativity and
Max Planck’s quantum theory. In 1974 Stephen Hawk-
ing, in a bold and risky theoretical gambit, proposed a
startling new idea about black holes that hinted for the
first time that quarks and quasars actually might cperate
within the confines of a single, although deeply hidden,

law of physics.
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The Rutherford-Appleton Laboratory is a few miles off’
the M4 motorway, about an hour-and-a-half drive west of
London in the dry and unscenic flatlands south of Oxford.
Built across several square miles, Rutherford-Appleton is
next door to Harwell, the British equivalent of the Los
Alamos National Laboratory near Santa Fe, New Mexico.

Although scientists at both places do basic research
in particle physics, theoretical physics, and energy, Los
Alamos and Harwell are primarily workshops for de-
signing nuclear weapons. Despite diverse geographical
locations, the two labs have certain similarities: insecure-
looking wire fences, indifferent middle-aged guards, and
relatively few checkpoints, all belying the highly clas-
sified work going on inside while creating an ambience of
studied casualness of the sort preferred by the physicists
working there.

In the winter of 1974 Hawking took a trip down from
Cambridge to Rutherford-Appleton. His purpose was to
deliver a paper. It was one that he had agonized over for
months. He was still agonizing over it the day he was to
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present it to a group of fellow physicists. . W,
called "Black Hole }})Elxplosionsg’ AR e DIPE Wee

Usually cocksure, Hawking was concerned about how
the paper would be received. What he was proposing was
a radically new idea that, if right, would force a basic
rethipking of theoretical physics. The question mark in
the title was a reflection of his own doubts, It was as if
Isaac Newton had been sufficiently uncertain to issue a
pamdg’hlet called “Does Gravity Draw Objects Down-
ward?"

Despite Hawking's credentials, the audience was
s'tacked against him. The lecture hall was filled with par-
ticle physicists and accelerator experimentalists. They
can be the bane of cosmelogical theorists, whose work
runs teo much to mathematical formulation and too little
to practical result to suit most lab physicists. There was
also a stray nuclear-weapons physicist or two who had
stopped in.

‘Hawkin.g began. The lights were dimmed, and slides of
his equations began flashing on a screen. As Hawking
continued, it became apparent he had come to a startling
conclusion about black holes, an idea utterly contrary to
the conventional wisdom of the day.

Mosf; of the physicists there had trouble following
Hawk*ng's argument, There were few questions, and
P'Iawkmg quickly concluded his presentation. As the
lights were snapped on, the moderator, John Taylor, a
profesqor of mathematics at the University of London and
the writer of such popular books as Black Holes and The
cSl:mlpe c;f fgg;ds fo Come (a speculation into parapsy-

ology), s up and declared, i
i rubbiI:; an: Sorry, Stephen, but this

The paper Hasvking presented that day at Rutherford-
Appleton had its origins in work he had first undertaken
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in 1970, Interest in black holes had been greatly spurred
two years before, in 1968, with the discovery of rapidly
pulsing cosmic radio sources. After seme initial confusion
among astrophysicists over the cause, it was generally
interpreted as being caused by rapidly rotating neutron
stars, objects with a mass about the same as the sun, but
with a radius of no more than ten miles.

They were being called “pulsars,” and seemed to
confirm the existence of neutren stars, collapsed stars
composed almost wholly of neutrons packed as densely as
in an atomic nucleus and thus so heavy that a cupful
would weigh tons. A neutron star iz not a black hole,
merely a way station en route to a black hole, a resting
point in the collapse that cccurs when a star's gravity
overpowers the outward thrust of its nuclear furnace.

This apparent confirmation that they actually exist
showed that theories about the progression followed by a
star when it collapses were essentially correct. It was an
easy step in 1968 for cosmologists to say, “If neutron stars
exist, then why not black holes, too?” Unlike a neutron
star, a black hole by definition could not give off any sort
of radiation. Its only apparent effect would be its gravita-
tional influence on a nearby star. Evidence of this came
in 1972 with the discovery of Cygnus X-1, the binary
system that prompted Hawking to make his bet with Kip
Thorne.

Three years before, in 1969, Roger Penrose invented a
thought experiment suggesting that a black hole could
exert more than simple gravitational influence on nearby
matter. He proposed that energy could be extracted from
a black hole—if it were rotating. The idea was called
“superradiance” and suggested that certain types of
waves in the vicinity of a black hole would be amplified
and thrown off—rather than absorbed—by the rotating
black hole.
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Penrose’s thought experiment also hinted that some of
the rotational energy of the black hole itself could be
carried away. This was the first attempt to show that a
black hole did not have to exist as an entity unto itself,
sundered from all other matter in the cosmos. A rotating
black hole could lose electrical or rotational energy
through a process known as pair creation. The idea was
that a particle and its antiparticle—an electron and an
antielectron or positron, for instance—are formed just
cutside the hole.

Then, say the electron is drawn by gravity into the
black hole, but the positron escapes. In the process, a tiny
portion of the black hole’s own electrical charge is can.
celed and a minute fraction of its angular—or spinning—
mementum is carried away. The black hole has actually
lost energy, scmething never thought possible before.

In those days Hawking was thinking about the bound-
ary ground a black hole, the precise peoint at which light
can just escape the powerful grasp of the black hole’s
gravitation. This is called the “event horizon.” The more
massive the black hole, the larger the surface area of the
event horizon,

The event horizon can be envisioned as a sort of one-
way membrane through which light can penetrate from
the outside, but can never exit from the inside. An ob-
server sitting inside the black hole could see flashes of
light entering the hole, a coded message from a spaceship
Jjust beyond the event horizon,

The observer, though, would not be able to send a signal
back. The light or the radio wave or any other form of
energy would get no farther than the event horizon. The
captain of a spacecraft waiting for a message from a scout
who has gone into a black hole to see what it was like and
report back would wait forever,
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The event horizon, which foils the captain and his
scout, is somewhat less frustrating to the theoretical
physicist. In fact, for Hawking and other earthbound
physicists it holds some fascinating implications. One of
them is this idea that once light—or anything else—falls
into a black hole, it becomes invisible to an outside ob-
server, Physicists have expanded this notion of lost infor-
mation to what they call the “black holes have no hair"”
theorem,

This odd expression, typical of the sert physicists like,
means simply that two black holes with identical mass,
electrical charge, and spin look the same to an outside
observer regardless of what they are made from. Even a
black hole made of matter and another of antimatter
would be indistinguishable, meaning that most of the
physical features of a black hole are forever invisible to
an observer.

To account for these unseen features, physicists real-
ized that the size of a black hole’s surface area—the size
of its event horizon, in other words—was its only signifi-
cant feature as far as somebody on the outside was
concerned. This was the single feature that could be ex-
plained in terms of an actual, meaningful number, since
everything else about the black hole was hidden from
view.

The particular significance of the size of the event hori-
zon, its most interesting aspect, was on Hawking’s mind
toward the end of 1970. One night as he went to bed an
idea came to him, one so obvious that he had trouble
sleeping the rest of the night. It was simply this: the size
of a black hole's event horizon, its surface area, can never

decrease. It is a straightforward concept that anybody
can understand without the aid of mathematics.

“Well, one must get an idea someplace,” Hawking said
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later of the idea’s birth. The next few days after that
sleepless night, he and a few colleagues tested the idea
mathematically. It seemed to hold up.

Hawking had applied the ideas of general relativity to
reach his conclusion about a black hole's event horizon,
Think about the spaceship captain sending his scout for
a look at the inside of a black hole. The scout, having left
the spaceship in his little rover craft, would approach the
hole directly, then drop through the event herizon. This
is the way it would appear to the scout, assuming he did
not drep into oblivion.

To the captain on the bridge, it would appear that the
scout approaches the black hole in a slow-—and endless—
spiral around it, the apparent speed of the scout's crafl
directly related to the spinning velocity of the black hele
itself, if it were spinning. The captain would never actu-
ally see his scout penetrate the event horizon.

The different time scales are explained by &n exag-
gerated case of time dilation, the same thing experienced
by a space voyager traveling the speed of light. Near the
event herizon the black hole’s gravitation ig so great it
pulls all objects—including the advance scout—at an ac-
celerating velocity approaching the speed of light.

To the captain watching from his spaceship safely out
of the pull of the gravitational field, the scout appears to
travel exponentially slowly, just as the space traveler
flying along at light speed appears to an earthbound ob-
server to age not at all. The rate at which the scout’s
rover craft appears to the captain to be slowing down is
thus inversely proportional to the pull of gravity at the
event horizon. The more massive the black hole—and the
greater the gravitation—the slower the scout’s apparent
deceleration to the captain. The opposite is true for the
scout: the bigger the black hole, the slower he thinks he
is moving through the event horizon.

74

Exploding Black Holes

To Hawking, general relativity’s idea of time dilation
meant that the size of the event horizon itself could never
appear to an outside observer to shrink. The idea was a
significant step in the theoretical investigation of black
holes, because for the first time it set a universal limita-
tion on the behavior of all black holes: an event horizon
cannot decrease, only increase. Prior to this insight there
had been no such thing as a static or dynamic boundary
for a black hole.

Hawking’s idea of an unshrinkable event horizon also
established an important link with the concept of en-
tropy, which by definition also increases with time. The
noticn of entropy, a corollary to the second law of therme-
dynamics, declares that the amount of energy available
to perform a physical task must always decrease. Entropy
is the word that defines this gradual “inutility” of energy
as it is transformed from one type to another, say, from
electricity to heat.

A form of energy that is highly useful like electricity
has low entropy, and energy like heat with lower utility
has high entropy. Energy with low entropy can always be
converted to energy with high entropy. Se it is easy to
convert electricity to heat. To reverse the process is im-
possible. Entropy can never decrease, It always increases
in the sense that the inutility of energy increases. This
holds true for any system—an automobile, a computer, a
star, or the cosmos. Since size of the event horizon of a
black hole alsc never decreases, it was reasonable to as-
sign any black hole an entropy value that would describe
many of its physical characteristics that otherwise were
permanently invisible to outside observers.

This, however, led to a major difficulty: if an entropy
value were assigned to a black hole, then a temperature
alzo had to be given it in order to maintain a workable
thermodynamic model. But an cbject with temperature

76



STEPHEN HAWKING’S UNIVERSE

must radiate heat, and black holes, by their classical defi-
nition, emitted nothing at all. It was a problem that
Hawking was not to resolve for several years—until he
wrote the paper that he presented at the Rutherford-
Appleten Laboratory.

He did not give up working on black holes in the mean-
time. In 1971 he postulated that the death of a star was
not the only way they could come into existence, and that
the universe could contain millions of black holes that
were not downgraded stars at all.

Up until this time theorists thought that the only
gravitational field powerful enough to form a black hole
was that of a collapsing star of ten or fifteen solar masses.
But what would cause a small black hole—one the size of
the nucleus of an atom, for instance? Could gravity draw
any kind of material, stellar or ctherwise, down to that
size? This was difficult to fathom, since gravity has almost
no effect inside something as small as an atom's nucleus,

Hawking, though, arrived at an unexpected conclusion:
if sufficient pressure were applied to any object, even one
only a kilogram or two in massg, it could be compressed to
enormous density. At some point, when the material of a
small object like a chunk of metal has been squeezed into
a small enough space—say, the size of a proton—self-
gravitation would take over. The compression would con-
tinue until a tiny black hole appeared.

But a force large enough to initiate such a process ex-
ists nowhere on earth, or for that matter in the visible
universe, The answer, Hawking knew, lies at the begin-
ning of time. Only then was the material from which the
universe formed located in the same place at the same
time and under sufficient pressure to produce small black
holes.

In a perfectly uniform uriverse this could never occur,
Hawking knew. But if there were irregularities, such as
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regions far denser than others, the areas with a certain
excess density could have collapsed into little black holes.
He calculated that these mini-black holes could have
been squeezed into existence in overdense regions of the
exquisitely rich primordial soup that existed within the
unimaginably small fragment of time occurring in the
first 107*° second after the Big Bang.

It is possible, he now thinks, that the universe is popu-
lated with billions of these tiny but potent black dots, He
expects that they could be as close together as the dis-
tance between the earth and Pluto. This translates to 100
million mini-black holes per cubic light year throughout
the universe.

