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La question de l’origine cache l’origine de la question.
The question of the origin hides the origin of the question.

—François Jacqmin



PREFACE

the door to stephen hawking’s office was olive green, and, though it
was right off of the bustling common room, Stephen liked it to be slightly
open. I knocked and entered, feeling as though I’d been transported into a
timeless world of contemplation.

I found Stephen sitting quietly behind his desk, facing the entrance, with
his head, too heavy to hold straight, leaning against a headrest on his
wheelchair. He slowly raised his eyes and greeted me with a welcoming
smile, as if he had been expecting me all along. His nurse offered me a seat
next to him and I glanced at the computer on his desk. A screen saver
scrolled perpetually across the screen: To boldly go where Star Trek fears to
tread.

It was mid-June of 1998, and we were deep in the labyrinth of DAMTP,
Cambridge’s renowned Department of Applied Mathematics and
Theoretical Physics. DAMTP was housed in a creaking Victorian building
on the Old Press site on the banks of the river Cam, and for nearly three
decades, this had been Stephen’s base camp, the nexus of his scientific
endeavors. It was here that he, wheelchair bound and unable to lift even a
finger, had passionately strived to bend the cosmos to his will.

Stephen’s colleague Neil Turok had told me the master wanted to see me.
It was Turok’s animated course, part of DAMTP’s famous advanced math
degree, that had recently kindled my interest in cosmology. Stephen had got



wind, it seemed, that my exam results were excellent and wanted to see if
I’d make a good doctoral candidate under his wing.

Stephen’s dusty old office stuffed with books and scientific papers felt
cozy to me. It had high ceilings and a large window that, I would later find
out, he kept open even on freezing cold winter days. On the wall next to the
doorway was a picture of Marilyn Monroe; below it a framed and signed
photograph of Hawking playing poker with Einstein and Newton on the
holodeck of the Enterprise. Two blackboards filled with mathematical
symbols occupied the wall to our right. One featured a recent calculation to
do with Neil and Stephen’s latest theory of the origin of the universe but the
drawings and formulas on the second one appeared to date from the early
1980s. Could they be his last handwritten scrawls?

Figure 1. This blackboard hung in Stephen Hawking’s office at the University of Cambridge as a
memento from a conference on supergravity he convened in June 1980. Filled with doodles,
drawings, and equations, it is as much a work of art as a glimpse into the abstract universe of
theoretical physicists. Hawking is drawn in the center near the bottom, with his back toward us.[1]

(See color version, plate 10 in the insert.)

A soft clicking broke the silence. Stephen had started talking. Having
lost his natural voice in a tracheotomy following a bout of pneumonia more



than a decade before, he now communicated through a disembodied
computer voice. This was a slow, laborious process.

Mustering the last bit of force in his atrophied muscles, he exerted a
feeble pressure on a clicking device, much like a computer mouse, which
had been placed carefully in the palm of his right hand. The screen fitted to
an arm of his wheelchair lit up, establishing a virtual lifeline between his
mind and the outside world.

Stephen used a computer program called Equalizer that had a built-in
database of words and a speech synthesizer. He appeared to navigate
Equalizer’s electronic dictionary instinctively, pressing the clicker
rhythmically as if it were dancing to his brain waves. A menu on the screen
displayed a number of frequently used words and the letters of the alphabet.
The program’s database included theoretical physics jargon, and the
program anticipated his next word choice, displaying five options in the
bottom row of the menu. Unfortunately, word selection was based on an
elementary search algorithm, which failed to distinguish between general
conversation and theoretical physics, with sometimes hilarious results, from
cosmic microwave risotto to extra sex dimensions.

Andrei claims appeared on the screen below the menu. I waited, in
hushed expectation, fervently hoping that I would understand whatever
followed. A minute or two later Stephen directed the cursor to the icon
“Speak” in the upper left corner of the screen and said, in his electronic
voice, Andrei claims there are infinitely many universes. This is outrageous.

There we had it—Stephen’s opening shot.
Andrei was the celebrated American-Russian cosmologist Andrei Linde,

one of the founding fathers of the cosmological theory of inflation,
proposed in the early 1980s. A refinement of the big bang theory, it
postulates that the universe began with a brief burst of superfast expansion
—inflation. Linde later concocted an extravagant extension of his theory, in
which inflation produced not one but many universes.

I used to think of the universe as all there is. But how much is that? In
Linde’s scheme, what we have been calling “the universe” would be only a
sliver of a vastly larger “multiverse.” He envisaged the cosmos as an



enormous swelling expanse of countless different universes lying far
beyond one another’s horizons, like islands in an ever-inflating ocean.
Cosmologists were in for a wild ride. Stephen, the most adventurous of
them all, had taken note.

Why worry about other universes? I asked.
Stephen’s answer was enigmatic. Because the universe we observe

appears designed, he said. Then, as he continued clicking, Why is the
universe the way it is? Why are we here?

None of my physics teachers had ever spoken about physics and
cosmology in such metaphysical terms.

“Isn’t that a philosophical matter?” I tried.
“Philosophy is dead,” Stephen said, eyes twinkling, ready to engage. I

wasn’t quite ready, but I couldn’t help thinking that for someone who had
renounced philosophy, Stephen used it liberally—and creatively—in his
work.

—

There was a touch of magic about Stephen. With barely a flicker of motion,
he breathed so much life into our conversation. He conveyed a magnetism
and charisma that I had rarely seen. His broad smile and expressive face,
simultaneously warm and playful, made even his robotic voice sound rich
with personality and drew me deeper into the cosmic mysteries he
pondered.

Like the Oracle of Delphi, he had mastered the art of packing a lot into a
few words. The result was a unique way of thinking and talking about
physics and, as I shall describe, a new physics altogether. But that concision
also meant that even a minor clicking glitch such as a single missing word
—“not,” for instance—could, and often did, lead to frustration and
confusion. That afternoon, however, I didn’t mind being immersed in
confusion, and I was thankful that Stephen’s browsing of Equalizer gave me
time to consider my responses.



I knew that when Stephen said that the universe appears designed, he
was referring to the extraordinary observation that it emerged from its
violent birth spectacularly well configured to sustain life—if billions of
years in the future. This convenient fact has, in one way or another,
bedeviled thinkers for centuries because it feels like a major fix. It’s almost
as if the geneses of life and the cosmos are entwined with each other, that
the cosmos knew all along that one day it would be our home. What are we
to make of this mysterious appearance of intent? It is one of the central
questions humans ask about the universe and Stephen felt deeply that
cosmological theory had something to say about it. The prospect—or hope
—of being able to crack the riddle of cosmic design drove much of his
work indeed.

This itself was exceptional. Most physicists prefer to steer away from
such difficult, seemingly philosophical matters. Or they believe that one day
it will turn out that the universe’s delicately crafted architecture follows
from an elegant mathematical principle at the core of the theory of
everything. If this were the case, the universe’s apparent design would seem
like a lucky accident, a serendipitous consequence of objective and
impersonal laws of nature.

But neither Stephen nor Andrei was your usual physicist. Reluctant to
bet on the beauty of abstract mathematics, they felt that the uncanny fine-
tuning of the universe that engendered life tapped into a deep problem at the
roots of physics. Not content to merely apply the laws of nature, they
sought a more expansive view of physics that included questioning the very
origin of the laws. This led them to ponder the big bang, for it was
presumably at the universe’s birth that its law-like design was laid out. And
it was on its birth that Stephen and Andrei strongly disagreed.

Andrei envisaged the cosmos as a gigantic ballooning space in which
many big bangs continually produce new universes, each with its own
physical properties, as if the latter were little more than our local cosmic
weather. We should not be surprised to find ourselves in a rare universe
suited to life, he argued, for we obviously couldn’t exist in one of the many
universes where life is impossible. Any impression of a grand design behind



it all would be an illusion in Linde’s multiverse, stemming from our limited
view of the cosmos.

Stephen argued that Linde’s grand cosmic extension, from universe to
multiverse, was a metaphysical fantasy that didn’t explain anything,
although I sensed that he couldn’t quite prove it. Nonetheless, I found it
intriguing and exciting that the world’s most eminent cosmologists, while
strongly disagreeing, were debating these foundational questions with such
strong conviction.

Doesn’t Linde invoke the anthropic principle, the condition that we exist,
to pick out a biofriendly universe in the multiverse? I ventured.

Stephen turned his eyes, looked at me, and slightly moved his mouth,
leaving me puzzled. Later I would learn that this meant he disagreed. When
he realized I hadn’t been introduced to the sort of nonverbal layer of
communication practiced within his inner circle, he turned his eyes back to
the screen and set out to construct a whole new sentence. Two sentences, in
fact.

The anthropic principle is a counsel of despair, he wrote, my
bemusement mounting in sync with his clicking. It is a negation of our
hopes of understanding the underlying order of the universe, on the basis of
science.

Well, this was surprising. Having read A Brief History of Time, I was
well aware that the early Hawking had frequently flirted with the anthropic
principle as part of the explanation for the universe. A cosmologist at heart,
Stephen had appreciated early on the surprising resonances between the
large-scale physical properties of the universe and the existence of life as
such. As far back as the early 1970s he had advanced an anthropic argument
—wrongly, it turned out—as an explanation for why the expansion of the
universe proceeded at the same rate in all three directions of space.[2] Had
he changed his mind on the merits of anthropic reasoning in cosmology?

While Stephen took a medical pit stop to clear his trachea, I looked
around his office. Copies of A Brief History of Time translated into exotic
languages were piled high on a shelf that stretched across the length of the
wall on our left. I wondered what else was in there that he no longer



subscribed to. Next to these brief histories I noticed a row of his former
graduate students’ PhD dissertations. Starting in the early 1970s Stephen
had established a celebrated school of thought at Cambridge, which had
always included a small circle of rotating graduate students and
postdoctoral scholars.

The titles of their dissertations touched on some of the most profound
questions physics had grappled with in the late twentieth century. From the
1980s I saw Brian Whitt’s Gravity: A Quantum Theory? and also Raymond
Laflamme’s Time and Quantum Cosmology. Fay Dowker’s Spacetime
Wormholes and the Constants of Nature took me to the early 1990s when
Stephen and his colleagues thought wormholes—geometric bridges across
space—influenced the properties of elementary particles. (Stephen’s friend
Kip Thorne would later put wormholes to use in the movie Interstellar, to
get Cooper back to the solar system.) To Fay’s right stood Problems in M
Theory by Marika Taylor, Stephen’s most recent academic offspring.
Marika had worked under Stephen in the midst of the second string theory
revolution when the theory morphed into a much larger web known as M-
theory, and Stephen finally began to warm up to the idea.

All the way to the left on the shelf stood two copies of an older book
with a thick green cover, Properties of Expanding Universes. This was
Stephen’s own PhD dissertation, going back to the mid-1960s, to the time
when the large Holmdel Horn Antenna at Bell Telephone Labs picked up
the first echoes from the hot big bang in the form of faint microwave
radiation. Stephen proved in his thesis that if Einstein’s theory of gravity
was right, then the mere existence of these echoes meant time must have
had a beginning. Now how did that square with Andrei’s multiverse we
were just talking about?

Immediately to the right of Stephen’s, I saw Gary Gibbons’s
Gravitational Radiation and Gravitational Collapse. Gibbons was
Stephen’s first PhD student, in the early 1970s, during a time when the
American physicist Joe Weber claimed to hear frequent bursts of
gravitational waves coming from the center of the Milky Way. The intensity
of gravitational radiation he reported was so high that it seemed the galaxy



was losing mass at a rate that could not be sustained for eons—if this were
true, there would soon be no galaxy left. Captivated by this paradox,
Stephen and Gary toyed with the idea of constructing their own
gravitational-wave detector in the basement of DAMTP. This was a narrow
escape; rumors of gravitational waves turned out to be false and it would be
another forty years before LIGO, the Laser Interferometer Gravitational-
Wave Observatory, would finally succeed in detecting these elusive rippling
vibrations.

Stephen usually took on one new graduate student every year to work
with him on one of his high-risk high-gain projects, to do with either black
holes—collapsed stars hidden behind a horizon—or with the big bang. He
tried to alternate, assigning one student to work on black holes and the next
one to work on the big bang so that at any time his circle of graduate
students covered both strands of his research. He did this because black
holes and the big bang were like yin and yang in his thinking—many of
Stephen’s key insights into the big bang can be traced to ideas he first
developed in the context of black holes.