After the publication of Hawking’s paper, physicists
embraced the idea of these mini-black holes. They offered
answers to several previously unexplained phenomena,
and possibly supplied the so-called missing mass that as-
trotheorists think may be hidden somewhere in the uni-
verse, News of the idea quickly swept through the
worldwide community of physicists.

Hawking continued his work on small black holes, tak-
ing his next and most daring step: positing that some-
thing as tiny as one of these primordial objects might, like
an atomic particle, consent to being described by quan-
tum mechanics. ;

In 1973 quantum mechanics and general relativity
were universally thought to be incompatible. Yet Hawk-
ing thought it was time to explore the possibility that
black holes, themselves a key aspect of general relativity,
could be expressed in quantum terms.

Later that year Hawking started thinking about the
behavior of matter in the vicinity of black holes, large or
small, By autumn he had the glimmer of an idea. One day
as he thought through the mathematical Sanskrit of
black holes, he made a discovery so radically opposed to
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previous ideas he was sure he had made a serious mis-
take.

Hawking had found that black holes, in defiance of
every known law of physics, emit a steady stream of parti-
cles. But like everybody else he believed the theory that
black holes could not emit anything, unless (possibly)
when rotating. He spent weeks afterward trying to find
the flaw in his calculations.

What finally convinced him that black holes could emit
particles was the application of quantum theory at the
black hole's edge—precisely at the event horizon., His
reasoning was that the uncertainty principle, the back-
bone of quantum mechanics, declares that empty space is
never really empty. It is always active and cluttered.
Pairs of elementary particles like electrons and their an-
timatter opposites, positrons, exist for a fraction of a sec-
ond before uniting and annihilating each other in a little
burst of X-rays.

If such a transaction were carried out at the event
horizon, one of the particles could be caught in the power-
ful embrace of gravity and wander down into the black
hole, never to be seen or heard from again. Instead of
joining in mutual annihilation, the other particle would
then be free to escape outward. To an observer it would
look as if this second particle had just popped out of the
black hole. (Any larger object, governed by the rules of
general relativity, would be prohibited from participat-
ing in a quantum transaction of this sort.)

In late 1973 this was a bizarre and unexpected notion.
Hawking still disbelieved his own results. He spent weeks
working on the problem. At last he was sure he had
solved the problem that had been holding him up: Where
did the energy for the quantum transaction at the event
horizon come from? The answer, which Hawking had sus-
pected all along and was finally able to demonstrate
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mathematically, was that the black hole itself, with its
enormous gravitational field, supplied it.

Hawking's calculations thus produced another stun-
ning conclusion: With its energy going into the produc-
tion of particle emission—or radiation—the black hcle
itself would slowly erode over time. Eventually, when
its gravitational field had become so disgipated that
it could no longer hold itself together, the hole would
explode, bursting apart in a shower of high-energy gam-
ma rays.

Not all black heles would explode. In the case of large
black holes such as those created by the collapse of a star
or the monstrous holes that astrenomers think may exist
at the cores of some galaxies, the evaporating process
would take too long—many times the age of the universe.
In the case of a black hole with the mass of the sun, for
instance, or another average-size star, Hawking figured
that the evaporation and eventual explosion would not
oceur for 10°° years after that sun had become a black
hole. Even in cogmic terms that is a peried of time so large
as to be meaningless.

His calculations showed, however, that small black
holes could evaporate and explode far more quickly—
their average life expectancy being about 10 billion years,
a long time but somewhat less than the age of the uni-
verse. He figured their average radius to be 107** centi-
meters, about the size of a proton, and they would weigh
about a billion tons more than a proton, or approximately
the weight of Mount Everest.

The emission of particles at the event horizon would be
encrmous, Hawking calculated it at around six thousand
megawatts, roughly the same as the cutput of six large
nuclear power plants. However, utility companies should
not begin planning to use a small black hole as a power
source; if one were brought to the earth’s surface, its
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weight would propel it threugh the planet like a bullet
through a down pillow,

- The final stage of one of these small holes’ evaporation
would go =o fast that it would cause a tremendous explo-
gion equal to the blast from 10 millicn one-megaton nu-
clear bombs. These were not idle calculations, and
Hawking was certain they had real meaning in the real
universe. In fact, he was able to show how his theory
about exploding black holes could be proven or disproven
experimentally, a crucial element of any new scientific
theory.

Since the life span of the mini-black holes was close to
the age of the universe, he figured that some of them
should be expleding from time to time just about now.
These explosions would preduce a massive outpouring of
high-energy gamma rays. Hawking thinks it would be an
easy matter to detect these outbursts with a large gam-
ma-ray collector in orbit around the earth. He has sug-
gested that the space shuttle could construct one, and
estimates that there are perhaps two black-hole explo-
sions per cubic light-year per century cccurring in our
corner of the universe,

Still, when he first arrived at it, the idea of evaporating
and exploding black holes was so unorthodox that even
Hawking questioned his own results. He sat on his
findings for weeks, going over and over the calculations
in his head. It was too weird, too bizarre. Nobedy would
believe it. In effect, he was saying, “A black hole is not a
black hole when it erodes and explodes.” It was too much
even for Hawking.

In his book The Structure of Scientific Revolutions,
Thomas Kuhn, the eminent historian of science, points
out that significant scientific breakthroughs are rarely
accepted when they are first announced. A scientist who
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makes a breakthrough—a Copernicus, a Galileo, ora \'Vil-
liam Harvey—is likely to be ignored or even ostracized
for years.

In early 1974 Hawking feared this would happen to
him. He knew that if his ideas about exploding black
holes were right, it would revolutionize astrophysics, The
idea of solid black holes was firmly entrenched. If Haw}v
ing were proven wrong, it could take him years to regain
his credibility. p ;

So he waited, going over and over the calculations in
his head and talking enly to a few close friends and col-
leagues about the black-hole emission that wouldn’t go
away. It did not help that some of his colleagues ques-
tioned the results. One day, Martin Rees came.up to Den-
nis Sciama, and asked, "Have you heard? Stephen's
changed everything." : '

During those days and weeks of uncertainty, Sc!ama
quietly urged Hawking to announce the results. Scmrqa
at last prevailed, and Hawking decided to make the trip
to Rutherford-Appleton, The initial reaction proved
worse than he had feared. Could he actually be wrong?
Hawking wendered briefly.

The next month he published his results in Nature, tl\fe
prestigious British science weekly. Within days physi-
cists around the world were talking about it. In the weeks
that followed, exploding black holes came to be among
the most talked-about new ideas at physics conferences.
A few physicists even called the new theory one of the
most significant findings in theoretical physics in years.
And Sciama, a Hawking fan all along, pronounced the
paper ""one of the most beautiful in the history of phys-
im.!)

he black-hole dynamics Hawking uncovered. had
many important implications, They were similar—in re-
verse—to some of those thought to have occurred during
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the instant following the Big Bang. So it looked as if this
medel could help physicists understand the way suba-
tomic particles were created and interacted with one an-
other during the moments of explosive genesis. More
important, by applying quantum mechanics to black
holes, Hawking had taken the tentative first step toward
finding the underlying interaction that might bring quan-
tum mechanics together with general relativity. Their
unification—the so-called quentizing of gravity—is the
most difficult problem in physics.

Since 1974, mathematical evidence that black holes do
emit particles and explede has accumulated and been
confirmed by other theoreticians using different ap-
proaches. The black-hole emission itself'is called "Hawk-
ing radiation,” and any physicist anywhere can tell you
exactly what it means.
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Stephen Hawking in his office in Cambridge.
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Fermi National Accelerator Laboratory. Located in Batavia, Illi-
nois, Fermilab is one of the largest particle secelerators in the
world. Using these "atom smashers,” scientists are discovering a
new and varied world of subatomic particles. And these particles
may ultimately have something to tell us about how the very
early universe worked and if & unified theory can be found to
explain all phenomena,
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Lick Observatory photograph.

§-17, a gaseous cloud, which may also contain a black hole.




The space telescope. When
NASA launches the gpace
telescope in the late
1980z, it will enable
scientists to look farther
into space than ever
before. Physicists predict
that what they see there
will confirm the work of
theorists like Hawking
concerning the existence
of black holes and
singularities,

The Large Magellanic
Cloud, a satellite galaxy of
the Milky Way, emits
powerful X-rays, which
scientists believe may be
evidence of a black hole
within it.
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Roger Penrose, Hawking's collaborator, Tegether in the. 19'605
they successfully proved that time does indeed have a beginning,
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FINAI
QUESTION

There is nothing harder to envision in the universe than
a black hole. Except the Big Bang, which has, never-
theless, ignited many visions in the minds of physicists.
And in these minds, the Big Bang has been occurring
over and over—in countless calculations in thousands
of heads—for only a bit more than a quarter of a
century.

A nonphysicist might see something like this: Into a
void, so absolute as to mock any human concept of empti-
ness, appeared a single point of raw potential. And at the
very instant of its creation, this point, bearing all matter,
all dimension, all energy, and all time, burst out, spewing
forth its contents.

And at the instant of its origin, all matter and all forces
were indistinguishable from each other. As the universe
expanded and cooled, matter and force split apart and
then split again. Still in the first billionth of a second in
its history, the universe continued to fragment. Soon all
the constituents of matter—what we now call quarks and
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leptons®—assumed separate identities, falling into sepa-
rate classes that have never been joined again.

The single force propelling the cataclysm also became
fragmented, with new forces splitting away as quarks and
leptons were formed, and the different particles became
associated forever with the new forces that were being
created. Three of the fragmented forces are still at work
inside the atom. The most powerful of these is the streng
force that holds the constituents of the nucleus together
—the quarks that make up protons and neutrons. One
thousand times weaker is the electromagnetic force that
keeps electrons, a type of lepton, in erbit about the nu-
cleus. This force makes atoms appear solid and also is
responsible for radio and light waves.

Another hundred times less powerful is the weak force
that causes radicactive decay by slowly breaking down
neutrons in atoms of certain elements like uranium. All
the forces are transmitted by vector bosons—force-carry-
ing particles that exist for a fraction of a second, trans-
mitting force much the same way energy would be
between pecple in rowboats throwing a medicine ball
back and forth between them, recoiling at each toss,

Vector bosons live just a fraction of an instant while
they impart their force. It is as if the medicine ball tossed
between the rowboats disappeared after each catch. A vec-
tor boson called a gluon is responsible for the strong nu-
clear force, and the photon, a massless particle that
outside the atom is the constituent of light, is the boson
respensible for electromagnetism.

In the case of electromagnetism and the strong nuclear

*Leptons are the clazs of subatomic particles which includes the elec.
tron, neutrino, tau, and muon—all objects that exist outside the nu-
cleus which is composed of neutrons and protons, themselves
consisting of quarks.
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force, the bosons behave like balls fiying back and forth
between jugglers, the transactions holding the jugglers
together while exchanging energy between them. Three
particles—two called W's and one called a Z—transmit
the force responsible for radioactive decay. They were
first discovered by a team headed by Carlo Rubbia at
CERN (a French acronym for European Council for Nu-
clear Research, located in Geneva) in 1983.

Gravitation, the weakest and only other known force at
work in the universe, is some 10*® times less powerful
than the strong nuclear force. An as yet undetected vec-
tor boson called the graviton is theorized to cause gravita-
tion, a force that has no meaningful effect ingide an atom
because it operates cnly on large mass.

Only during the past decade have the grand unified
theories emerged attempting to show that the three suba-
tomic forces are components of a single underlying in-
teraction. None yet includes gravitation.

Sheldon Glashow, co-winner of a Nobel Prize for his
work with grand unified theories, once told me, "When
the universe was very, very hot, we believe that all the
forces may have been one. And that one underlying,
seemingly magical force is what we are all now working
to discover.”

Hawking agrees, "To unify the four forces in a single
mathematical explanation is the greatest quest in all sci-
ence.”

T asked him how he proposed to make this quest, and
what was his own personal goal,

“My goal is simple,” he said, suddenly solemn. "It is a
complete understanding of the universe, why it is as it is
and why it exists at all.”

I scribbled these thoughts into a notebook. When I
looked up, Hawking was convulsed with laughter and
there was a gleam in his eye.
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"Do those words sound familiar to you?" he asked.

After an instant’s reflection, they did indeed. A year
earlier I had written a story about Hawking that had
appeared in a popular American science magazine. In a
prominent position early in the story, Hawking was
quoted uttering those exact words, which he had spoken
to me when I had met him the previous year.

Still, Hawking, like most theoretical physicists, now
believes that the secret of the most elusive of all goals lies
in the very early universe, the period within the first
trillionth of a second after the beginning of the Big Bang.
It is there when the four forces we see in our cold, stable
universe were probably one, This has been suggested by
examining events at the incredible instant when the uhi-
verse was but 107%* or 10” " of a second old. But, Hawking
thinks things need to be pushed back even further than
that—by more than a facter of a billion, in fact.

"I would like to know exactly what happened between
107** second and 107** gecond,” Hawking said. “It is
there that the ultimate answer to all questions about the
universe—life itself included—lies,

"The classical notion of time would break down some-
where before then—somewhere between 107%% and 1049
second. I recently wrote a paper that was mainly con-
cerned with the universe at 107*° second, but my real
concern is what lies beyond that. I don't think there is
really a very definite model at this point. Nething seems
te provide the answer so far."

There are a number of constraints upon any explana-
tion of the beginning of time. First is that nobhody was
there to cbserve it. Any theory purporting to describe the
Big Bang is an enormous extrapolation from the evidence
that still exists today. The radiation background through-
out the universe is one of mankind's major links to the
creation. Like coals found in a circle of rocks in the woods,
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a strong clue that something hot was there before, it
shows physicists what the universe was like when matter
and radiation split apart from each other. Because it is so
uniform and so omnipresent, it indicates that cosmolegi-
cal models of a homogeneous—or isotropic—universe are
essentially correct. The other essential piece of evidence
that cosmologists must contend with is the 75:26 percent
hydrogen-helium ratio in the universe today. Hawking
and most other physicists think this was produced when
the universe was but a few minutes old.

I asked Hawking how scientists could be certain that
they were at last beginning to fathom the earliest mo-
ments of the universe. Was it not possible that cosmolo-
gists might be overlocking entire eras in the development
of the universe or seriously misinterpreting basic obser-
vations?

“Well, it is possible,” he said. "But remember that we
can always look backward in time by locking out farther
into space with our telescopes. The farther into space we
look, the closer to the beginning we come.”

"But doesn’t that mean making an assumption that
everything out there and everything here is the same and
operates the same way?" I asked.

"It does.”
“And doesn’t it suggest that we believe that the natural

laws we have discovered in our time have always been at
work in the universe?"

"It does indeed.”

“But are not scientists in making those assumptions
taking a leap of faith that is more metaphysical than
scientific?"

“One makes some rather strong assumptions in delving
into the beginning of the universe, but most of the facts
—such as the background radiation—seem to bear
them out. And there is no reason so far to believe that
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our calculations are incorrect in any essential way.”

In fact, cbservations in space and inside powerful accel-
erators have drawn a remarkably consistent scenario on
the trip back through time. On this journey there are
several key stopping-off’ places, points of special signifi-
cance where theorists like to examine events in detail.

The first of these is when the universe was a billion
years old. It is then that astrophysicists believe quasars
~-now thought to be the most distant objects in the heav-
ens—began to form. How they formed is still one of the
central topics of cosmology conferences today. But it
is generally agreed that at about this time the uni-
verse began to take on its familiar look, bright spots in
e black sky. ;

The next stopping-off place is over 10 billion years ago,
when the universe was a mere 500,000 years old. It was
then that elementary particles joined together to form
atoms. Before then the universe was still toe hot for an
electron to fall into a quantum orbit around a nucleus,
and the cosmos was a boiling sea of loose electrons and
nuclei.

Physicists can mark this point because they know ex-
actly how much electremagnetic force is required to keep
an electron attached to the nucleus of any atom of an
element. It is only necessary to convert this force into a
terpperature equivalent and see at what point the cooling
universe passed through that stage, The answer is half a
million years.

According to Hawking, “Once atoms had begun to
form, then matter could condensge into galaxies and stars,
and gravity could start playing an important role in the
development of the universe.” It also is about at this point
that light began to be able to travel throughout the uni-
verse,

The next stopping place on the journey backward is at
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about 100,000 years. The two chief ingredients in the
universe are the matter that makes up the galaxies, stars,
planets, and people, and the radiation that constitutes
the microwave background. Today the radiation back-
ground and matter have almost no interaction with one
another.

Yet in the universe's early age—when density and tem-
perature were far greater than now-—matter and radia-
tion interacted strongly. Theorists believe that the
photons of the microwave background, in fact, were cou-
pled with the protons, neutrens, and electrons that make
up matter. As the universe cooled, radiation and matter
parted company, this occurring after 100,000 years. The
microwave background discovered by Arnold Penzias and
Robert Wilson in 1864 is a relic of the instant radiation
split off from matter.

The next stop back for theorists is in the infancy of the
universe—at abeut three minutes past time zero. “This is
an important point,” said Hawking. “Before three min-
utes, the universe was too hot to allow protons and neu-
trons to join in & nucleus, It is at three minutes that we
have to start looking at the strong force very carefully.”

If a proton and neutron did happen to come together
during the first three minutes, collisions with photons
from the background radiation or with cther particles
would kick them apart. At three minutes, however,
things had cooled sufficiently that the strong force could
begin pulling a proton and a neutron or a proton and two
neutrons together to form a nucleus of heavy hydrogen.

At about the same time, nuclei of helium were being
created out of a pair of protons and one or two neutrons,
and it was then that the 75:25 hydrogen-helium ratio that
exists to this day was established, Nuclei of a few other
light elements were also formed at the three-minute
mark, but it was not until millions of years later that
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heavy elements like iron and goid began to be forged in

the furnaces of the stars.

The picture is quite clear at three minutes, The interac-
tions of the strong force, now dominant, are well under-
stood. Even medium-size accelerators can create
conditions quite similar to those existing at this time.

Centinuing the countback threugh the first three min-
utes, the universe is mainly in a cooling-down phase, At
about one hundredth of & second after time zero, the
universe is hot enough—about 200 billicn degrees Celsiug
—that hundreds of types of particles are created and an.
nihilated in the energy preduced in collisions with one
another. This hundredth-ofasecond milestone is impor-
tant in another sense, Physicists are fairly sure that they
have got the facts right in their backward jeurney to this

point,

"The scenario is clear,” said Hawking. "There is little
disagreement up to a hundredth of a second.”

From this point backward in their search for the lost
history of the universe, cosmologists have been forced to
rely on the work of particle physicists, whose accelerators
are still fully capable of creating similar conditions on
earth. In other words, even medium-size accelerators can
still match the universe's energy at this point,

Between one ten-thousandth (1074) and one millionth
(107%) of the first second is another milestone, Then the
basic constituents of matter in the universe were created
as quarks combining in groups of three, forming neutrons
and protons. Before this, the universe was a seething soup
of quarks, too energized and too densely packed to form
into nucleons.

Physicists actually use the notion of a "quark soup” to
overcome certain theoretical problems they face at this
point. At 10°* second the universe's density is so great
that the amount of gpace between all protons and neu-
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and more massive particles, so at the very beginning we

see a relatively cool Big Bang.

Among theoreticians, the quark soup model currently
enjoys a greater vogue than the cold Big Bang, although
as Hawking says with a twinkle, "Theorists’ minds can
change—and quite often do.”

Within the first 107 second after its birth, the uni-
verse had already grown to about the size of our solar
system, a colossal expansion of enormous energy. Still,
the largest accelerators on earth, in collisions involving
a few protons and antiprotons, can duplicate the heat or
energy level of the universe when it was one millionth of
a second old.

Physicists encounter one of the most significant points
of all at this time. It is here that theoreticians first begin
to see the unification of the four forces that hold sway in
our universe today. Before this time, according to a the-
ory worked out by Glashow, Steven Weinberg, and Abdus
Salam, the electromagnetic force that controls leptons
and the weak force that causes radioactive decay were
one and the same.

“Ifthese calculations are right, then before 107, there
were only three forces in the universe," said Hawking.
“The combined electromagnetic and weak force, the
strong nuclear force, and gravity. It begins to suggest that
there was a common origin for everything we see today
in the universe.”

The unified theory of Weinberg, Glashow, and Salam
can be tested in the very largest accelerators on earth. In
1982 and 1983 a team headed by Carle Rubbia used the
large proton-antiproton collider at CERN near Geneva,
Switzerland, to produce W and 2 particles with virtually
the precise properties predicted by the unified theory.

I visited CERN at the time Rubbia's team was turn ing
up the first W particles. The energy level produced in the
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ideas about the history of the very early universe are
correct. The fraction of a second gince singularity is a
trillion times shorter than the amount of time it takes
light to cross a proton.

Physicists with faith in the grand unified theories be-
lieve that at 10~** second, the strong force was one with
the other two subatomic forces—the electromagnetic and
weak forces, These grand unified theories attempt to de-.
scribe what the universe was like during this instant in
cesmic history. The universe is but 1024 centimeter in
size, and its pure energy is just beginning to condense into
pointlike particles such as quarks and leptons. Matter
and antimatter are present in nearly equal amounts,

The wall of Plank time comes at 107*? second. At this
point there is a fundamental breakdown in the ability of
physicists to describe space, time, or matter. It is pre-
sumed that gravity has just broken its bond with the
single unified force that existed at the instant of the big
bang. But nobody knows for sure because there is no
qQuantum treatment of gravity.

To cross the Planck wall, it would be helpful for physi-
cists to know whether the various GUTs are really on
track. There is, however, no certain way to test them in
accelerators on earth. The energy levels at this time in
cosmic history are too high ever to be duplicated, so new
experimental techniques may have to be develcped.

“If the GUTs are right, then all that is left out is grav-
ity,” said Hawking. “But I'm not fully convinced that
GUTS are the right model.

“And as you know,” he said, “there are some very seri-
ous problems with the standard Big Bang model. And the
various GUTs don’t paint & necessarily consistent pie-
ture.”

For one thing, there is the persistent problem of the
magnetic monopole, an elusive particle most versions of
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cross the Planck wall because they have be
fudge their equations this way or thayt to carry tehne:xbti:c;:
ward over crucial points of time in the universe's develop-
pment. This happened at 10-* second, when it was decided
1t was all right to skip over the interactions between
de;:elypfack:d protons and neutrons.

Lhe Planck wall is the universe's ultimatum:
will be no further hedging of equations, no more jux?xgiex:;
over points too complex or obscure to understand. This is
where all your calculations and all your thinking must be
brought .together in the clearest statement in the history
9(' mankind about the cosmos hefore you will know how
it began, And still you may never know—exactly.
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BUBBLE
OR
BANG

The Big Bang has been the modus operandi for the crea-
tion of the universe for a generation of physicists. Yet
visit a cosmology coenference today and you will hear
nothing but talk of bubbles and the inflationary universe.

Theorists have never been very comfortable with some
of the fudge factors in the Big Bang scenario of a cataclys-
mic explosion in which matter and forces were born and
burst out in all directions to form a universe that is still
expanding today. The singularity at the beginning both-
ers some, and for most the Big Bang does not adequately
explain the uniformity of the background radiation. It is
as if, they think, a bomb exploded, throwing shards out
in a perfect sphere. The Big Bang also makes an assump-
tion about the nature of space in the universe, simply
presupposing that it resembles a flat tabletop rather than
the surface of a sphere to explain the universe’s own
flatness,

Hawking points out that “the idea that the universe
began as a bubble offers a simple solution to many of
these problems.” The bubble theory, originated in 1981,
eliminates most of the flaws in the Big Bang while, natu-
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rally, creating other problems. The basic idea is that not
one but several universes arose from bubbles inflating
like balloons in the void. At the very beginning there was
an uneven mix of energized spots, each hotter than a
trillion quadrillion degrees. Because of their heat, these
spots expanded so rapidly that they scon lost their heat.
Then they "supercooled.”

This occurs sometime after the Planck barrier at 107%*
second, when gravity already has breken free from the
threg quantum forces. The supercocled regions have a
special property that Harvard physicist Sidney Coleman
calls a “false vacuum,” which allows them to draw energy
from the gravitational field that surrounds them. At
about 107*® gsecond after the process begins, the super-
coqled regions get an enormous kick of energy, perhaps
akm to a jolt of negative gravity, and erupt into bubbles
that are destined each to become a universe unto itself.