Both inside black holes and at the big bang, the macroworld of gravity
truly merges with the microworld of atoms and particles. Under these
extreme conditions, Einstein’s relativity theory of gravity and quantum
theory had better work together. Except they don’t, and this is widely
viewed as one of the biggest unsolved problems in physics. For example,
both theories embody a radically different view of causality and
determinism. Whereas Einstein’s theory adheres to the old determinism of
Newton and Laplace, quantum theory contains a fundamental element of
uncertainty and randomness and retains only a reduced notion of
determinism, about half of what Laplace thought it was. Over the years,
Stephen’s gravity group and its diaspora had done more than any research
group in the world to expose the deep conceptual questions that arise when
one tries to marry the seemingly contradictory principles of these two
physical theories into a single harmonious framework.

Meanwhile Stephen was “sorted out,” as his nurse put it, and had started
clicking again. (A second pause in our conversation that afternoon involved



watching a preview of an episode of The Simpsons in which Stephen
appeared and that he had been asked to vet.)

I want you to work with me on a quantum theory of the big bang…
I had apparently arrived in a big bang year.
…to sort out the multiverse. He looked up at me with a broad smile, eyes

twinkling again. This was it. Not by philosophizing or by an appeal to the
anthropic principle but by weaving quantum theory deeper into cosmology
were we to get a grip on the multiverse. The way he had put it made it
sound like an ordinary homework problem, and though I could discern from
his face that we had already started working, I had no clue in which
direction spaceship Hawking was heading.

I am dying…appeared on the screen.
I froze. I glanced at his nurse who was reading quietly in a corner of the

office. I looked back at Stephen, who seemed fine, as far as I could tell, and
continued clicking away.

…for…a…cup…of…tea.
This was Britain and it was four p.m.

—

universe or multiverse? Design(er) or not? This was the fateful
question that would keep us occupied for twenty years. One homework
problem led to another and soon Stephen and I found ourselves in the midst
of what would become one of the most heated debates in theoretical physics
in the first part of the twenty-first century. Nearly everyone had an opinion
on the multiverse, though no one quite fathomed what to make of it. What
started out as a doctoral project under his supervision evolved into a
wonderfully intense collaboration ending only with Stephen’s passing on
March 14, 2018.

At stake in our work wasn’t just the nature of the big bang, that enigma
at the heart of existence, but also the deeper meaning of the laws of nature
as such. What is it, ultimately, that cosmology finds out about the world?
How do we fit into it? Such considerations take physics far out of its



comfort zone. Yet this was exactly where Stephen liked to venture into and
where his unmatched intuition, forged through decades of profound
cosmological thinking, proved prophetic.

Like so many scholars before him, the early Hawking regarded the
fundamental laws of physics as immutable, timeless truths. “If we do
discover a complete theory…we would truly know the mind of God,” he
wrote in A Brief History of Time. More than ten years on, however, during
our first meeting—and with Linde’s multiverse breathing down our neck—I
sensed he felt a crack in this position. Does physics really provide godlike
foundations operating at the big bang origin of time? Do we need such
foundations?

We were soon to discover that the Platonic pendulum in theoretical
physics had swung too far indeed. When we trace the universe back to its
earliest moments, we encounter a deeper level of evolution, at which the
physical laws themselves change and evolve in a sort of meta-evolution.
The rules of physics transmute in the primeval universe, in a process of
random variation and selection akin to Darwinian evolution, with particle
species, forces, and, we will argue, even time fading away into the big bang.
Stronger still, Stephen and I came to see the big bang not only as the
beginning of time but also as the origin of physical laws. At the heart of our
cosmogony lies a new physical theory of the origin, which, we came to
realize, at the same time encapsulates the origin of theory.

Working with Stephen was a voyage not only to the fringes of space and
time but also deep into his mind—into what made Stephen Stephen. Our
shared quest meant we grew close. He was a true seeker. Being around him,
one could not fail to be influenced by his determination, and by his
epistemic optimism that we could tackle these mystifying cosmic questions.
Stephen made us feel like we were writing our own creation story, which, in
a sense, we did.

And physics was fun! With Stephen you never quite knew when work
ended and the party began. His insatiable passion to understand was
matched only by his zest for life and his spirit for adventure. In April 2007,
a few months after his sixty-fifth birthday, he took part in a zero-gravity



flight aboard a specially equipped Boeing 727, which he saw as a prelude to
a trip to space, all while his doctors panicked about him crossing the
Channel on the Eurostar to come visit me in Belgium.

Meanwhile, with his natural voice permanently silenced and too weak
now to move even a finger, he nevertheless became the biggest science
communicator of our age. Inspired by a deep sense that we are part of a
grand scheme that is written across the sky, waiting, as it were, for us to
unravel, he shared his joy for discovery with a worldwide audience.
Midway through our collaboration he wrote a book, The Grand Design,
which reflects our confusion at the time. In it Stephen clings to the
anthropic principle, the multiverse, and the idea of a final theory of
everything, down to its rivalry with a God-created universe. But The Grand
Design also contains the first traces of the new cosmological paradigm that
would crystallize in our work a few years later. Shortly before his death,
Stephen told me that it was time for a new book. This is that book. In the
next few chapters I describe our journey back to and into the big bang, and
how this journey ultimately led Hawking to discard the multiverse and
replace it with a startling new perspective on the origin of time, profoundly
Darwinian in spirit and nature and offering a radically revised
understanding of the grand cosmic design.

We would often be joined in our endeavors by the American physicist
Jim Hartle, Stephen’s longtime collaborator with whom in the early 1980s
he had pioneered the subject of quantum cosmology. Over the years the pair
acquired a real knack for seeing the universe through a quantum lens. Even
the language between them embodied their quantum thinking, as if they
were wired differently. For example, by “the universe” cosmologists usually
mean the stars and the galaxies and the vast space around us. When Jim or
Stephen said “the universe,” they meant the abstract quantum universe,
awash in uncertainty, with all its possible histories living in some sort of
superposition. But it was precisely their thoroughly quantum outlook that
eventually made a genuine Darwinian revolution possible in cosmology.
The later Hawking took quantum theory seriously—very seriously indeed—
and decided to run with it, employing it to rethink the universe on the very



largest scales. Quantum cosmology would be the field of research where
Stephen remained at the forefront till the end of his life.

When a while into our collaboration he lost the remaining strength in his
hand to press the clicker he used to converse, Stephen switched to an
infrared sensor mounted on his glasses that he activated by slightly
twitching his cheek. But eventually this too became difficult.
Communication slowed, from a few words per minute to minutes per word,
before basically grinding to a halt, even as demand for his voice
skyrocketed.[3] Here was the world’s most celebrated apostle of science,
unable to talk. But Stephen wouldn’t give up. With our intellectual
connection deepened through years of close collaboration we moved
increasingly beyond verbal communication. Bypassing Equalizer, sensors,
and clickers, I would position myself in front of him, clearly in his field of
vision, and probe his mind by firing questions. Stephen’s eyes would light
up brightly when my arguments resonated with his intuition. We would then
build on this connection, navigating and exploiting the common language
and mutual understanding we had forged over the years. It is out of these
“conversations” that, slowly but steadily, Stephen’s final theory of the
universe was born.

There are critical junctures in science when metaphysical considerations
come to the fore, whether we like it or not. At such forks in the road we
learn something profound, not only about the workings of nature but also
about the conditions that make our practice of science possible and worthy,
and about the worldview our discoveries might nurture. Physics’ quest to
grasp what makes the universe just right for life has brought us to one such
critical fork. For it is, at its core, a humanist question, much bigger than
science. This is about our origins. Stephen’s final theory of the universe
contains the kernel of a uniquely powerful reflection on what it can mean to
be human in this biofriendly cosmos, as stewards of planet Earth. For this
reason alone it may ultimately prove to be his greatest scientific legacy.



AUTHOR’S NOTE

My numerous conversations with Stephen over a span of
twenty years are faithfully and truly woven into the
narrative. Quotes from Stephen that have also appeared in
published form are cited in the endnotes.



CHAPTER 1

A PARADOX

Es könnte sich eine seltsame Analogie ergeben, daß das Okular auch des riesigsten
Fernrohrs nicht größer sein darf, als unser Auge.

A curious correlation may emerge in that the eyepiece of even the biggest telescope
cannot be larger than the human eye.

—Ludwig Wittgenstein, Vermischte Bemerkungen

the late 1990s were the culmination of a golden decade of discovery in
cosmology. Long regarded as a realm of unrestrained speculation,
cosmology—the science that dares to study the origin, evolution, and fate of
the universe as a whole—was finally coming of age. Scientists all over the
world were buzzing with excitement about spectacular observations from
sophisticated satellites and Earth-based instruments that were transforming
our picture of the universe beyond recognition. It was as if the universe was
speaking to us. This posed quite a reality check for theoreticians, who were
told to rein in their speculation and flesh out the predictions of their models.

In cosmology we discover the past. Cosmologists are time travelers, and
telescopes their time machines. When we look into deep space we look
back into deep time, because the light from distant stars and galaxies has
traveled millions or even billions of years to reach us. Already in 1927 the
Belgian priest-astronomer Georges Lemaître predicted that space, when



considered over such long periods of time, expands. But it wasn’t until the
1990s that advanced telescope technology made it possible to trace the
universe’s history of expansion.

This history held some surprises. For example, in 1998 astronomers
discovered that the stretching of space had begun to speed up around five
billion years ago, even though all known forms of matter attract and should
therefore slow down the expansion. Since then, physicists have wondered
whether this weird cosmic acceleration is driven by Einstein’s cosmological
constant, an invisible ether-like dark energy that causes gravity to repel
rather than to attract. One astronomer quipped that the universe looks like
Los Angeles: one-third substance and two-thirds energy.

Obviously, if the universe is expanding now, it must have been more
compressed in the past. If you run cosmic history backward—as a
mathematical exercise, of course—you find that all matter would once have
been very densely packed together and also very hot, since matter heats up
and radiates when it is squeezed together. This primeval state is known as
the hot big bang. Astronomical observations since the golden 1990s have
pinned down the age of the universe—the time elapsed since the big bang—
to 13.8 billion years, give or take 20 million.

—

curious to learn more about the universe’s birth, the European Space
Agency (ESA) launched a satellite in May 2009 in a bid to complete the
most detailed and ambitious scanning of the night sky ever undertaken. The
target was an intriguing pattern of flickers in the heat radiation left over
from the big bang. Having traveled through the expanding cosmos for 13.8
billion years, the heat from the universe’s birth reaching us today is cold:
2.725 K, or about –270 degrees Celsius. Radiation at this temperature lies
mainly in the microwave band of the electromagnetic spectrum, so the
remnant heat is known as the cosmic microwave background radiation, or
CMB radiation.



ESA’s efforts to capture the ancient heat culminated in 2013 when a
curious speckled image resembling a pointillist painting decorated the front
pages of the world’s newspapers. This image is reproduced in figure  2,
which shows a projection of the entire sky, compiled in exquisite detail
from millions of pixels representing the temperature of the relic CMB
radiation in different directions in space. Such detailed observations of the
CMB radiation provide a snapshot of what the universe was like a mere
380,000 years after the big bang, when it had cooled to a few thousand
degrees. This was cold enough to liberate the primeval radiation, which has
traveled unhindered through the cosmos ever since.

Figure 2. A sky map of the afterglow of the hot big bang imaged by the European Space Agency’s
Planck satellite, named after quantum pioneer Max Planck. The speckles of different shades of gray
represent slight temperature variations of the ancient cosmic microwave radiation as it reaches us
from different directions in the sky. At first sight these fluctuations look random, but a close study has
revealed that there are patterns interlinking different regions on the map. By studying these,
cosmologists can reconstruct the universe’s expansion history to model how galaxies formed and
even predict its future.



The CMB sky map confirms that the relic big bang heat is nearly
uniformly distributed throughout space, although not quite perfectly. The
speckles in the image represent minuscule temperature variations indeed,
tiny flickers of no more than a hundred-thousandth of a degree. These slight
variations, however small, are crucially important, because they trace the
seeds around which galaxies would eventually form. Had the hot big bang
been perfectly uniform everywhere, there would be no galaxies today.