The .“f‘alse vacuum" is the key to the concept. It has
been likened to water that has been superchilled well
below: thg freezing point. The water can exist in that state
asa !1qu1d for just an instant before crystallizing quickly
into ice. The same holds true for the supercooled regions,
They exist for an instant in an undisturbed state.

A.s the bubbles created from the false vacuum’s kick
begin to cool again, the combined electromagnetic and
yveak_ forces split from each other and take on separate
identities. The energy inside one of the bubbles—our uni-
verse—begins to condense into particles like leptons and
quarks. At the end of this inflationary epoch—at 10°*
sef:opd from the very beginning—our universe, now con-
taining the matter for all the stars, galaxies, planets, and
peqple that inhabit it today, is about the size of a grape-

fruit. At this point the ordinary Big Bang scenario takes
over.

Physicists are currently very intrigued by the bubble
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scenario. For one thing, during the universe's inflation-
ary era, the bubbles developed more slowly than in the
Big Bang format. This allowed the matter developing in-
side time to mix evenly, come to the same temperature,
and thus produce a uniform radiation throughout the
universe,

The bubble theory also accounts for the flatness of our
universe by relying on natural law rather than arbitrary
assumption. As a bubble grew to the size of today’s uni-
verse, it flattened out in the way that the surface cf a
large sphere like the earth appears flat.

What are the problems still to be worked out in the
bubble scenario? Astrophysicists are not exactly sure how
galaxies and stars congealed out of clumps of matter in-
side the bubble that became our universe. And some
physicists are troubled by the notion of a multitude of
universes created in the same instant.

Is that something we will ever know for sure? Physi-
cists disagree on this point. Common sense would indicate
that, like bubbles in a rising loaf of bread, separate uni-
verses will never meet, but some maverick theorists be-
lieve, with characteristic fervor, that as expansion slows
down and stops, some of the individual universes could
eventually converge.

“Inflation accounts for the fact that the expansion of
the universe was fine-tuned during this period,” Hawking
explained. “For one thing, this allowed the universe to
expand as it has without collapsing back on itself like a
black hole. On the other hand, matter could also have
been spread too thin for galaxies to form."

I wondered about the problem of the universe at singu-
larity, the “beginning of time,” in Hawking’s language.
Does the bubble concept help eliminate the singularity
that so troubles many theoretical physicists?

“Well, certainly you might be able to construct a cos-
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m910gical model without a singularity using a bubble, " he
§a1q. “But I don't really think it would help the singl'zlar-
ity In a gravitational collapse. And it would still not get
rid of the singularity in black holes,

"Inshort, I don’t think the bubble concept would getrid
of the initial singularity. But it is possible,” he said, un-
characteristically uncertain, ;

Ses'eral physicists have been at work on the bubble
universe. One, a young Princeton astrophysicist named J.
Richard Gott, has proposed that our universe is but one
of pe_rhaps an infinite number that were created like bub-
b.les in a hot liquid of great but finite density. His caleula-
't‘mns have indicated that each of his universes is itself

open” or infinite in terms of its expansion, and will con-
tinue to grow forever.

These bubbles form out of a type of space named after
“'r’illem de Sitter, who first studied itin 1917. It is a spe-
c_xﬁc solution to Einstein's general relativity field equa-
tions that describes an infinite curved universe that is
always expanding. To his solution, de Sitter added a cos-
mological constant similar to a universal repulsive force
a sort of negative gravity, In the expansion of the uni-'
verse as defined in de Sitter terms, any individual point
in the universe tends to move away from another point
at a constantly increasing rate.

In Gott's version of the bubble universe, the initial
bubble forms smoothly out of the surrounding de Sitter
space, In the process, the singularity at the beginning is
eliminated. According to Gott, the large-scale uniformity
of the universe could only have come about if every part
of' the universe in the early period of expansion were
fin'ectly. or causally, related to every other part, even if'

Just for an instant. ’

I.n standard Big Bang cosmology, parts of the very early
universe were causally disconnected because they were
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too far apart for light to travel between them as the
colessal expansion began. This has always troubled cos-
mologists. In Gott's model, as in inflationary universe
cosmology, there is a brief phase of constant density that
allows enough time for all parts of the universe to relate
causally with each other, thus smoothing out the rough
spots and creating a homogeneous cosmos,

One peculiar aspect of Gott’s cosmolegy, however, is its
application of Hawking radiation to the early universe.
Gott, looking at the interplay between gravitation and
quantum mechanics, determined that the event horizons
surrounding black holes continuously generate thermal
radiation. He has come up with the idea that Hawking
radiation accounts for the background radiation scat-
tered evenly throughout the universe.

Hawking and others have already shown that black
hole radiation at the event horizon is just a special case
of a profound theorem: that anywhere there is an event
horizon, thermal radiation is emitted. This means that at
the boundary of any region from which light cannot es-
cape—the edge of a black hole or the frontier of a uni-
verse—there will be an emission of some type of thermal
radiation,

Gott claims that one of the significant properties of de
Sitter space is that it is filled with event horizons and
Hawking radiation. It is the ever-increasing—in fact, ex-
ponentially increasing—expansion that creates all those
event horizons. If two points start out sufficiently far
apart and separate too rapidly to allow a light beam from
one to reach the other, an event horizon will occur be-
tween them.

Hawking and his former student and office mate, Gary
Gibbons, had already calculated the Hawking radiation
associated with these particular event horizons. But Gott
takes it a step further.
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Using Hawking’s and Gibbens’s result, which describes
mathematically the energy density of the radiation in
terms of the expansion of the early universe, Gott adds an
additional factor to make that energy density consistent
and homogeneous. This constant is more or less the same,
in mathematical terms, as filling de Sitter space with a
fluid of uniform density. However, this Gott fluid has a
negative pressure, what its creator describes as universal
suction,

Gott maintains that recent calculations in quantum
field theory have produced results showing that Hawking
radiation would behave in exactly this odd fashion under
certain conditions, specifically those conditions present
during the expansion of de Sitter space in its early stage.

His calculations have an interesting result, The event
horizons generate Hawking radiation. The radiation
becomes the fluid that causes the bubble universe to ex-
pand. Gott's constant—or the fluid of the Hawking radia-
tion—is what causes the exponential expansion of the de
Sitter space. And the expansion generates event horizons.

This circular thesis works only if the Hawking radia-
tion is enormously hot—over 10°' degrees Celsius—and
incredibly dense, an incomprehensible 10°* grams of mat-
ter per cubic centimeter. Gott is also fairly sure that these
extremes of density and heat are just about the right
conditicns under which gravitation begins behaving sus-
piciously like a guantum field—the point at which grav-
ity is quantized.

Gott has included an inflationary epoch in his bubble
theory. In this phase transition, matter subtly changes.
Gott suggests, for instance, that previously massless
quarks might suddenly take on mass. During this period,
Hawking radiation enters the bubble from the expanding
de Sitter space and in a flash—107%* gecond—changes
into ordinary matter. It is this nearly instantaneous con-
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version of radiation to matter that Gott believes astro-
physicists today look back on and call the Big Bang.

Hawking radiation generated by the event horizons in
the new universe is thus respensible for all matter and
energy in the cosmos today. It is because Hawking radia-
tion is naturally uniform in de Sitter space that the mi-
crowave background and the universe itself are both so
homogenecus,

The risky part of Gott’s model is that it tries to tell us
what happened on the other side of Planck time—at
10-** second or earlier. During this pericd, he suggests
that other universes, an infinity of them, also could have
formed, just like bubbles foaming in a head of beer.

Unfortunately, though, we’ll never be able to observe
one of these other universes. Each is separated from
the other by an event horizen, the light barrier that pre-
vents the transmission of all information from one to the
other.

The essence of any scientific theory is that it must be
confirmable. The corollary to that is that it also must be
disconfirmable. So how does Gott suggest that his specula-
tion about bubbles emerging in a froth and an infinite
number of universes be proven or disproven?

More work is needed to determine more precisely the
behavior of bubbles in de Sitter space, for one thing. That
would give his model a better theoretical framework. On
the factual side, Gott maintains that more complete and
better astronomical observations must be taken about
the large-scale characteristics and behavior of the uni-
verse.

Most astrophysicists think that galaxies and clusters
could never have formed in a totally homogeneous uni-
verse. But Gott’s theory calls for just such a universe in
the instant following its birth. Inconsistencies and ran-
dom fluctuations had to develop somewhere during the
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"The thing is that if you form bubbles, then you are
liable to come up with more than one bubble. And these
bubbles are likely to collide. And this will give rise to an
inhomogeneous universe. And that is not consistent with
what we observe today."”

Linde suggested in a paper that he thought it was possi-
ble for a single bubble to form without an adjacent bubble
forming alongside. This idea was the main thing Hawk-
ing wanted to investigate. He spent hours discussing it
with Linde in Moscow. "I left thinking Linde's version
was the best of the Russians’, but I still realized there was
something wrong with his work,"” said Hawking.

When he returned to Cambridge, the first thing he did
was sit down with his colleague Ian Moss and hammer
out a paper aimed at repairing the flaws in the Russian
theories.

“The problem with Guth’s scenario was that it led to a
very inhomogeneous universe dominated by a few large
bubbles emerging from the inflationary stage,” said
Hawking. “We showed in our paper that, in certain cir-
cumstances, you can have an inflationary peried that oc-
curs simultaneously at all peints of space in the very
early universe. Thus, it creates no inhomogeneities.”

Hawking, who thought up the approach, and Moss, who
did the calculations, arrived at this solution by a rela-
tively straightforward process, “The other papers had
treated the exit from the inflationary epoch as a problem
in flat space-time,” said Hawking. “They neglected the
curvature and finite horizon of the universe.

“We showed that the inflationary era does not occur in
flat space-time, but rather in curved space-time,” he gaid.
“The result is that a universe without the inhomogenei-
ties of the other exits from the inflationary epoch.” With
its rather simple zolution to a thorny problem, the paper
drew widespread interest among cosmologists.
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In June 1982 Hawking and Gary Gibbons hosted a con-
ference at Cambridge on the very early universe—the
first second of its life, Many leaders in the field came: five
cosmologists from the Soviet Union including Linde and
Starobinskii, along with Guth and twenty-four others
from the United States and Europe. One problem drew
the most interest.

There was a fatal flaw in all the inflationary scenarios.
It was that the universe, although homogeneous on a
large scale, is not quite uniform on a smaller scale; it
contains clumps of matter in the form of galaxies and
stars and clusters of galaxies. In other words, it was sim-
ply not clear that an in flationary universe could produce
the stars and galaxies we observe in our universe today.
The physicists at the threeweek workshop broke off into
separate groups—headed by, among others, Hawking,
Guth, and Starobinskii—to solve this problem.

In testing and probing what they had started calling
the “new inflationary universe,” the assembled theorists
gathered in small clusters sround blackboards and com-
puter terminals and thought for a while they had come
up with a solution to the galaxy formation problem. Their
calculations showed that the inflationary scenario did in-
deed produce the right number of clumps of matter dis-
tributed properly throughout the universe.

But if' the inflationary scenario were followed to its
mathematical conclusion, these clumps of matter would
form prematurely and collapse almost instantly into

black holes, leaving an utterly black universe. So the
simplest maodel of the new inflationary universe, which
Hawking and others had helped create, had to be offi-
cially pronounced dead—even though it was but six
months old.
- “Well, at least it showed us the direction we need to be
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taking, so the conference wasn’t a failure,” s§id !:Iawkmg.
“It also showed us that a lot of work remains. .

Still, the inflationary universe is the one cosmolgglsf:s
like the most. “It appears to be the right approach, ’ said
Hawking. “It solves more problems than it create's.’ One
of the products of inflation that theorists are particularly
fond of is that an early inflationary burst w:ould have
smoothed out all the matter in the early universe to a
density that would have allowed that universe to expand
as long as ours has.