The ancient CMB snapshot marks our cosmological horizon: We cannot
look back any farther. But we can glean something about processes
operating in yet earlier epochs from cosmological theory. Just as
paleontologists learn from stone fossils what life on Earth used to be like,
cosmologists can, by deciphering the patterns encoded in these fossil
flickers, stitch together what might have happened before the relic heat map
was imprinted on the sky. This turns the CMB into a cosmological Rosetta
Stone that enables us to trace the universe’s history even farther back,
perhaps as far back as a fraction of a second after its birth.

And what we learn is intriguing. As we will see in chapter 4, the
temperature variations of the CMB radiation indicate that the universe
initially expanded fast, then slowed down, and, more recently (about five
billion years ago), began accelerating again. Slowing down appears to be
the exception rather than the rule on the scales of deep time and deep space.
This is one of those seemingly fortuitous biofriendly properties of the
universe, for only in a slowing universe does matter aggregate and cluster to
form galaxies. If it hadn’t been for the extended near-pause in expansion in
our past, there would, again, be no galaxies and no stars, and thus no life.

In effect, the universe’s expansion history was at the center of one of the
very first moments in which the conditions for our existence slipped into
modern cosmological thinking. This moment occurred in the early 1930s,
when Lemaître made a remarkable sketch in one of his purple notebooks of
what he called a “hesitating” universe, one with an expansion history much
like the bumpy ride that would emerge from observations seventy years
later[*1] (see insert, plate 3). Lemaître embraced the idea of a long pause in
the expansion by considering the universe’s habitability. He knew that



astronomical observations of nearby galaxies pointed to a high expansion
rate in recent times. But when he ran the evolution of the universe
backward in time at this same rate, he found that the galaxies must all have
been on top of one another no more than a billion years ago. This was
impossible, of course, for Earth and the sun are much older than that. To
avoid an obvious conflict between the history of the universe and that of our
solar system, he imagined an intermediate era of very slow expansion, to
give stars, planets, and life time to develop.

In the decades since Lemaître’s pioneering work, physicists have
continued to stumble across many more such “happy coincidences.” Make
but a small change in almost any of its basic physical properties, from the
behavior of atoms and molecules to the structure of the cosmos on the
largest scales, and the universe’s habitability would hang in the balance.

Take gravity, the force that sculpts and governs the large-scale universe.
Gravity is extremely weak; it requires the mass of Earth just to keep our
feet on the ground. But if gravity were stronger, stars would shine more
brightly and hence die far younger, leaving no time for complex life to
evolve on any of the orbiting planets warmed by their heat.

Or consider the tiny variations, one part in a hundred thousand, in the
temperature of the relic big bang radiation. Were these differences slightly
larger—say one part in ten thousand—the seeds of cosmic structures would
have mostly grown into giant black holes instead of hospitable galaxies
with abundant stars. Conversely, even smaller variations—one millionth or
less—would produce no galaxies at all. The hot big bang got it just right.
One way or another it set off the universe on a supremely biofriendly
trajectory, the fruits of which would not become evident until several billion
years later. Why?

Other examples of such happy cosmic coincidences abound. We live in a
universe with three large dimensions of space. Is there anything special
about three? There is. Adding just a single space dimension renders atoms
and planetary orbits unstable. Earth would spiral into the sun instead of
tracing out a stable orbit around it. Universes with five or more large space
dimensions have even bigger problems. Worlds with only two space



dimensions, on the other hand, may not provide enough room for complex
systems to function, as figure 3 illustrates. Three dimensions of space seems
just right for life.

Figure 3. It appears difficult for life to form, let alone sustain itself in a universe with only two
dimensions of space. Obvious mechanisms for hunting and eating don’t work.

Moreover, this uncanny fitness for life extends to the universe’s chemical
properties, which are determined by the properties of elementary particles
and the forces acting between them. For example, neutrons are a tad heavier
than protons. The neutron-to-proton mass ratio is 1.0014. Had it been the
other way around, all the protons in the universe would have decayed into
neutrons shortly after the big bang. But without protons there would be no
atomic nuclei and hence no atoms and no chemistry.

Another example of this is the production of carbon in stars. As far as we
know, carbon is essential for life. But the universe was not born with it.
Rather, carbon is formed in the nuclear fusion that takes place inside stars.
In the 1950s, the British cosmologist Fred Hoyle pointed out that the
efficient synthesis of carbon from helium in stars rests on a delicate balance
between the strong nuclear force that binds the atomic nuclei, and the
electromagnetic force. If the strong force were just a fraction stronger or
weaker—as little as a few percent—then the nuclear binding energies would
shift, compromising the fusion of carbon and hence the formation of
carbon-based life. Hoyle felt this was so strange that he said the universe
looked like a “put-up job,” as if “a super-intellect has monkeyed with
physics as well as with chemistry and biology.”[1]



But the most dizzying life-engendering fine-tuning concerns dark energy.
The value of the dark energy density that we’ve measured is extraordinarily
small—a stunning 10-123 of what many physicists would consider a natural
value. Yet this smallness is precisely what made the universe “hesitate” for
about eight billion years before dark energy was able to muster sufficient
strength to accelerate the expansion. Already in 1987, Steven Weinberg
pointed out that if the dark energy density were somewhat larger—say 10-

121 times its natural value—then its repulsive effect would have been
stronger and kicked in earlier, once again closing the cosmic window of
opportunity to form galaxies.[2]

In short, as Stephen emphasized in our first conversation, it appears as if
the universe has somehow been designed to make life possible. The
celebrated writer and theoretical physicist Paul Davies has spoken in this
context of the universe’s Goldilocks factor: “Like the porridge in the tale of
Goldilocks and the three bears, the universe seems to be ‘just right’ for life,
in many intriguing ways.”[3] And while this doesn’t quite mean that the
cosmos should be teeming with life, the judicious tunings that render it
habitable at all are by no means superficial qualities of the world. Instead
they are inscribed deeply in the mathematical form of the laws of physics.
The masses and properties of the array of particles, the forces governing
their interactions, and even the overall composition of the universe—all of
which seem tailor-made to support some form of life—reflect the specific
character of the mathematical relationships that define what physicists call
the laws of nature. So the riddle of design in cosmology is that the
fundamental laws of physics appear to be specifically engineered to
facilitate the emergence of life. It is as if there is a hidden plot at work that
weaves together our existence with the basic rules on which the universe
runs. This seems incredible. And it is! What is this plot?

Now, I should stress that this is a highly unusual puzzle for theoretical
physicists. Typically, physicists use the laws of nature to describe one or
another phenomenon or to predict the outcome of an experiment. They also
attempt to generalize the existing laws in order to bring a wider range of
natural phenomena into their fold. But these questions of design lead us



down a quite different path. They prompt us to reflect upon the deeper
nature of the laws, and on how we fit into their scheme. The thrill of
modern cosmology is that it provides a scientific framework in which we
can hope to elucidate this biggest of all mysteries. For cosmology is the one
area of physics where we are an inherent part of the problem we’re trying to
solve.

—

historically, the apparent design of the world has been taken as
evidence that there is an underlying purpose to the workings of nature. This
view goes back to Aristotle, perhaps the most influential philosopher who
ever lived. Also a dedicated biologist, Aristotle observed that many of the
processes operating in the living world seemed filled with intent. If living
things that lack reason have an agenda, he thought, there must be a Final
Cause directing the cosmos as a whole. Aristotle’s teleological argument
was persuasive, logical, comforting, and to some extent borne out
empirically; the world around us exudes endless examples of final causes at
work, from a bird collecting branches to build a nest to a dog digging a hole
in the garden to unearth a bone. It isn’t surprising, then, that Aristotle’s
teleological views held up, largely unchallenged, for almost two millennia.

But then, in the sixteenth century, somewhere on the outskirts of the
Eurasian landmass, the work of a small circle of scholars sparked the
modern scientific revolution. Copernicus, Descartes, Bacon, Galileo, and
their contemporaries stressed that our senses can betray us. They embraced
the Latin dictum Ignoramus, literally, “We do not know.” This shift in
perspective has had repercussions reaching far and wide. Some even
consider it the single most influential transformation in the approximately
two hundred thousand years that humans have dwelled on this planet.
Moreover, its full significance has yet to unfold. The immediate upshot of
the scientific revolution, at least in scholarly circles, was to discard
Aristotle’s deeply entrenched teleological worldview and to replace it with
the idea that nature is governed by rational laws, operating here and now,



that we can discover and understand. Indeed, the very essence of modern
science is that, having admitted ignorance, we can acquire new knowledge,
by experimenting and observing and by developing mathematical models
that organize these observations in general theories or “laws.”

Paradoxically, however, the scientific revolution deepened the riddle of
the universe’s biofriendliness. Prior to the scientific revolution, a unity of
sorts underpinned man’s conception of the world: Both the animate and the
inanimate worlds were thought to be guided by an all-encompassing
purpose, divine or otherwise. The world’s design was viewed as a
manifestation of a grand cosmic plan that, naturally, assigned a privileged
role to man. The ancient world model put forward by the Alexandrian
astronomer Ptolemy in his book Almagest, for example, was as much
geocentric as it was anthropocentric.

But with the advent of the scientific revolution, the fundamental nature
of life’s relationship with the physical universe became fraught with
confusion. Nearly five centuries on, our bafflement at the fact that the
supposedly objective, impersonal, timeless laws of physics are nearly
perfectly suited for life is a clear manifestation of this confusion. So,
although modern science successfully abolished the old dichotomy between
the heavens and the earth, it created a formidable new rift, between the
living and nonliving worlds, leaving man’s perception of his place in the
grand cosmic scheme gnawingly uncertain.

As a matter of fact, we might get a better appreciation for how man’s
views on the ontology of nature’s laws have come to be what they are by
returning to the deeper roots of the idea that there are laws. The very first
intimations of rules governing nature emerged in sixth-century b.c. Miletus,
at the Ionian school of Thales, in what is today the western part of Turkey.
Miletus, the richest of the Greek Ionian cities, was founded at a natural
harbor near where the river Meander flows into the Aegean Sea. There the
legendary Thales, much like modern scientists, was willing to look beneath
the surface appearances of the world in order to pursue knowledge at a
deeper level.



Figure 4. Relief portraying the ancient Greek philosopher Anaximander from Miletus. Twenty-six
centuries ago, Anaximander laid the first stones of the long and winding scientific road to rethink the
world.

Thales had a pupil, Anaximander, who created what the Greeks came to
call περι φυσεως ιστοϱια, the “inquiry into nature,” hence physics.
Anaximander is also regarded as the father of cosmology, for he was the
first to conceive of the earth as a planet, a giant rock floating freely in
empty space. Beneath the earth wasn’t more earth, without limit, nor
gigantic columns, he reasoned, but the same sky we see above our heads. In
this way he gave depth to the cosmos, transforming it from a closed box—
with the heavens above and the earth below—into an open space. This
conceptual shift allowed one to imagine celestial bodies passing beneath the
earth, paving the way for Greek astronomy. Furthermore, Anaximander
wrote a treatise titled On Nature, which is lost but is thought to have
contained the following fragment:[4]

All things originate from one another,



and vanish into one another,
according to necessity;
For they give to each other justice and recompense for their injustice;
In conformity with the ordinance of time.
In these few lines Anaximander articulates the revolutionary idea that

nature is neither arbitrary nor absurd but governed by some form of law.
This is science’s founding assumption: Beneath the surface of natural
phenomena lies an abstract but coherent order.

Anaximander did not elaborate on what form the laws of nature might
take, other than drawing an analogy with civic laws regulating human
societies. But his most famous pupil, Pythagoras, proposed a mathematical
basis for the world’s order. The Pythagoreans assigned a mystical
significance to numbers and attempted to construct the entire cosmos out of
numbers. Their idea that the world could be described in mathematical
terms was taken up and championed by Plato, who made it one of the pillars
of his theory of truth. Plato likened the world of our experiences to a
shadow of a far superior reality of perfect mathematical forms that exists
quite separately from the one we perceive. The ancient Greeks would come
to believe, therefore, that even though we can’t readily touch or see the
underlying order of the world, we can deduce it through logic and reason.

Impressive as their theories might be, however, the ancients’ speculations
about nature have little in common with modern physics, neither in
substance nor in method or style. For one thing, the early Greeks reasoned
almost entirely on aesthetic grounds and on the basis of prior assumptions,
with little or no effort to test them. It just didn’t occur to them.
Consequently their conception of “physics” and of a law-like scheme of
things bears no resemblance to a modern scientific theory. In his last book,
To Explain the World, the late Steven Weinberg argued that, from a
contemporary viewpoint, the early Greeks are better thought of not as
physicists or scientists or even philosophers but as poets, since their
methodology differed fundamentally from what would qualify as scholarly
practice today. Of course, modern physicists too see the beauty in their
theories, and most are sensitive to aesthetic considerations in their research,



but such considerations are no alternative to the verification of theories
through experiment and observation, which are, after all, the key
innovations of the scientific revolution.

Nonetheless, Plato’s vision to mathematize the world would prove to be
immensely influential. When, twenty centuries later, the modern scientific
revolution got under way, its main players were directly motivated by their
faith in the Platonic program to seek a hidden order underpinning the
physical world in terms of mathematical relationships. “The great book of
nature,” Galileo wrote, “can be read only by those who know the language
in which it was written. And that language is mathematics.”[5]

Isaac Newton, alchemist, mystic, a difficult character but one of the most
powerful mathematicians who has ever lived, consolidated the
mathematical approach to natural philosophy with his Principia, arguably
the most important book in the history of science. Newton got a good start
on it in lockdown, during the plague of 1665, when the University of
Cambridge shut down. A fresh BA, Newton went back to his mother’s
house and its apple orchard in Lincolnshire. There he thought about
calculus, about gravity and motion, and split light with a prism, showing
that white light is made up of the colors of the rainbow. But it wasn’t until
much later, in April 1686, that Newton presented the Philosophiae
Naturalis Principia Mathematica to the Royal Society for publication,
complete with three laws of motion and the law of universal gravitation.
The latter is perhaps the most famous law of nature, stating that the force of
gravity between two bodies is proportional to the masses of the bodies and
diminishes with distance as the square of their separation.

Newton’s demonstration in the Principia that the same universal
principles underpin the workings of the divine heavens and of the imperfect
human world around us marked a conceptual and spiritual break with the
past. It is sometimes said that Newton unified the heavens and the earth. His
synthesis of the planetary motions in a handful of mathematical equations
transformed all previous pictorial descriptions of the solar system and
signaled the transition from the age of magic into what became modern
physics. Newton’s scheme provided the general paradigm that all



subsequent physics has followed. Unlike the “physics” of the ancient
Greeks, which we hardly recognize, contemporary physicists feel entirely at
home with Newton’s physics.

One much-celebrated success of Newton’s laws was the discovery of the
planet Neptune in 1846. Earlier astronomers had seen that the path of
Uranus deviated slightly from the orbit predicted by Newton’s law of
gravity. The Frenchman Urbain Le Verrier, seeking to explain this stubborn
discrepancy, made the bold suggestion that this was due to an unknown
planet, much farther out still, whose gravitational pull slightly influenced
the trajectory of Uranus. Using Newton’s laws, Le Verrier was able to
predict where in the sky this unknown planet should be in order to account
for the wobble in Uranus’s orbit—provided Newton’s laws were correct.
Indeed, astronomers soon found Neptune, within one degree of where Le
Verrier had pointed them. This became one of the most remarkable
moments of nineteenth-century science. It was said that Le Verrier had
discovered a new planet “with the tip of his pen.”[6]

Stunning successes like these over a span of several centuries seemed to
confirm Newton’s laws as universal definitive truths. Already in the
eighteenth century, the French mathematician Joseph-Louis Lagrange
remarked that Newton had been lucky to live in that unique time in human
history in which it was possible to discover the laws of nature. Newton
himself, in fact, seems to have done little to quench this emerging myth.
Steeped in a tradition of mysticism, he saw the elegant mathematical form
of his laws as a manifestation of the mind of God.

It is this mathematical formulation of nature’s laws that embodies what
physicists today mean when they use the word “theory.” Physical theories
derive their utility and predictive power from the fact that they describe the
real world in terms of abstract mathematical equations that one can
manipulate in order to predict what will happen without actually observing
or performing the experiment. And it works! From the discovery of
Neptune to the sensing of gravitational waves to the prediction of new
elementary particles and antiparticles, time and again the mathematical
groundings of the laws of physics have pointed to new and surprising



natural phenomena that were later observed. Deeply impressed with this
power to predict, the Nobel laureate Paul Dirac famously promoted the
exploration of interesting and beautiful mathematics as the preferred way to
practice physics. Mathematics “takes you by the hand,” he said, “to
discover new physical theories.”[7] Today’s string theorists have mostly
adopted Dirac’s dictum in their search for a final unified theory—at times
succumbing to the ancients’ temptation to take the mathematical beauty of
their framework as a warrant of its truth. More than one of string theory’s
pioneers has lyrically expressed that the theory was too beautiful a
mathematical structure to be irrelevant to nature.

At a deeper level, however, we still don’t quite grasp why theoretical
physics works so unreasonably well. Why does nature conform to a system
of subtle mathematical relationships operating beneath its surface? What do
these laws really mean? And why do they take the form they do?

Most physicists continue to follow Plato on this point. They tend to
conceive of the laws of physics as eternal mathematical truths, living not
just in our mind but operating in an abstract reality that transcends the
physical world. The laws of gravity or quantum mechanics, for example, are
usually thought of as approximations of a final theory that exists
somewhere out there, in a realm yet to be uncovered. So while physical
laws emerged in the modern scientific age first and foremost as tools to
describe patterns found in nature, they have, ever since Newton identified
their mathematical roots, taken on a life of their own, acquiring a sort of
reality that supersedes the physical world. To the early-twentieth-century
French polymath Henri Poincaré, the notion of unconditional Platonic laws
was an indispensable presupposition to do science at all.

While Poincaré’s vision is interesting and important, it is also puzzling.
How exactly do such socially distant laws, up in their Platonic realm, come
together to govern a physical universe, let alone one that is wonderfully
biofriendly? Crucially, the discovery of the big bang means this isn’t “just”
a philosophical question. In fact, if the big bang is truly the origin of time,
then it would seem that Poincaré had better be right, for if the physical laws
are to determine how the universe started, one would have thought they



must have some sort of existence beyond time. Interestingly, therefore, the
big bang theory drags what might have seemed mere metaphysical
considerations into the domain of physics and cosmology. The theory
confronts us with some of our presuppositions on what physical laws are
ultimately about.

At the end of the day, the idea that the laws of physics somehow
transcend the natural world risks leaving the origin of their extraordinary
fitness for life utterly mysterious. Physicists adhering to this scheme can
only hope that a powerful mathematical principle at the kernel of the final
theory will one day explain their biophilic character. The present-day
Platonists’ answer to the riddle of design is that it will turn out to be a
matter of mathematical necessity: The universe is the way it is because
nature has no choice. To the extent that this is an answer, it has a bit of the
feel of Aristotle’s Final Cause, disguised as modern theoretical physics.
Furthermore, leaving aside the fact that a final theory of this kind remains a
distant dream, even if such a powerful mathematical principle were ever
found, it would hardly elucidate why the universe happens to be so
remarkably biofriendly. No Platonic truth of any kind indeed could quite
bridge the gap between the nonliving and the living world that the dawn of
modern science created. Instead, we would have to conclude that life and
intelligence are just happy coincidences in a fundamentally impersonal,
ideal mathematical reality, and there would be little more to understand.

—

these platonic leanings on matters of design in physics and cosmology,
while not obviously wrong, differ radically from how, ever since Darwin,
biologists came to see design in the living world.

Goal-directed processes and seemingly purposeful design are ubiquitous
in the biological world. Indeed, these formed the basis for Aristotle’s
teleological views of nature in the first place. Living organisms are
fantastically complex. Even a single living cell contains a diverse array of
molecular components cooperating beautifully to fulfill its many tasks. In



larger organisms, an enormous number of cells work together in a
coordinated manner to construct elaborate, purposeful structures like eyes
and brains. Before Charles Darwin, people were unable to understand how
physical and chemical processes could possibly have created such a
stunning functional complexity, and they invoked a Designer to explain it.
The eighteenth-century English clergyman William Paley likened the
wonders of the living world to the workings of a watch. Like a watch, Paley
argued, the marks of design in the biological world are too strong to be
ignored, and “Design must have a Designer.”[8] But Darwin’s paradigm-
shattering theory of evolution decisively eliminated such teleological
thinking from biology. Darwin’s profound insight was that biological
evolution is a natural process and that simple mechanisms—random
variation and natural selection—can account for the apparent design in
living organisms without the need to invoke a Designer.

On the Galápagos Islands, Darwin found a variety of finches that
differed in the size and shape of their beaks. Ground finches had strong
beaks, effective for cracking nuts and seeds, while tree finches had sharp,
pointed beaks that were well adapted for extracting insects. These and other
data on his journey suggested to Darwin that different varieties of finches
were related and had evolved over time under influence of their specific
ecological niches. In 1837, fresh from his voyage to the Galápagos on the
HMS Beagle, Darwin made a simple sketch in one of his red notebooks of
an irregularly branched tree. This sketch, of an ancestral tree, captured the
sweep of his profound, burgeoning theory that all living things on Earth are
related and descended from a single common ancestor—the trunk of the
tree—through a gradual and incremental process of environmental selection
operating on randomly mutating replicators (see insert, plate 4).

The core idea of Darwinism is that nature doesn’t look ahead—it doesn’t
anticipate what may be needed for survival. Instead, any trends, such as the
changing shapes of beaks or the progressive growth of the length of a
giraffe’s neck, follow from environmental selection pressures that act over
long periods of time to amplify useful traits.



“There is grandeur in this view of life,” Darwin would write more than
twenty years later, “with its several powers, having been originally breathed
into a few forms or into one; and that, whilst this planet has gone cycling on
according to the fixed law of gravity, from so simple a beginning endless
forms most beautiful and most wonderful have been, and are being,
evolved.”[9]

Darwinism turned Paley’s argument upside down by demonstrating that
the watch doesn’t require a Swiss watchmaker. It gave a thoroughly
evolutionary description of the living world in which its apparent design—
including the laws it obeys—are understood as emergent properties of
natural processes, not as the result of some supernatural act of creation.

—

despite their beauty and grandeur, however, biological laws are often
regarded a tad less fundamental than their counterparts in physics. For
while emergent law-like patterns may be enduring, no one thinks of them as
timeless truths. Moreover, determinism and predictability have played much
less of a principled role in biology. Newton’s laws of motion are
deterministic; they allow physicists to predict where objects will be at any
moment in the future, based on their locations and velocities today (or at
any moment in the past). In Darwin’s scheme, the randomness of mutations
in living systems means that nearly nothing can be determined in advance—
not even the laws that one day might emerge. This lack of determinism
imbues biology with a retrospective element: One can understand biological
evolution only by looking at it backward in time. Darwin’s theory doesn’t
detail the actual evolutionary path from earliest life to today’s diverse and
complex biosphere. It doesn’t predict the tree of life, since that wasn’t—and
couldn’t have been—its purpose. Instead, Darwin’s genius lay in his
delineation of general organizational principles, while leaving the specific
historic record to phylogenetics and paleontology. That is, Darwin’s theory
of evolution recognizes that life as we know it is the joint product of law-
like regularities and a particular history. Its utility lies in the fact that it



enables scientists to retrospectively construct the tree of life, starting from
our observations of the biosphere today and the hypothesis of a common
ancestry.

Darwin’s finches provide a case in point. Had Darwin reasoned forward
in time and attempted to predict the various finch species on the Galápagos
Islands, starting from the chemical environment on the prebiotic Earth, he
would have failed completely. The existence of finches, or of any other
species roaming our planet, cannot be deduced solely on the basis of the
laws of physics and chemistry, because every branching throughout
biological evolution involves a game of chance. Some chance outcomes are
favored by environmental circumstances and get frozen in, often with
dramatic consequences downstream. Such frozen accidents help to
determine the character of the subsequent evolution and may even take the
form of new biological laws. The birth of the Mendelian laws of
inheritance, for example, rests on the outcome of the collective branchings
that led to sexually reproducing organisms in the first place.

In figure 5, I depict a modern version of the phylogenetic tree of life
based on ribosomal RNA sequence analysis showing the three domains—
bacteria, archaea, and eukaryota—and their common ancestor at the base of
the tree. Everything on this tree, from its molecular basis to its branches of
finch species, encapsulates the complex and convoluted history of billions
of years of chemical and biological “experimentation,” making biology a
predominantly retrospective science. As the evolutionary biologist Stephen
Jay Gould expressed it, “If we rewound the history of life and played the
tape again, the species, body plan, and phenotypes that would evolve could
be entirely different.”[10]



Figure 5. Tree of life showing the three domains of life and, at the base of the tree, their last
universal common ancestor—LUCA—the most recent life-form from which all life on Earth evolved.