A rapidly growing young universe could hgve been so
densely packed with matter that it could simply have
collapsed back on itself, like a black ho!g. Or mat'ter
might have been spread too thin to bunc)} into 'galast.
and just drifted away into space. The universe's expan-
sion, in fact, required remarkable fine-tuning. This must
have cccurred within the first 10722 second of the infla-

tionary period.

Although our universe is still in its youth, theongts
have a good time exploring its ultimate fate. Do we live
in an open universe? Will its current expansion go on
forever, with all matter eventually becoming so diffuse
that the stars and galaxies simply blink out one by one?
Or do we live in a closed universe? Will the universe one
day begin falling back in on itself, l'ever§ing the Big Baqg
in a cataclysmic collapse astrophysicists gall the Big
Crunch. The universe's fate is still many bilh’oqs of years
off, but nonetheless I asked Hawking his opinion. ¢

"I don't really claim to know the fate of the universe,
he said. “Nor does anyone else. I think the best guess is
that it is just on the borderline between collapse and
expansion. But that is just a guess. ;

'I')There iz a particular cosmelogical model which pre-
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dicts a universe expanding with just enough energy to
avoid collapse. If T had to pick a model, I think I would
pick that one—the one just on the brink of collapse.”

But does not the idea of bubble universes existing side
by side suggest that the universe is open, that it will go
on expanding into eternity, until it is endlessly dark and
cold?

“The idea of numerous universes existing side by side
does not aflect the idea of an open universe," answered
Hawking. “It cannot really be considered a classical prob-
lem. You would have to take quantum mechanics into
consideration—with all its probabilities.

“When you say a number of universes can exist side by
side, I think you are treading on dangerous ground—
metaphysical ground. I think [ am quoting Wittgenstein,
He spent half his life in Cambridge. He said—at least |
think he said—that the existence of other universes is not
a predicate. What he meant was that it is not very mean-
ingful to say that other universes exist unless there is
some consequence that we can observe,

"In fact, if we can apply quantum mechanics to the
universe, then one is led naturally to a picture in which
the universe has all sorts of different branches.”

Are these actual, physical regions that could be ob-
served?

"No, these would not be physical branches,"” he said. “It
Jjust means that there is a nonzero prebability for the
universe to have a lot of' different forms, Just as there is
a probability for it to be open and a probability for it to
be closed.

"Maybe,"” he said, clearly enjoying the speculation, "it
is just that we are in a particular branch of the universe
which is just on the borderline between being open and
being closed. The most remarkable thing about the uni-
verse is that it is so close to the borderline between open
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and closed. The probabilities against it being on such a
borderline are enormous. Yet it is still so close that we
haven't been able to decide which side it is on.”

Will we ever learn if it is open or closed? Or is that
going to turn into another question best left to meta-
physics?

"Soon we'll have the equipment,” he said. “The space
telescope should allow us to determine definitely which
side of the borderline the universe is on. We'll be able to
look much deeper into space and get a more accurate
accounting of matter in the universe.

“But it still may be that we can’t decide. It is so close.
If it is actually sitting on the border in perfect balance,
then we'll never know. But, in so far as all cur present
observations indicate, when the space telescope is in oper-
ation, we will actually be able to determine if the uni-
verse is open or closed,”

“And then what will we know?”

“The fate of the atoms of our bodies.”

I stood on the slopes of Mont Blanc above the ski village
of Chamonix in the French Alps. The skies were clear and
blue, the mountains shrouded with the first snow of au-
tumn, the leaves just beginning to show their colors. A
small Fiat panel truck pulled out of the tunnel that has
been cut under Mont Blanc to connect Italy and France.
Roger Antoine, an official at the CERN accelex'fmor labo-
ratory, sixty miles to the west near Geneva, Switzerland,
and I climbed in. The truck made a U-turn and headed
back into the mountain, :

Midway through the seven-mile tunnel, the air was
rank with auto fumes and the odor of diesel. At that
point, in a cave cut out of the rock just off the r?adway.
a large apparatus has been constructed to test just one
thing: does the proton, the most steady and reliable citi-
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zen of the universe, last forever? Or do protons decay like
most other particles? Two decades ago the idea of proton
decay would have been scientific heresy. Today scientists
are taking the notion seriously.

This is because one of the consequences of the various
grand unified theories is that protons, previously thought
to be immutable, eventually will decay into other parti-
cles, The reason, according to theory, is that the strong
force holding the proton together and the weak force that
causes radicactive decay are ultimately caused by the
same basic interaction—one that appeared for just an
instant during the first 10~ second of the universe’s life.
Thus, like a radioactive atom, the proton itself could be
doomed to decay—eventually.

The theories predict that, on average, it will take any
proton an exceedingly long time-—at least 10°° years or
more—to decay. It was nonetheless a surprisingly easy
task for researchers to devise an experiment to test some-
thing that will happen far in the future, a time span 0
great it is longer than the age of the universe.

Two miles beneath the summit of Mont Blanc, a loca-
tion safe from the cosmic radiation that could produce a
misleading signal in the apparatus, Picchi Pio, an Italian
rhysicist, showed me an experiment to measure the life-
time of a proton,

"Obviously we can't wait around for billions of years to
watch one proton and see if it disappears,” said Pio. “But
we can assemble 10°° or more protons and see if one
decays during a certain period, say, one year." If proton
decay is a fact of nature, then statistically at least one
proton should die during the year.

Pio showed me his collection of protons. They were
contained in an array of stacked iron slabs weighing a
total of 150 tons, Pio and his colleagues estimated the
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number of protons in the iron at nearly 10%, “just the
right number for a good experiment.” : .

The slabs are fitted throughout with 42,000 devwgs sim-
ilar to Geiger counters to pick up a burst of radxa.tnon
emitted by a dying proton. The devices, called calorlmfe-
ters, are wired to a computer. The job of Pio and hgs
colleagues from several Italian universities and CERN is
to watch—just wait and watch—the computer tex"mmal
for the right signal. When I saw the experiment in late
1682, four candidate events had already appeared on the
computer screen.

Pio had a computer printout of cne. It was a Y-sh'aped
track that the experimenters were reasonably convinced
showed that one proton had decayed into a lept.on ?alled
a muon and a positive electron or position, leaving in the
wake a little burst of energy to be picked up by the cale-
rimeters, Another track he showed me was that of a neu-
trino he said had passed entirely through the earth before
reaching the tunnel beneath Mont Blanc._ : .

Millions of dollars are being spent on similar experi-
ments in India, Ohio, Minnesota, South Dakota, Utah,
and Japan to find out the lifetime of protons, So far most
of the experiments are inconclusive, although research-
ers in India claim to have at least eight instances of pro-
ton decay. If it is ever shown for certain that protons
decay, this will prove that the various GU'!‘s are on the
right track. It also will indicate to scientists that
the universe is inherently unstable, gince protons are the
major constituents of matter.

Hawking remains skeptical.

“They won’t find proton decay,” he told me ﬁgtly one
day in his office. "If they do, it will mean thexfe is some-
thing wrong with the experiment. My guess is that the
lifetime is quite a bit longer than they think. They are
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looking in the range of 10%° to 10** years. That is the best
they can do at the moment. I would make an estimate
that it is quite a bit longer than 10** years. And in that
case, it will be almost impossible to zee.”

"You seem quite certain,” I observed.

"If the very simplest equations in grand unified models
are correct, it could be found,” he conceded. "But one can
make grand unified models in which the lifetime would
be far longer than 10°? years. Then it would never be
found.

“For another thing—not only for new, but in the future
—it will be impossible to distinguish proton decay from
certain other events caused by neutrinos. These events
aren't the same, but look very much like proten decay."
I recalled Picchi Pio's neutrino, the one that had made it
all the way through the earth, and its resemblance to the
track left by an alleged proton in its death throes,

“There also is another kind of proton decay caused
by little black holes,” Hawking said. “These little holes
are smaller than protons. But the lifetime of protons in
that case is more like 10** years, Nothing could ever
measure it."

Hawking’s disdain for the experiments of the proton
researchers could be written off’ as characteristic of the
mutual distrust of theorists and experimentalists. He in-
sists not. "I'm not against the experimenters. Just the
methods,

“But if proten decay were ever proven, it would lead to
some rather interesting speculation.”
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ANTHROPIC
PRINCIPLE

Early reperts of the Big Bang found a ready audience in
many religious groups. After learning what a scientific
Genesis entailed, Pope Pius XII declared in 1951, "True
science to an ever-increasing degree discovers God as
though God were waiting behind each door opened by
science.” More than a few scientists think that the facts
of the Big Bang, as they are slowly uncovered, could at
the very least suggest the work of a creator or creative
force. It may soon become evident that science will never
be able to take us to the exact moment of creation—only
up to that point where philosophy, metaphysics, and the-
ology begin. Stephen Hawking has made a tentative foray
into this uncertain area. “The odds against a universe
like ours emerging out of something like the Big Bang are
enormous,” he told me. I think there are clearly reli-
gious implications whenever you start to discuss the ori-
gins of the universe. There must be religious overtones.
But I think most scientists prefer to shy away from the
religious side of it."”

A few years ago, while thinking about the meaning
rather than the numbers of the universe, Hawking and
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a few colleagues worked out a principle that some scien-
tists considered heresy but others thought put the uni-
verse in the right perspective.

Hawking's principle was based on a classic thought
experiment. It took as a first premise that all the features
of our everyday world, the subatomic world, and the cos-
mos itself are determined by a few basic physical laws
and constants, perhaps no more than a total of fifteen.
These have been discovered by science and include the
masses of the elementary particles and the relative
strengths of the basic forces that cperate between them.

Hawking, together with Branden Carter and other col-
lquue.s, discovered that an extremely delicate balance
exists in nature. For instance, if the strong force that acts
on the quarks, neutrons, and pretons of the atomic nu-
cleus were just slightly weaker, the only element that
would be stable would be hydrogen. No other elements
could exist.

If the strong force were just a bit stronger in relation
to electromagnetism, the force that regulates the way
leptons like electrons and neutrinos behave, then an
atomic nucleus containing just two protons—a diproton
—would become a stable feature of the universe. That
would mean that hydregen would not exist, and the stars
and galaxies would have evolved, if at all, far differently
from the way they have.

.lf the constant of gravity were stronger—only 10%*
times less powerful than the strong nuclear force instead
of 10°* times weaker—our universe would be small and
swift, The average star would have only 107'% times the
mass of the sun and could exist for just about a year,
hardly time for complex biological phenomena, such as
‘mankind, to develop.

If gravity were less powerful than it is, then matter
would not have congealed intostars and galaxies and the
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universe would be cold and empty. It is, however, pre-
cisely because gravity is so much weaker than the other
three forces that our galaxy and solar system evelved,
And as Hawking points out, the growth of the universe—
so close to the border between collapse and eternal expan-
sion that man has not been able to measure it—has been
at just the proper rate to allow galaxies and stars to form.

"In fact,"” said Hawking, “'a universe like ours with
galaxies and stars is actually quite unlikely. If one consid-
ers the possible constants and laws that could have
emerged, the odds against a universe that has preduced
life like ours are immense,”

There also is the matter of entropy. This measure of
perpetually increasing decay and chaos is contrelled by
the second law of thermedynamics, which declares that
any change in the universe will lead to a slightly more
disorderly place. Entropy always goes up. Order always
goes down. Evidence of this universal tendency toward
disintegration is everywhere. Cars rust, stars grow cold
and die, stereos break down, people become old, moun-
tains erode, and buildings collapse. This leads to a di-
lemma: If the universe is a place that is like a watch
slowly running down, how, in the face of this natural
tendency, did it get wound in the first place? In defiance
of the second law of thermodynamics, order has risen out
of chaos.

The second law of thermodynamics is not absolute, En-
tropy can decrease; that iz, order can increase naturally.
But it is extremely unlikely. Consider the cdds of shaking
the parts of' a watch in a barrel and having them fall into
place as a working timepiece. Is that the kind of event
that led to the Big Bang? Is our universe an enormous,
accidental reversal of entropy? Or is it—literally—a mir-
acle?

Hawking thinks that the only way to explain our uni-
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verse is by our presence in it. “This principle can be
paraphrased as, ‘Things are as they are because we are.’

“According to one version of the principle, there is a
large number of different and separate universes,” he
said. “Each has different values for its physical parame-
ters and for its initial conditions, Most will not have the
right conditions for the development of intelligent life.