The randomness inherent in biological evolution extends to other levels
of history, from abiogenesis to human history. Like Darwin, historians
account for accidental twists and turns in the course of history by
distinguishing between describing “how” and explaining “why.” To
describe how, historians reason ex post facto, as biologists do, and
reconstruct the series of specific events that led from one point to a given
outcome. To explain why, however, requires one to think like a physicist
and work forward in time in order to identify causal, deterministic
connections that predict one particular historical path over any other. A
superficial reading of history often appears to offer a causal deterministic
explanation for why things happened one way and not another. But a more
refined analysis tends to reveal an intricate web of competing forces at
crossroads that, together with a great number of accidents, render the road
taken far from obvious and certainly not inevitable, forcing one into a
description of how, not why.



Consider the woods I can see from my office window, a few miles south
of the battlefield of Waterloo. On June 17, 1815, on the eve of the main
battle, Napoléon Bonaparte ordered his general, Emmanuel de Grouchy, to
pursue the Prussian army in order to prevent them from merging with the
Anglo-allied forces taking up position farther north. Grouchy dutifully
marched northeast with a good part of the French troops but failed to find
the Prussians. The next morning—from these woods I can see—he heard
the deep sound of the French cannons in the distance and realized the battle
had already begun. For a few crucial minutes he hesitated over whether to
disobey Napoléon’s orders by turning around and rushing to the aid of the
remaining French troops. But he chose to walk on, away from destiny, in
pursuit of the Prussians. Grouchy’s decision at that moment is a remarkable
frozen accident, one that not only impacted the battle’s outcome but also
affected the course of European history.

Or, to take another example, consider the rise of Christianity in the
Roman Empire in the fourth century a.d. When the emperor Constantine
ascended to the throne in a.d. 306, Christianity was little more than an
obscure sect that was competing for influence with a range of cults. Why
did Christianity take over the Roman Empire and rise to become the
common faith? The historian Yuval Harari argues in his book Sapiens that
there isn’t a causal explanation and that the dominant influence of
Christianity in Western Europe is better viewed as yet another frozen
accident. Echoing Gould on biology, Harari asserts that “if we could rewind
history and replay the fourth century a hundred times, we’d find that
Christianity will have taken over the Roman empire a few times only.” But
the frozen accident of Christianity had far-reaching consequences. For one,
monotheism encouraged a belief in God the creator, with a rational plan for
the created world. It is hardly surprising, then, that when twelve centuries
later modern science finally emerged in Christian Europe, the early
scientists regarded their investigations as a sort of religious pursuit, setting
the scene for the riddle of design we are still grappling with.

In general, the myriad of roads lying wide open at every point in history,
from human history to biological and astrophysical evolution, mean that



deterministic explanations are available at a rough, coarse-grained level
only. At any stage of evolution, determinism and causality shape only the
most general structural trends and properties, often on the basis of laws
operating at a lower level of complexity. Human history, for example, rife
with accidental twists and turns, has so far mostly played out within the
confines of planet Earth, with the exception of a few excursions to other
celestial bodies in the solar system. This planetary confinement is not
surprising—and thus predictable—given the physical and geological
environment in which human life arose. But it hardly tells us anything
concrete about any epoch in human history.

Likewise, the order of the chemical elements and the structure of the
periodic table of Mendeleev are essentially fixed by the laws of particle
physics at the lower level. But the specific abundances of the elements on
Earth are contingent on countless accidents leading up to and throughout its
evolution.

Moving to the biochemical level, consider the rule that all life on Earth is
DNA-based and that genes are made up of the four nucleotides abbreviated
A, C, G, and T. The specific building blocks of the DNA molecule are
probably the accidental outcome of abiogenesis on our planet. But the basic
computational capacity that life must master in order to sustain itself runs
deeper and may well determine the broad structural properties of the
molecular carrier of genetic information on the basis of underlying
mathematical and physical principles. This is borne out by the theoretical
construction of self-reproducing automata by the Hungarian-American
mathematician John von Neumann in 1948. Five years before Watson and
Crick discovered the structure of DNA, von Neumann identified the critical
computational problems that life must overcome to exist and posited an
ingenious structure—seemingly the only possible structure—that achieves
the capacity to replicate. The structure he drew is instantly recognizable as
DNA.

Evolution continuously builds on an enormous chain of frozen accidents.
Lower levels of complexity set the environment for higher levels of
evolution, but this leaves so much room still for surprising turns that



exceedingly improbable pathways are often realized, and determinism fails.
The chance outcomes at countless branching events infuse a genuinely
emergent element into evolution. They add a vast amount of structure and
information that simply isn’t contained in the lower-level laws, out of which
new law-like patterns at higher levels can—and often do—emerge. For
example, even though no serious scientist today believes there are special
“vital forces” in biology that have no physicochemical origin whatsoever,
the physical level alone does not determine what will be the laws of biology
on Earth.

—

A mere eighteen days after the November 24, 1859, publication of his
masterpiece, On the Origin of Species, Charles Darwin received a letter
from the astronomer Sir John Frederick William Herschel. Herschel, the son
of the discoverer of Uranus, expressed skepticism about the arbitrariness in
Darwin’s picture of evolution, saying his book was “the law of higgledy-
piggledy.”[11] Yet herein lay its strength. The beauty of Darwin’s theory is
that it offers a synthesis of the competing forces of random variation and
environmental selection at work in the living world. Darwin found the
sweet spot between the “why” and the “how” in biology, integrating causal
explanations with inductive reasoning in a single coherent scheme. He
showed that despite its fundamentally historical and accidental nature,
biology can be a proper productive science that enhances our understanding
of the living world.

Darwinism reinforced the scientific revolution and extended it into the
one area where a teleological view had seemed unassailable—the living
world. But the worldview it radiates couldn’t be more different from the
one emanating from fundamental physics. This difference shows up most
clearly in their contrasting views of the riddle of design. Darwinism offers a
thoroughly evolutionary understanding of the appearance of design in the
living world. Physics and cosmology, on the other hand, have looked to the
nature of timeless mathematical laws for an explanation of what made the



transition to life possible in the first place. Scholars in the life sciences and
physicists alike have often contrasted the “higgledy-piggledy” scheme of
Darwinian evolution with the rigid and immutable character of the laws of
physics. Not history and evolution but timeless mathematical beauty is
thought to rule at the bottom level of physics. Lemaître’s monumental
insight that the universe expands obviously introduced strong evolutionary
thinking into cosmology. Yet at a deeper level, where the fundamental
origin of the apparent design is concerned, Lemaître’s and Darwin’s
sketches in the color insert (plates 3 and 4, respectively) appear to exude
profoundly different worldviews. It is the conceptual chasm that has
separated biology and physics ever since the scientific revolution.

Bridging this rift had been on Stephen’s mind since his earliest scientific
endeavors but crystallized in a real research program only toward the end of
the twentieth century, when much of his research efforts coalesced around
the riddle of cosmic design. It was nothing less than his attempt, really, to
change cosmology from within.

Let us return to these golden years. The unexpected observational
discovery that the universe was accelerating tied in with equally surprising
theoretical developments that suggested that the laws of physics might not
be carved in stone after all. Evidence grew that at least some properties of
the physical laws might not be mathematical necessities but accidental,
reflecting the particular manner in which this universe had cooled from its
hot big bang. From the species of particles to the strength of forces to the
amount of dark energy, it became apparent that the universe’s biofriendly
bar code might not have been inscribed into its basic architecture right at
the start, as if it were some sort of birth certificate, but was rather the result
of an ancient evolution hidden deep in the hot big bang era.

Soon string theorists began to envisage a variegated multiverse, an
enormous inflating space that would contain a patchwork of island
universes, each with its own physics. This grand cosmic extension led to a
sweeping change of perspective on matters of cosmic fine-tuning. Rather
than mourning the demise of the dream of a unique final theory that predicts
how the world should be, multiverse proponents attempted to turn that



embarrassing failure around by transforming cosmology into an
environmental science (albeit one with a very large environment!). One
string theorist likened the local character of the physical laws in the
multiverse to the U.S. East Coast weather: “tremendously variable, almost
always awful, but lovely on rare occasions.”[12]

We can get a feel of the magnitude of this change from the history of
science. In the year 1597, the German astronomer Johannes Kepler came up
with a model of the solar system based on the ancient Platonic solids, the
five regular polyhedrons of which the cube is the best known. Kepler
imagined attaching the approximately circular orbits of the six known
planets to invisible spheres revolving around the sun. He then hypothesized
that the relative sizes of these spheres are dictated by the condition that each
sphere, other than the outermost one of Saturn, fits just inside one of the
regular polyhedrons, and that each sphere, except for the innermost one of
Mercury, fits just outside one of these.[*2] Kepler’s drawing in figure 6
illustrates this configuration. When Kepler placed the five geometric solids
in the right order, one inside another, all fitting tightly together, he found
that the nested spheres could be located at intervals corresponding to each
planet’s distance from the sun, together with Saturn moving along a sphere
circumscribing the outermost polyhedron, with no room to change the
relative radii. On these grounds he predicted the total number of planets—
six—as well as the relative sizes of their orbits. For Kepler, the number of
planets and their distances from the sun were a manifestation of a deep
mathematical symmetry in nature. His Mysterium Cosmographicum is an
attempt, really, to reconcile the ancient Platonic dream of the harmony of
the spheres with the sixteenth century’s insight that the planets move around
the sun.

In Kepler’s time the solar system was generally considered to be pretty
much the whole universe. No one knew that the stars were suns with their
own systems of planets. So it was perfectly natural to assume that the
planetary orbits were a most fundamental matter. Today we know there is
no great significance to the number of planets or their distances from the
sun. We understand that the constellation of planets in the solar system isn’t



unique or even special but the accidental outcome of its formation history
out of a swirling nebula of gas and dust surrounding the protosun. In the last
three decades astronomers have observed thousands of planetary systems
with widely different orbital configurations. Some stars have Jupiter-sized
planets revolving around in a matter of days, others have three or even more
habitable Earthlike planets, and yet other planetary systems have two stars,
making for a chaotic pattern of days and nights and many other curious
celestial phenomena.



Figure 6. In his first major astronomical work, the Mysterium Cosmographicum, Johannes Kepler
put forward a Platonic model of the solar system relating the sizes of the (circular) orbits of the
planets to the five regular solids. Four planetary spheres as well as the dodecahedron, tetrahedron,
and cube are clearly visible in Kepler’s drawing.

If we do live in a multiverse, then the laws of physics in our universe
would befall the same fate as the planetary orbits in the solar system. It
would be futile to follow in Kepler’s footsteps and search for a deeper
explanation of the fine-tunings that engender life. In the multiverse, the



biofriendly properties of the laws would merely be the accidental result of
random processes playing out in the hot big bang that gave rise to our
particular island universe. Proponents of the multiverse argue that present-
day Platonists have been looking in the wrong direction. It isn’t a profound
mathematical truth that renders the universe biofriendly, they hold, but
simply excellent local cosmic weather. Any impression of a grand cosmic
design is an illusion.

Yet there is a problem buried in this reasoning that will be of paramount
importance when I come to discuss the core of Hawking’s final theory: The
multiverse is itself a Platonic construct. Multiverse cosmology postulates
some sort of timeless metalaws governing the whole. But these metalaws do
not specify in which one of the many universes we are supposed to be. This
is a problem, for without a rule that relates the metalaws of the multiverse
to the local laws within our island universe, the theory gets caught in a
spiral of paradoxes that leaves one without verifiable predictions at all.
Multiverse cosmology is fundamentally underdetermined and ambiguous. It
lacks crucial information about our whereabouts in that crazy cosmic quilt
and, as a consequence, it can’t predict what we should see. The multiverse
is like a debit card without a PIN or, worse, an IKEA closet without a
manual. In a profound sense, the theory fails to say who we are in the
cosmos, and why we are here.

Multiversists, however, don’t give up easily. They have proposed a way
to patch up the theory, a proposal so radical that it has shaken the scientific
community ever since. This is the anthropic principle.

—

the anthropic principle made its entry in cosmology in 1973. The
astrophysicist Brandon Carter, who was a fellow student in Cambridge with
Stephen, put forward the principle at a conference in Kraków in
commemoration of Copernicus. This was a curious twist of history since in
the sixteenth century, Copernicus had taken the first steps to demote
mankind from its pivotal position in the cosmos.[13] More than four



centuries later, Carter agreed with Copernicus that we humans are not
central to the cosmic order. Yet, he reasoned, might we not be misled if we
were to assume we are not special in any way, especially where our own
observations of the cosmos are concerned? Perhaps we find the universe the
way it is because we are here?

Carter had a point. Surely we wouldn’t be observing anything where or
when we didn’t exist. Already in the 1930s scientists like Lemaître and the
American astronomer Robert Dicke reflected on what properties the
universe would need to have to support intelligent beings. Life-forms,
intelligent or otherwise, rely on carbon, for example, which is fused by
thermonuclear combustion in stars, a process that requires billions of years.
But an expanding universe cannot provide billions of years of time unless it
also contains billions of light-years of space. Therefore, we shouldn’t be
surprised, Lemaître and Dicke concluded, that we live in an old and big
universe. Expanding universes have a preferred period in which
astronomers made of carbon could be at work, and this necessarily
influences what they could see.

Such conclusions are not fundamentally different from those we draw
when we account for selection biases in everyday situations. But Carter
went farther—much farther. He suggested that selection effects play out not
just within one universe—ours—but across the multiverse. He suggested
there is an anthropic principle at work, a rule above and beyond the
impersonal metalaws governing the multiverse, that embodies the optimal
cosmic conditions for life and that “acts” to select which one of the many
universes should be ours.

That was a radical suggestion indeed. Once again maneuvering life in a
privileged position at the center of the explanation of the universe, Carter’s
anthropic principle seems to take us back five centuries to the days before
Copernicus. By positing a certain preferred state of affairs that includes life,
intelligence, or even consciousness, it even flirts with teleology—the
Aristotelian view that the scientific revolution had successfully overthrown,
or so we thought.



Not surprisingly, then, when in 1973 Carter first put forward his
cosmological anthropic principle, with theoretical evidence for any kind of
multiverse patchy at best, his musings were generally dismissed as
nonsense. But when toward the end of the century, in a remarkable turn of
events, multiverse theory gained traction, Carter’s anthropic thinking was
swiftly resurrected and seized on to sort out our place in this vast cosmic
patchwork. The anthropic principle came to be seen as the PIN that
converted multiverse theory from an abstract Platonic edifice into a proper
physical theory with real explanatory potential.

Multiverse aficionados declared that they had found a second possible
answer to the mystery of the universe’s design—the first being that it’s just
a coincidence, a lucky consequence of a deep but (as yet) mysterious
mathematical principle at the core of existence. The new answer coming
from anthropic multiverse cosmology was that the apparent design is a
property of our “local” cosmic environment: We inhabit a rare biofriendly
universe in a huge cosmic mosaic of island universes, singled out by the
anthropic principle. Excitement at this development ran high. “We are
together, the universe and us,” Linde proclaimed. “I cannot imagine a
consistent theory of the universe that ignores life and consciousness.”[14] In
his book The Cosmic Landscape, the opinionated string theorist Leonard
Susskind of Stanford University (which can be relied upon for bold
speculation) portrayed the tandem of objective metalaws together with a
subjective anthropic principle as the new paradigm for fundamental
physics.

The particle physics titan Steven Weinberg too suggested that anthropic
reasoning signaled the dawn of a new era in cosmology. His unifying
insight in the late 1960s, that the electromagnetic and weak nuclear forces
are one and the same, had formed the basis of the Standard Model of
particle physics. Some of the predictions of the Standard Model have since
been verified to a stunning precision of no less than fourteen decimal
places, making it the most accurately tested theory in physics ever. Yet for
all this precision, Weinberg felt that to understand the deeper reasons why
the Standard Model takes the particular form it does, we would need to



supplement the mathematical principles of orthodox physics with a
principle of an entirely different nature. “Most advances in the history of
science have been marked by discoveries about nature,” he told us in his
“Living in the Multiverse” lecture at Cambridge, “but at certain turning
points we have made discoveries about science itself and what we consider
to be an acceptable theory. We may be at such a turning point…the
multiverse legitimates anthropic reasoning as a new basis for physical
theories.”[15] The worldview Weinberg evokes here echoes a form of
dualism. There are physical laws or metalaws, and we are discovering them,
but they are cold and impersonal. In addition to these, however, there is the
anthropic principle that, in its own mysterious way, bridges the (meta)laws
with the physical world we experience.

—

the backlash has been fierce. Over the years the anthropic principle has
become by any margin the most contentious issue in theoretical physics.
Some are unequivocal in their opposition. “Inflationary theory dug its own
grave,” Princeton’s co-discoverer of cosmological inflation, Paul
Steinhardt, has declared. “It’s like giving up,” Nobel laureate David Gross
of the University of California put it bluntly. Others feel that the entire
discussion about our place in the cosmos is premature. “It’s too soon to
think about such matters,”[16] the otherwise visionary theorist Nima Arkani-
Hamed told an audience of string theorists in the summer of 2019. Five
centuries after the modern scientific revolution, which planted the seeds for
dualism in physics, this is quite a remarkable statement.

To Stephen’s frustration, a silent majority of theorists continued to look
away—lost in math. Most theoretical physicists felt—and still feel—that an
inquiry into the deeper origin of the universe’s biofriendliness lies outside
the scope of their discipline. They’d rather believe that the problem will
somehow go away when we discover the master equation of string theory
that rules the multiverse. One time over tea in DAMTP, Stephen, never shy
about putting the cat among the pigeons, complained about this. “I am



amazed,” he said, “that people [string theorists] can have such blinkered
vision, and not seriously ask how and why the universe got here.”[17]

Stephen held that it would not be enough, if we are to elucidate the mystery
of design, to find the abstract mathematical metalaws. For him the search
for a unified theory in physics was inextricably tied to our big bang origins.
The dream of a final theory, he argued, cannot be achieved if we conceive
of it as “just” another laboratory problem, but must be pursued in the
context of cosmological evolution. Mathematics was Stephen’s servant, not
his master, in his pursuit of a new vision of the universe. So Hawking
agreed with anthropic principlists that a better understanding of the
universe’s life-encouraging properties was important and that plain
Platonism wouldn’t suffice, that it would require a paradigm shift, a
fundamental change in the way we conceive physics and the study of the
universe.[18] However, he would grow increasingly skeptical that anthropic
reasoning was the kind of revolutionary shift we needed in the light of these
developments. His primary concern with the anthropic principle as part of a
new cosmological paradigm wasn’t so much its qualitative nature. Biology
and other historical sciences are rife with predictions of a more qualitative
kind. The real problem for him was that anthropic reasoning derails the
basic scientific process of prediction and falsification.

This process was extensively discussed by the Austrian-British
philosopher of science Karl Popper. According to Popper, what makes
science a uniquely powerful approach to acquiring knowledge is the fact
that over and over again, consensus is reached among scientists as a result
of rational argument on the basis of available evidence. Popper realized that
a scientific theory can never be proven true, but it can be falsified, meaning
that it can be contradicted by experiments. But—and this is Popper’s key
point—this process of falsification has only been possible because
theoretical hypotheses have been required to make unambiguous
predictions such that, if contrary results were found, at least one premise of
the theory would have been shown not to apply to nature. The reason this is
central to the way science works is that this situation is asymmetric;
confirmation of a theoretical prediction supports but doesn’t prove a theory,



while falsification of a prediction can show it to be false. The possibility of
failure of a hypothesis always lurks around the corner in science, and that is
an essential part of how it advances.

Figure 7(a). In August 2001, Martin Rees, standing just to the left of Stephen, convened a meeting at
his farmhouse in Cambridge, England, to debate the merits—if any—of the anthropic principle in
fundamental physics and cosmology. It is in the margin of this conference that Stephen and the
author (third row, behind Stephen) began to discuss in earnest how a quantum outlook on the cosmos
might supplant anthropic cosmological reasoning. Rees’s conference brought together many of our
colleagues who’d play a key role along our journey, including Neil Turok (seated left), Lee Smolin
(seated right) and Andrei Linde, who’s standing all the way on the right in the middle row. Left of
Linde we have Jim Hartle, barely visible behind Bernard Carr, and then Jaume Garriga, Alex
Vilenkin, and Gary Gibbons.

But the anthropic principle places this process on shaky ground, because
one’s personal criteria for what constitutes a biofriendly universe inject a
subjective element into physics that compromises Popper’s process of
falsification. Your anthropic perspective might select one patch in the
multiverse with this set of laws, whereas my anthropic leanings might pick



out another patch, with a different set of laws, with no objective rule at hand
to decide which one is correct.

This is much unlike Darwinian evolution, which ingeniously avoids
anything like the would-be analogue of anthropic reasoning slipping into
biology. Whether extraterrestrial life exists, let alone how it evolved, plays
no role in Darwin’s theory. Nor does Darwinism leave any room for
singling out one particular species for a privileged role in biological affairs,
be it Panthera leo or Homo sapiens or any other. Quite the contrary,
Darwinism is rooted in our relationship with the rest of the living world. It
recognizes the interconnectedness of it all. One of Darwin’s monumental
insights was that Homo sapiens co-evolved with everything else in the
living world. “We must acknowledge, as it seems to me, that man with all
his noble qualities…still bears in his bodily frame the indelible stamp of his
lowly origin,” he wrote in The Descent of Man. How profoundly different
this is from Carter’s anthropic principle in cosmology, operating outside the
natural evolution of the universe, as if it were an add-on to it all.

In a Popperian sense, where it concerns falsification, the anthropic
multiverse differs scarcely from the cosmology of the seventeenth-century
German polymath Gottfried Leibniz. In his work The Monadology, Leibniz
suggested there are infinitely many universes, each with its own space,
time, and matter, and that we live in the best of all possible worlds, selected
by God in all His goodness.

It is quite understandable then that the scientific community has found
itself in perpetual disagreement on the merits of the anthropic principle. In
his incisive critique of string theory, The Trouble with Physics, the
American physicist and writer Lee Smolin pointedly notes that “once a non-
falsifiable theory is preferred to falsifiable alternatives, the process of
science stops and further increases in knowledge are ruled out.” This was
also what worried Stephen in our first conversation in his office, that once
one buys into the anthropic principle, one gives up on the basic predictivity
gained by science.

We have reached an impasse. The anthropic principle was meant to
specify “who we are” in the vast cosmic patchwork and in this way function



as a bridge connecting abstract multiverse theory to our experiences as
observers within this universe. However, it fails to do so in a manner that
upholds the basic principles of scientific practice, leaving multiverse
cosmology with no explanatory power whatsoever.

This leads us to a remarkable observation: In the broadest sense we have
made surprisingly little progress since the modern scientific revolution to
fathom the deeper origin of the apparent design that underpins physical
reality. Yes, we now understand the universe’s expansion history in
exquisite detail, we understand how gravity shapes the large-scale universe,
and we understand the precise quantum behavior of matter down to scales
much smaller than the size of a proton. But that detailed physical
understanding, of enormous significance in its own right, has only served to
accentuate the deeper-lying riddle of design. The universe’s biophilic
character continues to create confusion, dividing the scientific community
and the broader public alike. A deep conceptual chasm continues to separate
our understanding of the living world and that of the underlying physical
conditions that make life possible at all. Why did the mathematical laws
laid out at the big bang turn out to be fit for life? What should we make of
the fact that they did? The rift separating the animate and inanimate worlds
appears deeper than ever.

—

physicists say the multiverse saddles us with a paradox. Multiverse
cosmology builds on cosmic inflation, the idea that the universe underwent
a short burst of rapid expansion in its earliest stages. Inflationary theory has
had a wealth of observational support for some time but has the
inconvenient tendency to generate not one but a great many universes. And
because it doesn’t say which one we should be in—it lacks this information
—the theory loses much of its ability to predict what we should see. This is
a paradox. On the one hand, our best theory of the early universe suggests
we live in a multiverse. At the same time, the multiverse destroys much of
the predictive power of this theory.