“However, in a small number there will be conditions
and parameters as in our universe,” he said. "In those, it
will be possible for intelligent life to develop and ask the
question "Why is the universe as we observe it?’ The only
answer will be that if it were otherwise, there would be
ncbody to ask the question.

“Surprisingly, this principle provides some explana-
tion of many of the remarkable numerical relations that
are observed between the values of different physical
parameters,” he said.,

Brandqn Carter calle this rather curious concept the
“anthropic principle.” Some scientists decry Carter and
Hawking's anthropic principle on the grounds that it
offers no explanation at all. Most theologians have found
the principle perplexing and unsatisfactory, since it does
not clearly call for the work of a creator.

Nobody has yet been able to show that any universe
that emerged out of a flash of creation must possess the
features our universe actually possesses. Maybe for now
the anthropic principle—a sort of half argument that
doesn’t really address our curiosity about the origin of the
universe—is the best that science can do.

Hawking, the most curious of men, admits that the
anthropic principle doesn't come close to providing a true
scientific description of the universe in a real sense. "[f we
are going to rely on the anthropic principle, we still need

some unifying theory to account for the initial conditions
of the universe,” he said,
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Some physicists take the concept very seriously. Jehn
Wheeler at the University of Texas, who has been called
the physicist's physicist, has expanded on the anthropic
idea, and envisions an ensemble of universes in endless
cycles of cosmic expansion and centraction. This takes
place in an arena he calls "superspace,” an infinite-
dimensional space in which every point can correspond to
the entire geometry of a universe.

In superspace there is rcom for nearly every imagin-
able variety of universe—those that collapse after just a
few minutes or those where all stars are green or red.
Most of these superspace universes are stillborn in that
they are lifeless. Wheeler agrees with Hawking and
Carter that cur own universe is uniquely fine-tuned to
produce life, even if in just one small, lost corner.

In this view, mankind might be the crown jewel of all
creation, The universe is the way it is because we have
evolved within it. Wheeler even suggests that a universe
in which life has failed to evolve is a failed universe. And
he has come to believe that a universe constructed go that
life did not evolve within it could not have come into
existence in the first place.

Wheeler calls this the principle of “observership.” It is
an extension of the quantum idea that without an ob-
server there is no subatomic physics. For Wheeler we live
in an observer-dependent, participatory universe, All
physical laws are dependent upon the presence of an ob-
gerver to formulate them.

In fact, he has suggested that this principle leads Lo the
idea that the laws of physics are themselves a counter to
the primordial nothing—total entropy. A universe with-
out an observer is not a universe at all,

Recently, some physicists have come to see a relation-
ghip between their work and the ideas behind Eastern
mysticism. They believe that the paradoxes, odds, and
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probabilities as well as the observer-dependence of quan-
tum mechanics have been anticipated in the writings of
Hinduism, Buddhism, and Taoism. Quantum mechanics,
these so-called new physicists are fond of pointing out, is
really only a rediscovery of Shiva or Mahadeva, the
Hindu horned god of destruction and cosmic dissolution,

Shiva, mentioned as early as the third or fourth cen-
tury B.C., takes several forms. One of them is Natargja,
Fhe four-armed Lord of the Cosmic Dance pictured danc-
ing on a prostrate demon. The god’s dance symbolizes the
perpetual process of universal creation and destruction.
Matter has no substance at all; it is merely the dynamie,
rhythmic gyration of energy coming and going.

David Bohm, professor of theoretical physics at Birk-
beck College, is one of these new theoreticians. He thinks
the human mind’s ability te grasp higher realities is de-
nied or ignored by conventicnal science, Standard science
is a dead end because it analyzes experience into discrete
pieces, The human mind—and particularly the mind of
the.physicistf-—has an overwhelming need to impose cate-
gories on experience,

'As a result, the seamless web of physical reality is di-
vided into separate events that seem to occur only side by
side or in different parts of time and space. By under-
standing Eastern mysticism, Bohm suggests, physicists
can free their minds, at least briefly, from this self-
creabgd prison in order to attain an instant of scientific
creation.

At Cambridge, one of Hawking's colleagues, Brian Jo-
sgphson, actively practices Eastern meditational tech-
niques. Winner of the Nobel Prize in 1973, Josephson
worries about the relationship between human intelli-
gence and the world it observes. He has come to think
that by understanding Eastern mysticism he will gain
insights into objective reality,
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“] think it is absclute rubbish,” said Hawking. I looked
up frem my notebook at him. “Write it down,” he ordered.
“It’s pure rubbish.”

We were in his office on a morning in late spring, We
had been talking about the relationship between the Big
Bang and God and the anthropic principle. I had wanted
to know what he thought of the enthusiasm of some
physicists for finding a link between the energy-matter
exchanges of quantum physics and creation-dissolution
cycles of Eastern mysticism. Niels Bohr, the quantum
pioneer, also asserted that it was a useless endeavor to try
to use quantum mechanics as a springboard for religious,
mystical, or parapsychological speculations.

"The universe of Eastern mysticism is an illusion,”
Hawking said. “A physicist who attempts to link it with
his own work has abandoned physics."”

On April 29, 1980, Hawking was inaugurated as Luca-
sian Professor of Mathematics at Cambridge. The post is
one of the university’s highest, and his elevation to it was
a remarkable achievement, His inaugural lecture, “Is the
End in Sight for Theoretical Physics?,” was read for him
by one of his students.”

It was his belief, Hawking said, that soon mankind
would have a new theory that would explain what the
universe was like at the very beginning and why it
behaves today the way it does. This will require a firmer
understanding of the four forces observed in nature. The
key will be a quantum theory of gravity, which could
easily come within twenty years, Hawking ended the talk
on what he called a “slightly alarmist note.”

“At present, computers are a useful aid in research, but
they have to be directed by human minds,” he said. "How-

“The complete speech has been included in the appendix.
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ever, if one extrapolates their recent rapid rate of devel-
opment, it would seem quite possible that they will take
over altogether in theoreticsl physics.

“So maybe the end is in sight for theoretical physicists
if not for theoretical physics.”

We discussed the talk two years later. I wondered espe-
cially about his closing remarks. "The point ig,” he said,
"that we've come such a long way in the last twenty—or
fifty—years that one can't hope that it will just go on like
that indefinitely.

“So I think it is altogether pessible that we'll either
become bogged down and have no more progress or that
we’ll soon find the unified theory, possibly within twenty
more years,"

I asked Hawking about his own future in physics,

"As far as theoretical physics are concerned, I'm al-
ready over the hill,” said Hawking. “Actually, quite far
over the hill.” He turned forty in January of 1982, With
the characteristically pragmatic outlook that has typified
his battle against stupendous odds for the past two
decades, he explained:

"Well, you know most of the best work in theoretical
physics is done by people at a very early age—usually by
people in their twenties. So being forty is not a stage in
life where one expects to make great discoveries in theo-
retical physics.”

The reason, he suggested, was that a person begins to
lose his mental agility as he ages. “And young people
don’t know any better,” he said. “"When they get a radical
new idea, they're not afraid to take a chance with it.”"

One wonders what keeps Hawking going. Is it stub-
bornness, his reluctance to take even a single day off’
when he has the flu or a bad cold? Or is it some other sort
of mental toughness, a sort of super stiff upper lip, that
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makes Hawking unwilling to complain about, and possi-
bly even unwilling to think about, a condition that would
have destroyed lesser men?

It is probably a little bit of both, Stephen Hawking is
a very tough man, the toughest man I have ever met, But
it goes beyond that. He is our planet's most fully devel-
oped cerebral creature, a man who lives to think.

"I think we'll come to the unifying theory within the
next two decades, probably in a series of small steps,” he
says. "But you know, once we find it, it will rather take
the fun out of theoretical physics.”
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IS THE END

IN SIGHT FOR
THEORETICAL
PHYSICS?

AN INAUGURAL
LECTURE

In this lecture I want to discuss the possibility that the
goal of theoretical physics might be achieved in the not
too distant future, say, by the end of the century. By this
I mean that we might have a complete, consistent, and
unified theory of the physical interactions which would
describe all possible observations. Of course, one has to be
very cautious about making such predictions: We have
thought that we were on the brink of the final synthesis
at least twice before. At the beginning of the century it
was believed that everything could be understood in
terms of continuum mechanicg. All that was needed was
to measure a certain number of coefficients of elasticity,
viscosity, conductivity, ete. This hope was shattered by
the discovery of atomic structure and quantum mechan-
ics. Again, in the late 1920s Max Born told a group of
scientists visiting Gittingen that “physics, as we know it,
will be over in six months.” This was shortly after the
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d.lscovery by Paul Dirac, a previous helder of the Luca-
sian Chair, of the Dirac equation, which governs the be-
havzog‘ of the electron. It was expected that a similar
equation would govern the proton, the only other sup-
posedly elementary particle known at that time. How-
ever, thf; discovery of the neutron and of nuclear forces
disappointed these hopes, We now know in fact that nei-
ther the proton nor the neutron is elementary but that
they are made up of smaller particles, Nevertheless, we
have .made a lot of progress in recent years and, as I shall
describe, there are some grounds for cautious optimism
that we may see a complete theory within the lifetime of'
some of those present here.

Even if we do achieve a complete unified theory, we
shall not be able to make detailed predictions in an.y’ but
the simplest situations. For example, we already know
the p!lysical laws that govern everything that we experi-
ence in everyday life: As Dirac pointed out, his equation
wag the basis of “most of physics and all of chemistry.”
However, we have been able to solve the equation only for
the very simplest system, the hydrogen atom consisting
of one p.roton and one electron. For more complicated
atoms with more electrons, let alone for molecules with
more thaq one nucleus, we have to resort to approxima-
tions a.nd intuitive guesses of doubtful validity. For mac-
roscopic systems consisting of 10** particles or so, we have
to use statistical methods and abandon any pretence of
solving the equations exactly. Although in principle we
know the equations that govern the whole of biclogy, we
have not been able to reduce the study of human beha’vior
to a branch of applied mathematics.

\Vhat.w'ould we mean by a complete and unified theory
of physics? Our attempts at modeling physical reality
normally consist of two parts:
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1. A set of local laws that are obeyed by the various
physical quantities. These are usually formu-
lated in terms of differential equations.

2. Sets of boundary conditions that tell us the state
of some regions of the universe at a certain time
and what effects propagate into it subseguently
from the rest of the universe.