As a matter of fact, this wasn’t the first time Stephen was confronted
with a mystifying paradox. Back in 1977 he put his finger on a similar
conundrum having to do with the fate of black holes. Einstein’s general
relativity theory predicts that nearly all information about anything falling
into a black hole remains forever hidden inside. But Stephen discovered
that quantum theory adds a paradoxical twist to this story. He found that
quantum processes near the surface of a black hole cause the hole to radiate
a slight but steady stream of particles, including particles of light. This
radiation—now known as Hawking radiation—is too faint to be detected
physically, but even its mere existence is inherently problematic.[19] The
reason is that if black holes radiate energy, then they must shrink and
eventually disappear. What happens to the huge amount of information
hidden inside when a black hole radiates its last ounce of mass? Stephen’s
calculations indicated that this information would be lost forever. Black
holes, he argued, are the ultimate trash cans. However, this scenario
contradicts a basic principle of quantum theory that dictates that physical
processes can transform and scramble information but never irreversibly
obliterate information. Once again we arrive at a paradox: Quantum
processes cause black holes to radiate and lose information, yet quantum
theory says this is impossible.

The paradoxes to do with the life cycle of black holes and with our place
in the multiverse became two of the most vexing and hotly debated physics
puzzles of the last decades. They are concerned with the nature and fate of
information in physics and thus strike at the heart of the question as to what
physical theories are ultimately about. Both paradoxes emerge in the
context of so-called semiclassical gravity, a theoretical description of
gravity pioneered by Stephen and his Cambridge gang in the mid-1970s,
based on an amalgam of classical and quantum thinking. The paradoxes
come about when one applies such semiclassical thinking either over
exceedingly long timescales (in the case of black holes) or out to
exceedingly large distances (in the case of the multiverse). Together they
embody the profound difficulties that arise when we try to get the two
pillars of twentieth-century physics, relativity and quantum theory, to work



in harmony. In this role they have served as mind-bending thought
experiments, with which theorists have extrapolated their semiclassical
thinking about gravity to the extreme to see where and how exactly it would
break down.

Thought experiments were always a favorite of Stephen’s. Having
renounced philosophy, Stephen loved to experiment with some of the deep
philosophical questions—whether time had a beginning, whether causality
was fundamental, and, most ambitious of all, how we as “observers” fit into
the cosmic scheme. And he did so by framing these questions as clever
experiments in theoretical physics. Three of Stephen’s landmark discoveries
all resulted from ingenious, carefully configured thought experiments. The
first of these was his series of big bang singularity theorems in classical
gravity; second, his 1974 discovery in semiclassical gravity that black holes
radiate; and third, his no-boundary proposal, also in semiclassical gravity,
for the origin of the universe.

Now, while one could argue that the black hole paradox is of academic
interest only—the fine details of Hawking radiation are unlikely ever to be
measurable—the multiverse paradox bears directly on our cosmological
observations. At the heart of the paradox lies the fraught relation in modern
cosmology between the living world and observership, and the physical
universe. The multiverse paradox became a beacon in Hawking’s quest to
reenvision this relationship by developing a fully quantum perspective on
the cosmos. His final theory of the universe, thoroughly quantum, redraws
the basic foundations of cosmology and is Hawking’s fourth great
contribution to physics. The grand thought experiment that lies behind the
theory had in some sense been five centuries in the making. Carrying it out
would be our voyage.



Figure 7(b). Stephen (left) and the author (right) in the year 2001, shortly after embarking on their
journey, in the Brussels bar À La Mort Subite.

Skip Notes

*1 Lemaître would often jot down scientific insights at one end of his notebooks and scribble
spiritual reflections at the other, leaving a few blank pages in the middle as if to avoid unnecessarily
mixing science and religion.

*2 In particular, moving outward from the sun, Kepler placed the sphere of Mercury, an octahedron,
the sphere of Venus, an icosahedron, the sphere of Earth, a dodecahedron, the sphere of Mars, a
tetrahedron, the sphere of Jupiter, a cube, and, finally, the sphere of Saturn.



CHAPTER 2

DAY WITHOUT YESTERDAY

L’espace-temps nous apparaît semblable à une coupe conique. On progresse vers le
futur en suivant les génératrices du cône vers le bord extérieur du verre. On fait le
tour de l’espace en parcourant un cercle normalement aux génératrices. Lorsqu’on
remonte par la pensée le cours du temps, on s’approche du fond de la coupe, on
s’approche de cette instant unique, qui n’avait pas d’hier parce qu’hier, il n’y avait
pas d’espace.

We can compare spacetime to an open, conic cup. We move forward in time by
following the cone upward to the top. We move through space by going around in
circles. If we imagine going back in time, we reach the bottom of the cup. This is the
first instant, the now which has no yesterday, because, yesterday, there was no space.

—Georges Lemaître, L’hypothèse de l’atome primitif

in an interview[1] broadcast on the Belgian radio network in April 1957
to commemorate the second anniversary of Albert Einstein’s passing,
Georges Lemaître recalled Einstein’s reaction when he first told him of his
discovery that the universe expands. This was in October 1927 in Brussels,
where many of the world’s most eminent physicists had gathered for the
Fifth Solvay Council on Physics. The thirty-three-year-old priest-
astronomer wasn’t among the participants of the council but approached
Einstein in the margins of the meeting. However, when he propounded that
his general theory of relativity predicted that space expands and that we



should therefore see galaxies moving away from us, Einstein balked. “After
a few favorable technical remarks, he [Einstein] concluded by saying that
from a physical viewpoint this seemed to him ‘abominable,’ ” Lemaître
recalled in the interview.

Undeterred, Lemaître took his own findings seriously and thought that
the expansion meant that the universe must have had a beginning in what he
called a primeval atom, a tiny speck of staggering density whose gradual
disintegration would have created matter, space, and time.

Why did Einstein vehemently object to the idea of the universe having a
beginning? Because he felt this would destroy the very foundations of
physics. He thought Lemaître’s primeval atom, or any other kind of big
bang origin, would be an entry point for God to interfere in the workings of
nature. On long walks they took in the early 1930s, Einstein pressed
Lemaître to find a way to avoid a beginning, because “this reminds me too
much of the Christian dogma of creation.” He felt that if cosmological
theory gave the universe a birth certificate, it would forever have to remain
silent on who or what had issued it, removing all hope of understanding the
universe at its most fundamental level on the basis of science.

In vain the Belgian abbé attempted to assuage Einstein, arguing that “the
hypothesis of the primeval atom is the antithesis of the supernatural creation
of the world.”[2] As a matter of fact, Lemaître saw the origin of the universe
as a wonderful opportunity to expand the reach of the natural sciences.

Einstein versus Lemaître on the ultimate cause of the universe’s
expansion went to the heart of the mystery of its apparent design. Their
debate was in many ways a precursor of Linde versus Hawking seventy
years later. What did Lemaître have in mind when he envisaged the big
bang as the “antithesis of supernatural creation”? To understand that, we
need to take a closer look at the ideas of both of these scientists.

—

the theoretical foundations of modern cosmology rest on Einstein’s
theory of relativity. This takes us back to the turn of the twentieth century,



to a time when physicists had Newton’s laws of gravity and motion and
James Maxwell’s theory of electricity, magnetism, and light, which,
together with the theory of heat, underpinned the industrial revolution. The
worldview emerging from these nineteenth-century physical theories was in
line with our intuitive picture of reality, involving particles and fields,
propagating through a fixed space and guided by a universal clock—a
cosmic Big Ben one might say. It isn’t surprising, therefore, that physicists
thought they were converging on a definitive description of nature and that
physics would soon be complete.

In the year 1900, however, the Irish-Scottish physicist William Thomson,
one of the giants of classical nineteenth-century physics better known as
Lord Kelvin, noted “two dark clouds on the horizon.”[3] One of the clouds
Kelvin identified had to do with the motion of light through the ether and
the other with the amount of radiation emitted by hot objects. Still, most
physicists felt that these were mere details to be wrapped up and that the
edifice of physical theory was solid and sound.

Within a decade, however, this edifice had crumbled. The resolution of
Kelvin’s “details” unleashed two full-scale revolutions, of relativity and
quantum mechanics. What’s more, each of these revolutions took physics in
a radically different direction, casting a new cloud that still hovers over the
frontier of physics today: the problem of how the macro and the micro
worlds fit together.

What exactly was it about light that rocked the foundations of
nineteenth-century physics? Speed. Careful experiments showed that light
always moves at 186,282 miles per second, regardless of the observer’s
motion relative to a light ray’s source. Obviously, that fact didn’t match up
with everyday experience: If you’re traveling on a moving train and you
measure its speed, you will clearly obtain a different value (zero) compared
to when you measure its speed while standing outside. It also ran against
ingrained nineteenth-century thinking. Light waves were thought to be
carried by the ether, a mysterious space-filling medium. If that were the
case, however, observers moving at different velocities relative to the ether
should see light waves pass by at different speeds. But experiments showed



otherwise, and that was reason enough for Albert Einstein, working as a
clerk in a Swiss patent office, to cast doubt on the ether’s existence.

Einstein understood that if light is always observed to travel at the same
speed, then observers moving relative to each other must have different
notions of distance and time. After all, speed is a measure of distance
traveled divided by the duration of the journey. According to Einstein,
instead of a cosmic Big Ben we all carry our own clock, and though all our
clocks are equally accurate, when we move relative to one another, they
will tick at slightly different rates, measuring different amounts of time
between the same two events. The same is true for distance; one observer’s
yardstick can differ slightly from another’s. There just aren’t universally
valid measures for duration and distance. This was the crux of Einstein’s
1905 theory of special relativity. The term “relativity” here refers precisely
to this revolutionary idea that notions of space, time, and simultaneity aren’t
objective facts but always tied to the view of a given observer.

One may wonder where the differences in distance measured by one
observer relative to another go. Are they simply gone? Not quite. They are
transformed into an amount of time. You see, motion through space gets
mixed with motion through time in Einstein’s relativistic universe. When I
look at my sister’s parked sports car I find that all its motion is through
time. But if she speeds away, a tiny bit of its motion through time is
channeled into motion through space. My sister’s clock will run a tad more
slowly than mine. And while this doesn’t quite make her the “young lady
from Bright,” it does lead to a slight temporal mismatch upon her return.
The maximum speed is reached when motion through time is fully diverted
into motion through space. That is the speed of light—a cosmic speed limit.
Loosely speaking, moving at the speed of light through space leaves
nothing for traveling through time. If a particle of light had a wristwatch, it
wouldn’t tick at all.

With these insights, Einstein’s theory broke away from the deeply
entrenched Newtonian way of looking at the world, in which space was a
fixed stage wherein all events played out and time was a straightforward
arrow progressing steadily and universally from the infinite past to the



infinite future. In Newton’s thinking, nothing could ever affect the
unbendable nature of space and the linear flow of time. Also, time and
space were not interconnected. According to Newton, time had always
existed and always would, independent of any space that might or might not
exist.

Einstein’s special relativity theory challenged all this by forging an
intimate relation between space and time. In 1908, the German
mathematician Hermann Minkowski, who had been one of Einstein’s
teachers at the Zurich Polytechnic, completed Einstein’s
reconceptualization of space and time and famously declared that
“henceforth space as such and time as such shall recede to the shadows and
only a kind of union of the two shall retain significance.”[4] Minkowski
melded the three dimensions of space and the one time direction into a
single four-dimensional entity: spacetime.

Figure 8. Hermann Minkowski’s first diagram unifying space and time into spacetime, from his 1908
book, Raum und Zeit (Space and Time). Time and one dimension of space are indicated by dashed
arrows or “vectors.” One arrow points in the time direction (“zeitartiger vector”) and one in the
space direction (“raumartiger vector”). An observer is located at the point O. The region of
spacetime in her future (“jenseits von O”) is bounded by the “Nachkegel” and her past (“diesseits
von O”) is bounded by the “Vorkegel,” which are the observer’s future and past light cones,
respectively.

In order to picture this four-dimensional union we usually suppress one
or two of the three space dimensions and draw the remaining one(s) against



the dimension of time in a spacetime diagram. Figure 8 shows Minkowski’s
very first drawing of spacetime, in which he retained only one dimension of
space, running horizontally, and time going vertically. The structure reveals
how special relativity redefines our relationship with the universe. If we sit
at the point marked O, for observer, then signals traveling at the speed of
light that reach us from opposite directions in the past, and signals radiated
from O into the future, trace out two lines that cross each other at O and
divide spacetime into four distinct parts. The observer’s past is the
triangular region of spacetime bounded by the trajectories of light rays
coming in at O. This region contains all events that have occurred and can
affect what the observer sees. The observer’s future is the triangular region
bounded by light rays leaving O, which contains everything that the
observer can influence. Later we will encounter spacetime diagrams that
include a second space dimension in the horizontal plane. In such diagrams
the paths of past and future light rays at every point trace out two cones
touching at their tip at that point and opening up in opposite directions. This
light cone structure at every point of spacetime is the very essence of
relativistic physics. People used to think that the past and the future were
simply glued to each other at the present. But special relativity teaches us
that for you, the observer, they touch only at the point marking your
particular location in the universe.