Many people would claim that the role of science was
confined to the first of these and that theoretical physics
will have achieved its goal when we have obtained a com-
plete set of local physical laws. They would regard the
question of the initial conditions for the universe as be-
longing to the realm of metaphysics or religion. In a way
this attitude is similar to that of those who in earlier
centuries discouraged scientific investigation by saying
that all natural phenomena were the work of God and
should not be inquired into. I think that the initial condi-
tions of the universe are as suitable a subject for scientific
study and theory as are the local physical laws. We shall
not have a complete theory until we can do more than
merely say that "things are as they are because they were
as they were.,”

The question of the uniqueness of the initial conditions
is closely related to that of the arbitrariness of the local
physical laws: One would not regard a theory as complete
ifit contained a number of adjustable parameters such as
masses or coupling constants which could be given any
values one liked. In fact it seems that neither the initial
conditions nor the values of the parameters in the theory
are arbitrary but that they are somehow chosen or picked

out very carefully. For example, if the proton-neutron
mass difference were not about twice the mass of the
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electron, one would not obtain the couple of hundred or
so stable nucleides that make up the elements and are the
basis of chemistry and biology. Similarly, if the gravita-
tional mass of the proton wers significantly different, one
would not have had stars in which these nucleides could
have been built up and if the initial expansion of the
universe had been slightly smaller or greater, the uni-
verse would either have collapsed before such stars could
have evolved or would have expanded so rapidly that
stars would never have been formed by gravitational con-
densation. Indeed, some people have gone so far as to
elevate these restrictions on the initial conditions and the
parameters to the status of a principle, the anthropic
principle, which can be paraphrased as “Things are as
they are because we are.” According to one version of the
principle, there is a very large number of different sep-
arate universes with different values of the physical
parameters and different initial conditions. Most of these
universes will not provide the right conditions for the
development of the complicated structures needed for in-
telligent life. Only in a small number, with conditions
and parameters like our own universe, will it be possible
for intelligent life to develop and to ask the question
“Why is the universe as we observe it?” The answer is, of
course, that if it were otherwise, there would not be any-
one to ask the question,

The anthropic principle does provide seme sort of ex-
planation of many of the remarkable numerical relations
that are observed between the values of different physical
parameters. However, it is not completely satisfactory;
one cannet help feeling that there is some deeper expla-
nation. Also, it cannot account for all the regions of the
universe, For example, our solar system is certainly a
prerequisite for our existence as is an earlier generation
of nearby stars in which heavy elements could have been
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formed by nuclear synthesis, It. might even be that tl:::
whole of our galaxy was requn'ed.. But thgre doesln :
seem any necessity for other galaxies to GXISt,. let. ;\ c;x;d
the million million or so of them that we see, dlstr} 'urse
roughly uniformly through.out the obser:vable um;.( Zs it‘
This large-scale homogeneity of the universe mge -
very difficult to hold an antllropocer}trxc view or ;ob 1e1 ?
that the structure of the universe. is determine : tal 3; :
thing so peripheral as some coxpphcated molecular s rui £
tures on a minor planet orbitmg_a very average star
the outer suburbs of a fairly typical spiral gala.xy. .
If we are not going to appeal to the anthropic fpnn}c“e
ples, we need some unifying theory to account o:;‘ :he
initial conditions of the universe and _th.e Valu?;i 0 e
various physical parameters. H?wever, l_t is too difficu 5
think up a complete theory of everything all 'alt ox:etso
(though this does not seem to stop some people; ng o
or three unified theories in the mail r:'ach week}. a e
do instead is to lock for partial theo.nes that w1!l desmd lor
situations in which certain interactions can be ngnp(;‘e 2
approximated in a simple manner. We first d¢1!v1 iter"
material content of the universe into two parts, mt:l i
particles such as quarks, electrons, muons, _ou:., an Tlt?e
teractions' such as gravity, electromagnetism, e.tc.t 2
matter particles are described bg ﬁelds.of'fme-half'::1111 egr D
spin and obey the Pauli exclusion prmcq')le, whic b: g
vents more than one particle of a given kind from llr:?l
in any state, This is the reason tl}at we can have s0 e
bodies that do not collapse to a point or.rn_adlate. atwa{wo
infinity. The matter principles are _dmded in k?; o
groups, the hadrons, which are compo:r'ed of quarks,
the leptons, which comprise the remainder. s
The interactions are divided phenomenolo.gl(l:ia );, rlo i
‘four categories. In order of strength _they are: t ‘e sls = cE
nuclear forces, which interact only with hadrons; e ec135
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magnetism, which interacts with charged hadrons and
leptons; the weak nuclear forces, which interact with all
lhadron's and leptons; and finally, the weakest by far, grav-
ity, which interacts with everything. The interactions are
reprgsented by integer-spin fields which do not obey the
Pauli Exclusion Principle. This means that they can have
many p_articles in the same state, In the case of electro-
magnetlsn_w and gravity, the interactions are also long-
range, which means that the fields produced by a large
number of matter particles can all add up to give a field
that can be detected on a macroscopic scale, For these
reasons the:y were the first to have theories develeped for
them, gravity by Newton in the seventeenth century and
electromagnetism by Maxwell in the nineteenth century.
However, these theories were basically incompatible be-
cause the Newtonian theory was invariant if the whole
system was given any uniform velocity, whereas the Max-
\Y@ll theory defined a preferred velocity, the speed of
light, lt_x the end it turned out to be the Newtenian theory
of.'gravxty .which had to be maodified to make it compatible

wnt_h the invariance properties of the Maxwell theory.

fI‘hxs was achieved by Einstein's general theory of relativ-

ity, which was formulated in 1915,

The general relativity theery of gravity and the Max-
well theo.ry of electrodynamics were what s called classi-
cal tpeOI'xes, that is, they involved quantities which were
continuously variable and which could, in principle at
least, be measured to arbitrary accuracy. However, a
problem arose when one tried to use such theories’to
construct a model of the atom. It had been discovered that
the atom consisted of a small positively charged nucleus
surrounded by a cloud of negatively charged electrons.
Thg natural assumption was that the electrons were in
orbit around the nucleus as the Earth is in orbit around
the sun. However, the classical theory predicted that the
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electrons would radiate electromagnetic waves. These
waves would carry away energy and would cause the
electrons to spiral into the nucleus, producing a collapse
of the atom.

This problem was overcome by what is undoubtedly the
greatest achievement in theoretical physics this century,
the discovery of the quantum thecry. The basic postulate
of this is the Heisenberg uncertainty principle, which
states that certain pairs of quantities, such as the position
and momentum of a particle, cannot be measured simul-
taneously with arbitrary accuracy. In the case of the
atom this meant that in its lowest energy state the elec-
tron could not be at rest in the nucleus because, in that
casge, its position and velocity would both be defined ex-
actly. Inatead, the electron would have to be smeared out
with some probability distribution around the nucleus. In
this state the electron could not radiate energy in the
form of electromagnetic waves because there would be no
lower energy state for it to go to.

In the 19208 and 1930s quantum mechanics was ap-
plied with great success to systems such as atoms or mole-
cules, which have only a finite number of degrees of
freedom. Difficulties arose, however, when people tried to
apply it to the electromagnetic field, which has an infinite
number of degrees of freedom, roughly speaking, two for
each point of space-time. One can regard these degrees of
freedom as oscillators, each with its own position and
momentum. The oscillators cannot be at rest because
then they would have exactly defined positions and
momenta, Instead, each oscillator must have some mini-
mum amount of what are called ""zero-point fluctuations”
and a nonzero energy. The energies of the zero-point fluc-
tuations of all the infinite number of degrees of freedom

would cause the apparent mass and charge of the electron
to become infinite.
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A procedure called renormalization was developed to
overcome this difficulty in the late 1940s. It conasisted of
the rather arbitrary subtraction of certain infinite quan-
titiw. to leave finite remainders. In the case of electrody-
namics, it was necessary ¢ make two such infinite
subtractions, one for the mass and the other for the
charge of the electron. This renormalization procedure
has never been put on a very firm conceptual or mathe-
matical basis, but it has worked quite well in practice, Its
great success was the prediction of a small displacement,
the Lamb shift, in some lines in the spectrum of atomic
hy.drogen. However, it is net very satisfactory from the
point of view of attempts to construct a complete theory
because it does net make any predictions of the values of
the finite remainders left after making infinite subtrac-
tions. Thus, we would have to fall back on the anthrepic
principle to explain why the electron has the mass and
charge that it does.

During the 19503 and 1960s it was generally believed
that the weak and strong nuclear forces were not renor-
malizable; that is, they would require an infinite number
of infinite subtractions to make them finite. There would
be an infinite number of finite remainders which were not
detex:mined by the theory. Such a theory would have no
predlctive power because one could never measure all the
infinite number of parameters. However, in 1971 'tHooft
showed that a unified model of the electromagnetic and
weak interactions that had been earlier proposed by
Salam and Weinberg was indeed renormalizable with
only a finite number of infinite subtractions. In the
Salam-Weinberg theory the photon, the spin-1 particle
that carries the electromagnetic interaction, is joined by
three other spin-1 partners called W+, W, and Z°. At
very high energies these four particles are all predicted
to behave in a similar manner, However, at lower ener-
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gies a phenomenon called “spontanecus symmetry break-
ing" is invoked to explain the fact that the photon has
zero rest mass whereas the W*, W-, and Z° are all very
massive, The low energy predictions of this theory have
agreed remarkably well with observation, and this led
the Swedish Academy last year to award the Nobel Prize
to Salam, Weinberg, and Glashow, who had also con-
structed similar unified theories. However, Glashow him-
self remarked that the Nobel Committee really took
rather a gamble because we do not yet have particle accel-
erators of high enough energy to test the theory in the
regime where unification between the electromagnetic
forces, carried by the photon, and the weak forces, carried
by the W*, W7, and Z° really occurs. Sufficiently power-
ful accelerators will be ready in a few years, and most
physicists arve confident that they will confirm the Salam-
.Weinberg theory.

The success of the Salam-Weinberg theory led to the
search for a similar renormalizable theory of the strong
interactions. It was realized fairly early on that the pro-
ton and other hadrons such as the pi mesen could not be
truly elementary particles, but that they must be bound
states of other particles called quarks. These seem to have
the curious property that, although they can move fairly
freely within a hadron, it appears to be impossible to
obtain just one quark on its own; they always come either
in groups of three (like the proton or neutron) or in pairs
consisting of a quark and antiquark (like the pi meson).
To explain this, quarks were endowed with an attribute
called color. It should be emphasized that this has noth-
ing to do with our normal perception of color; quarks are
far too small to be seen by visible light. It is merely a
convenient name, The idea is that quarks come in three
colors—red, green, and blue—but that any izolated bound
state such as a hadron has to be colorless, either a combi-
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nation of red, green, and blue like the proton or a mixture
of red and antired, green and antigreen, and blue and
antiblue like the pi meson.

The strong interactions between the uarks are su
posed to be carried by spin-1 particlesq called gluon:
rather like the particles that carry the weak interaction.
The gluons also carry color, and they and the quarks obey
a rencrmalizable theory called quantum chromodynam-
ics, or QCD for short. A consequence of the renorn;aliza-
tion procedure is that the effective coupling constant of
the theory depends on the energy at which it is measured
and de'creases to zero at very high energies. This phenom-
eron js known as asymptotic freedom. It means that
gua::ks inside a hadron behave almost like free particles
in high-energy collisions so that thejr interactions can be
t.reated successfully by perturbation theory. The predic-
tions of perturbation theory are in reasonable qualitative
agr.eement with observation, but one cannot yet really
claim that the theory has besn experimentally verified,
At low energies the effective coupling constant becomes
very large and perturbation theory breaks down. It is
hoped that this “infrared glavery” will explain why
quarks are always confined in colorless bound states but
g0 fa.r no one has been able to demonstrate this really
convincingly.

Havix}g obtained one renormalizable theory for the
strong interactions and another one for the weak and
electromagnetic interactions, it was natural to look for a
theory which combined the two. Such theories are given
the rather exaggerated title of “grand unified theories"” or
GUTs, This is rather misleading because they are neither
all that grand, nor fully unified, nor complete theories in
t!aat they have a number of undetermined renormaliza-
tion parameters such as coupling constants and masses,
Nevertheless they may be a significant step toward a
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complete unified theory. The basic idea is that the effec-
tive coupling constant of the strong interactions, which is
large at low energies, gradually decreases at high ener-
gies because of asymptotic freedom. On the other hand,
the effective coupling constant of the Salam-Weinberg
theory, which is small at low energies, gradually in-
creases at high energies because this theory is not asymp-
totically free. If one extrapolates the low-energy rate of
increase and decrease of the coupling constants, one finds
that the two coupling constants become equal at an en-
ergy of about 10°® GeV. The theories propose that above
this energy the strong interactions are unified with the
weak and electromagnetic interactions but that at lower
energies there is spontaneous symmetry breaking.

An energy of 10'° GeV is way and beyond the scope of
any laboratory experiment: The present generation of
particle accelerators can produce center-of-mass ener-
gies of about 10 GeV, and the next generation will pro-
duce energies of 100 GeV or so. This will be sufficient to
investigate the energy range in which the electromag-
netic forces should become unified with the weak forces
according to the Salam-Weinberg theory but not the
enormously high energy at which the weak and electro-
magnetic interactions would be predicted to become
unified with the strong interactions. Nevertheless there
can be low-energy predictions of the grand unified theo-
ries that might be testable in the laboratory. For exam-
ple, the thecries predict that the preton should not be
completely stable but should decay with a lifetime of
order 10 years. The present experimental lower limit
on the lifetime is about 10°° years, and it should be pos-
sible to improve this.

Another observable prediction concerns the ratio of
baryens to photons in the universe. The laws of physics
geem to be the same for particles and antiparticles. More
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pregise]y. they are the same if particles are replaced by
antiparticles, right-handed is replaced by left-handed
and the velecities of all particles are reversed. This is;
knq\vn as the CPT theorem, and it is a censequence of
basic assumptions that should hold in any reasonable
Fheor_v. Yet the earth and indeed the whole solar system
is made up‘ot‘ protons and reutrons without any antipro-
tons or antireutrons, Indeed, such an imbalance between
garticles and antiparticles is yet another a priori condi-
tion for our existence, for if the solar system were com-
posed of an equal mixture of particles and antiparticles,
t!ley would all annihilate each other and leave just radia-
tz.on: From the observed absence of such annihilation ra-
diation we can conclude that our galaxy is made entirely
o{' particles rather than antiparticles. We do not have
direct evidence about other galaxies, but it seems likely
that they are composed of particles and that in the uni-
verse as a whole there is an excess of particles over an-
tiparticles of about one particle per 10° photons. One
cog]d' try to account for this by invoking the anthropic
prm'clple. but grand unified theories actually provide a
possible mechanism for explaining the imbalance. Al-
though al_l interactions seem to be invariant under the
combination of C (replace particles by antiparticles), P
(qhange right-handed to left-handed), and T (reverse t’he
dnrf:ctxon of time), there are known to be interactions
which are not invariant under T alone. In the early uni-
verse, in which there is a very marked arrow of time
given by the expansion, these interactions could produce
more particles than antiparticles, However, the number
th‘g mbz;ke ist very nlllodel-dependent. so that agreement
with cbservation is hardly nfirmati
ey ¥ a confirmation of the grand
So far most of the effort has been devoted to unifying
the first three categories of physical interactions, the
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streng and weak nuclear forces and electromagnetism.
The fourth and last, gravity, has been neglected. One
justification for this is that gravity is so weak that quan-
tum gravitational effects weuld be large only at particle
energies way beyond those in any particle accelerator.
Another is that gravity does not seem to be renormaliza-
ble: In order to chtain finite answers it seems that one
may have to make an infinite number cf infinite subtrac-
tions with a correspondingly infinite number of undeter-
mined finite remainders. Yet ene must include gravity if
one is to obtain a fully unified theory. Furthermore the
classical theory of general relativity predicts that there
should be space-time singularities at which the gravita-
tional field would become infinitely strong. These sin-
gularities would oceur in the past at the beginning of the
present expansion of the universe (the Big Bang) and in
the future in the gravitational collapse of stars and, possi-
bly, of the universe itself, The prediction of singularities
presumably indicates that the classical theory will break
down. However, there seems to be no reason why it
should break down until the gravitational field becomes
strong enough so that quantum gravitational effects are
important. Thus, a quantum theory of gravity is essential
if we are to describe the early universe and to give some
explanation for the initial conditions beyond merely ap-
pealing to the anthropic principle.

Such a theory is also required if we are to answer the
question, Does time really have a beginning and, possibly,
an end as is predicted by classical general relativity, or
are the singularities in the Big Bang and the Big Crunch
smeared out in some way by quantum eflects? This is a
difficult question to give a well-defined meaning to when
the very structure of space and time themselves are sub-
ject to the uncertainty principle. My personal feeling is
that singularities are probably still present, though one

143



STEPHEN HAWKING'S UNIVERSE

can continue time past them in a certain mathematical
sense. However, any subjective concept of time that was
related to consciousness or the ability to perform mea-
surements would come to an end,

What are the prospects of obtaining a quantum theory
of gravity and of unifying it with the other three catego-
ries of interactions? The best hope seems to lie in an
ex.tension of general relativity called supergravity. In
this the graviton, the spin-2 particle that carries the
gravitational interaction, is related to a number of other
ﬁeld.s of lower spin by so-called supersymmetry transfor-
mations. Such a theory has the greater merit that it does
away with the old dichetomy between “matter," repre-
sgnted by particles of one-halfinteger spin, and "interac-
tions,” represented by integer-spin particles. It also has
thg great advantage that many of the infinites which
arise in quantum theory cancel each other out, Whether
or not they all cancel out to give a theory which is finite
without any infinite subtractions is not yet known. It is
hoped that they do because it can be shown that theories
which include gravity are either finite or nonrenormaliz-
able; that is, if cne has to make any infinite subtractions,
th'en one will have to make an infinite number of them
with a corresponding infinite number of undetermined
remainders. Thus, if all the infinities in supergravity turn
out to cancel each other out, we could have a theory
ys'hich not only fully unified all the matter particles and
interactions, but which was also complete in the ssnse
that it did not have any undetermined renormalization
parameters,

Although we-do not yet have a proper quantum theory
of gravity, let alone one which unifies it with the other
physical interactions, we have an idea of some of the
features it should have. One of these is connected with
the fact that gravity affects the causal structure of space-
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time; that is, gravity determines which events can be

causally related to each other. An example of this in the

classical theory of general relativity is provided by a

black hole, which is a region of space-time in which the

gravitational field is so strong that any light or other

signal is dragged back into the region and cannot escape

to the cutside world. The intense gravitational field near

the black hole causes the creation of pairs of particles and

antiparticles, one of which falls into the black hole and

the other of which escapes to infinity. The particle that
escapes appears to have been emitted by the black hole.

An observer at a distance from the black hole can mea-
sure only the outgoing particles, and he cannot correlate
them with those that fell into the hole because he cannot
observe them. This means that the outgeing particles
have an extra degree of randomness or unpredictability
over and above that usually associated with the uncer-
tainty principle. In normal situations the uncertainty
principle implies that one can definitely predict either
the position or the velocity of a particle or one combina-
tion of position and velocity. Thus, roughly speaking,
one's ability to make definite predictions is halved. How-
ever, in the case of particles emitted from a black hole,
the fact that one cannot chserve what is going on inside
the black hole means that one can definitely predict ne:-
ther the positions nor the velocities of the emitted parti-
cles. All one can give are probabilities that particles will
be emitted in certain modes.

It seems, therefore, that even if' we find a unified the-
ory, we may be able to make only statistical predictions.
We would also have to abandon the view that there is a
unique universe that we observe, Instead, we would have
to adopt a picture in which there was an ensemble of all
possible universes with some probability distribution,
This might explain why the universe started offin the Big
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Bang in almost perfect thermal equilibrium, because
thermal equilibrium would correspond to the largest
number of - microscopic configurations and hence the
greatest probability. To echo Voltaire’s philosopher Pan-
gloss, “We live in the most probable of all possible
worlds.”

What are the prospects that we will find a complete
unified theory in the not too distant future? Each time we
have extended our observations to smaller length scales
and higher energies, we have discovered new layers of
structure. At the beginning of the century, the discovery
of Brownian motion with a typical energy particle of 3
% 107% eV showed that matter was not continuous but
was made up of atoms. Shortly thereafter it was discov-
ered that these supposedly indivisible atoms were made
up of'electrons revolving about a nucleus with energies of
the order of a few electron-volts. The nucleus in turn was
found to be composed of so-called elementary particles,
protons and neutrons, held tegether by nuclear bonds of
the order of 10® eV, The latest epizode in this story is that
we have found that the proton and the neutron are made
up of quarks held together by bonds of order 10° V. It is
a tribute to how far we have come already in theoretical
physics that it now takes encrmous machines and a great
deal of money to perform an experiment whose results we
cannct predict.

Our past experience might suggest that there is an
infinite sequence of layers of structure at higher and
higher energies. Indeed, such a view of an infinite regress
of boxes within boxes was official dogma in China under
the Gang of Four. However, it seems that gravity should
previde a limit but only at the very short length scale of
107%" em or the very high energy of 10*® eV. On length
scalea shorter than this, one would expect that space-time
would cease to behave like a smooth continuum and that
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it would acquire a foamlike structure because of quantum
fluctuations of the gravitational field.

There is a very large unexplored region between our
present experimental limit of about 10' eV and the
gravitational cutoff at 10** eV, It might seem naive to
assume, as grand unified theories do, that there are only
one or two layers of structure in this enormous interval,
However, there are grounds for optimism: At the moment
at least it seems that gravity can be unified with the other
physical interactions only in some supergravity theory.
There appear to be only a finite number of such theories.
In particular, there is a largest such theory, the so-called
N = 8 extended supergravity. This contains one graviton,
eight gpin-% particles called gravitinos, twenty-eight
spin-1 particles, fifty-six spin-Y2 particles, and seventy
particles of spin 0. Large as these numbers are, they are
not large enough to account for all the particles that we
seem to observe in strong and weak interactions. For
instance, the N = 8 theory has twenty-eight spin-1 parti-
cles. These are sufficient to account for the gluons that
carry the strong interactions and two of the four particles
that carry the weak interactions, but not the other two.
One would therefore have to believe that many or most
of the observed particles such as gluons or quarks are not
really elementary as they seem at the moment but that
they are bound states of the fundamental N' = 8 parti-
cles. It is not likely that we shall have accelerators power-
ful enough to probe these composite structures within the
foreseeable future, or indeed ever, especially if one makes
a projection based on the current economic trends. Never-
theless, the fact that these bound states arose from the
well-defined N = 8 theory should enable us to make a
number of predictions that could be tested at energies
that are accessible now or will be in the near future. The
gituation might thus be similar to that for the Salam-
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Weinberg theory unifying electromagnetism and weak
interactions. The low-energy predictions of this theory
are in such good agreement with observation that the
theory is now generally accepted even though we have
not yet reached the energy at which the unification
should take place.

There ought to be something very distinctive about the
theory that describes the universe. Why does this theory
come to life while other theories exist only in the minds
of their inventors? The N = 8 supergravity theory does
have some claims to be special. [t seemns that it may be the
only theory:

1. which is in four dimensions
2. incorporates gravity
3. which iz finite without any infinite subtractions

I have already pointed out that the third property is nec-
essary if we are to have a complete theory without param-
eters. It is, however, difficult to account for properties 1
and 2 without appealing to the anthropic principle. There
seems Lo be a consistent theory which satisfies properties
1 and 3 but which does not include gravity. However, in
such a universe there would probably not be sufficient in
the way of attractive forces to gather together matter into
the large aggregates which are probably necessary for the
development of complicated structures. Why space-time
should be four-dimensional is a question that is normally
considered to be outside the realm of physics, However,
there is a good anthropic principle argument for that, too.
Three space-time dimenzions—that is, two space and one
time—are clearly insufficient for any complicated orga-
nism. On the other hand, if there were more than three
spatial dimensions, the orbits of planets around the sun
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or electrons around a nucleus would be unstable and they
would tend to spiral inward. There remains the possibil-
ity of more than one time dimension, but I for one find
such a universe very hard to imagine.

So far [ have implicitly assumed that there is an ulti-
mate theory. But is there? There are at least three pos-
sibilities:

1. There is a complete unified theory.

2. There is no ultimate theory, but there is an infi-
nite sequence of theories which are such that any
particular class of observations can be predicted
by taking a theory sufficiently far down the
chain.

3. There is no theory. Observations cannot be de-
scribed or predicted beyond a certain peint but
are just arbitrary.

The third view was advanced as an argument against the
scientists of the seventeenth and eighteenth centuries.
“How could they formulate laws which would curtail the
freedom of God to change his mind?” Nevertheless they
did, and got away with it. In modern times we have effec-
tively eliminated possibility 3 by incorporating it within
our echeme: Quantum mechanics is essentially a theory
of what we do not know and cannot predict.

Possibility 2 would amount to the picture of an infinite
sequence of structures at higher and higher energies. As
I said before, this seems unlikely because one would ex-
pect that there would be a cutoff at the Planck energy of
102# @V, This leaves us with possibility 1. At the moment
the N = 8 supergravity theory is the only candidate in
sight. There are likely to be a number of crucial calcula-
tions within the next few years which have the possibility
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of showing that the theory is no good. If the theory sur-
vives these tests, it will probably be some years more
before we develop computational methods that will en-
able us to make predictions and before we can account for
the initial conditions of the universe as well as the local
physical laws, These will be the outstanding problems for
theoretical physicists in the next twenty years or so. But,
to end on a slightly alarmist note, they may not have
much more time than that. At present, computers are a
useful aid in research, but they have to be directed by
human minds, However, if one extrapolates their recent
rapid rate of development, it would seem quite possible
that they will take over altogether in theoretical physics.
So maybe the end is in sight for theoretical physicists if
not for theoretical physics.
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