In Newton’s world of distinct and absolute time and space—and no
cosmic speed limit—it was thought that we could, in principle at least,
instantly access all of space. In Einstein’s relativistic world we begin to
appreciate how little of it is accessible. The observable universe is limited,
both in space and in time, to the region within our past light cone. And
given that only 13.8 billion years have elapsed since the big bang, this
means there is a cosmological horizon, a limiting distance beyond which all
happenings in the universe—or multiverse—lie truly out of reach, no matter
how much telescope technology ever advances.

Even within our cosmological horizon we can gather information about
limited patches of spacetime only. Figure 9 shows the regions within the
past light cone of an earthbound observer that are directly accessible. First,



astronomical observations of light provide us with information about the
near-surface region of the light cone taking us back more than 13 billion
years into the past. Second, observations of terrestrial fossils, cosmic
particles, and other space debris allow us to look back about 4.6  billion
years into the local interior of our past light cone. But there are vast regions
in between (shaded lightly in figure 9) to which we have no direct access.

Figure 9. Our past light cone and the densely shaded regions within our past to which we have direct
access.

—

In 1907, Einstein set out to rethink Newton’s law of universal gravitation in
order to bring our description of gravity in line with his new relativistic
vision of spacetime. This would prove quite a challenge, a mathematical
expedition he later described as “a long and lonely journey through the
desert, searching in the dark for a truth that one feels but cannot express.”[5]



But it paid off. In November 1915, in the dark days of World War I,
Einstein could finally put forward his theory of general relativity, a new
theory of gravity, consistent with his special relativity theory of spacetime,
that would become his most sweeping scientific accomplishment.

General relativity describes gravity in geometric terms—the geometry, in
fact, of spacetime itself.[6] The theory conceives of gravity as a
manifestation of the curving and bending of the fabric of spacetime by mass
and energy. For example, the theory holds that Earth moves around the sun
not because there is a mysterious force acting over that vast distance,
somehow pulling upon Earth, but because the mass of the sun slightly
warps the shape of space in its vicinity. This warping creates a sort of valley
that guides Earth (and the other planets) into nearly elliptical orbits around
the sun. We can’t see this valley but we feel it—it’s gravity! Likewise,
according to Einstein, you are kept with your feet on the ground because the
mass of Earth creates a slight dent in the shape of space in which your body
tries to slide down, as it were, leading you to feel an upward pressure on
your feet. It is that same dent that keeps satellites like the International
Space Station and the moon nicely in orbit around our planet.

And it’s not only space that curves but also time, a phenomenon
exploited—and greatly exaggerated—by the directors of such movies as
Interstellar. When Joseph Cooper and his crew returned to their spaceship
after their brief stay on Miller’s planet, they found that Romilly, the crew
member who had stayed behind, had aged more than twenty-three years.
Apparently the huge mass of the black hole near Miller’s planet had caused
time to elapse more slowly for the visiting crew.

The sheer power of Einstein’s general theory of relativity stems from the
fact that it encapsulates this wonderful dialogue between matter and energy
and the shape of spacetime in a mathematical equation:



This equation isn’t difficult to read. On the right-hand side we have all
the matter and energy in a region of spacetime, denoted by Tµv. The left side
describes the geometry, Gµv, of that region. The equal sign in the middle is
where the magic happens: It tells, with mathematical precision, how the
geometry of spacetime on the left (Gµv) is tied to a given configuration of
matter and energy (Tµv) on the right, and this relationship, Einstein’s theory
says, is what we experience as gravity. Hence gravity doesn’t enter
Einstein’s theory as an independent force. It rather emerges from the
interplay between matter and the shape of spacetime. As the American
physicist John Archibald Wheeler put it, “Matter tells spacetime how to
curve. Spacetime tells matter how to move.”[7]

In short, general relativity breathes life into spacetime. The theory
transforms spacetime from Newton’s immutable stage beyond our
understanding into a flexible, physical field. Incidentally, the concept of
fields in physics, invisible space-filling substances, goes back to the
brilliant nineteenth-century Scottish experimenter Michael Faraday. Shortly
after, Maxwell made use of fields to formulate his theory of
electromagnetism. The magnetic field through which a magnet exerts its
influence is probably the best-known example of a physical field indeed.
Today, physicists use fields not only to describe forces but also species of
particles. Roughly, we think of particles as dense nuggets of their
underlying space-filling field. Einstein’s genius was to identify spacetime
itself as the physical field responsible for gravity.

It wasn’t long before support for general relativity began rolling in. The
first evidence came from within the solar system and had to do with the
path of the planet Mercury. When in the mid-nineteenth century Le Verrier
had pointed astronomers to the planet Neptune, he had also noticed that
Mercury’s orbit slightly deviated from what Newton’s law of gravity
predicted. Not surprisingly, Le Verrier suggested that Mercury’s trajectory
might be influenced by another planet, closer still to the sun, and he even
had a name for it—Vulcan. But Vulcan was never found. So in 1915
Einstein set out to recalculate Mercury’s orbit on the basis of his new theory



of gravity and found that it perfectly accounted for the Mercury anomaly, a
discovery he called the strongest emotional experience in his life—“as if
Nature had spoken.”[8]

But the real breakthrough of general relativity came in 1919 when the
British astronomer Sir Arthur Eddington sailed out to the Portuguese island
of Principe, off the coast of West Africa, to measure the positions of stars
during a total solar eclipse. If Einstein were right and mass curves
spacetime, then starlight passing near a massive object like the sun
shouldn’t travel in a straight line but be deflected, causing a slight shift of
the star’s position in the sky. Strikingly, this was precisely what Eddington
and his team found: The stars had moved. The New York Times reported on
Eddington’s observations with the sensational headline lights all askew
in the heavens, men of science more or less agog, propelling Einstein to
international fame as the genius who had dethroned Newton.[9] Newton’s
laws, once regarded as definitive truths, were shown to be provisional and
approximate. That a British astronomer had tested a German physicist’s
theory was even heralded as an act of reconciliation between both countries
so recently embattled in World War I.

The bending of light around the sun is tiny—a few arc seconds—because
the sun’s gravitational field is weak by astronomical standards. But almost
exactly a hundred years later, in the spring of 2019, the world’s front pages
carried a spectacular smiley image displaying the deflection of light in its
most extreme form. In a modern-day version of Eddington’s expedition, an
international team of astronomers had created a virtual Earth-sized
telescope, the Event Horizon Telescope, comprising eight radio dishes
across the globe, from Greenland to Antarctica, operating meticulously
together to achieve a spatial resolution capable of spotting a tennis ball on
the moon. When the astronomers zoomed in with their Event Horizon
Telescope and all its resolving power on the very center of Messier 87—a
large galaxy in the Virgo cluster, about fifty-five million light-years away—
and then digitally stitched together the pixels, a dark disk emerged,
surrounded by a halo of light—the hallmark of the shadow of a giant black
hole absorbing matter.



The dark disk in figure 10 indicates that there is a central region where
the spacetime warping is so enormously strong that light rays straying there
aren’t merely deflected but remain trapped inside. The ring of light
surrounding it arises from matter and gas heating up while disappearing into
the black hole. This particular hole is spinning in such a way that the light
reaching us from underneath the black disk gets a boost in energy, making
the bottom part shine brighter. With a mass of 6.5 billion suns, compressed
in a region of roughly the size of the solar system, this is one of the heavier
black holes in our cosmic neighborhood.

Figure 10. This first image of a black hole enthralled the world when the Event Horizon Telescope
produced it in 2019. The central “shadow” is no larger than our solar system but contains a mass of
roughly 6.5 billion suns. It is located in the central nugget of the galaxy Messier 87, about fifty-five
million light-years away. The halo of light comes from matter falling into the black hole, while the
shadow is where the space warp is so powerful that all light gets sucked in.

—

general relativity theory had actually predicted that black holes should
exist. A mere few months after Einstein’s landmark publication, the German
astronomer Karl Schwarzschild found the first solution to the theory’s
defining equation (p. 42) that described the strongly curved geometry



outside an extraordinarily dense, perfectly spherical mass M. Since
Schwarzschild was serving on the Russian front during World War I at the
time, he wrote his solution on a postcard he sent to Einstein in Berlin.
Einstein was delighted, of course, and enthusiastically presented the
solution before the Prussian Academy.

Schwarzschild’s geometry contained a most peculiar surface, located a
short distance 2GM/c2 from the center of the mass.[10] At this surface space
and time appeared to swap roles. For years there was a great deal of
confusion about this. Einstein thought this was a mathematical oddity of the
solution without physical significance. Schwarzschild himself thought
space and time somehow ended at this surface.

But the fog surrounding Schwarzschild’s geometry began to clear in the
1930s,[11] when it became apparent that the solution describes the final
shape of spacetime after the complete gravitational collapse of a large,
perfectly spherical star when it runs out of fuel and dies.[12] Of course real
stars aren’t perfectly spherical, so most physicists remained skeptical
whether such “gravitationally collapsed stars,” or black holes, really
existed. It would take until the renaissance of general relativity in the
1960s, spurred on by the work of Roger Penrose, before the physical reality
of gravitationally collapsed stars finally began to sink in, and Wheeler
coined the term black hole to describe them. Penrose, a pure mathematician
working at Birkbeck College in London, introduced a whole new set of
clever tools to handle the complicated geometries of general relativity and
proved that all sufficiently massive stars, regardless of their initial shape or
composition, collapse to a black hole at the end of their life span. This
meant that, far from a mathematical eccentricity, black holes should be an
integral part of the cosmic ecosystem. In a 1969 paper, Penrose wrote: “I
only wish to make a plea for black holes to be taken seriously and their
consequences to be explored in full detail. For who is to say that they
cannot play some important part in the shaping of observed
phenomena?”[13] These proved prescient remarks. Astronomical
observations over the next few decades would gradually strengthen the case
for black holes, culminating in the first shadowy images of these enigmatic



objects in 2019. Fifty-five years after his prediction that black holes should
be ubiquitous in the universe, Penrose shared the 2020 Nobel Prize in
Physics for what was initially a purely theoretical discovery.

Penrose’s Nobel Prize–winning 1965 paper[14] is just three pages long
and has few equations, but it contains a fascinating, Leonardo-like drawing
of the formation of a black hole out of a collapsing star (see figure 11).
Penrose’s spacetime diagram shows two spatial dimensions and how they
intermingle with the dimension of time. We can see that far away from the
object, the future light cones open up toward both sides, meaning that
beams of light can be directed either toward or away from the star—as one
expects. Near the collapsing star, the mass of the star curves space, causing
the light cones to bend inward. As the collapse proceeds, a special surface
appears at which the cones get bent so much that even outward-directed
light rays, moving out at the speed of light, remain hovering at a constant
distance from the center of the star. And since nothing can travel faster than
light, neither can anything else escape its gravitational pull. The collapsing
star has created a region of spacetime that is completely disconnected from
the rest of the universe—a black hole.



Figure 11. Roger Penrose’s 1965 illustration of a star collapsing to form a black hole. As the star
shrinks, a curious surface appears in the empty space around it, shown as the black ring in the center
of the figure. On that surface, even light can’t move away from the star. Penrose demonstrated on
purely mathematical grounds that, regardless of its shape, the emergence of such a light-trapping
surface signals the inevitable formation of a black hole, with a singularity at the center surrounded
by a cylindrical event horizon. Inside the black hole, the extreme tilting of the future light cones
means one must keep moving toward the singularity. However, that tilting also means that an
observer outside never quite sees the final stages of the collapse, let alone the singularity inside the
black hole.



The surface that separates the no-escape zone inside from the rest of the
universe is the peculiar surface in Schwarzschild’s geometry that caused so
much confusion in the early days of general relativity. Today it is known as
the event horizon of a black hole. It corresponds roughly to the edge of the
dark disk in figure 10. The event horizon acts like a one-way membrane
through which matter, light, and information can enter, but nothing can
leave. Black holes are the ultimate escape rooms indeed.

Few physicists believe there is much to see or feel at the event horizon of
a large black hole, but the horizon is of huge significance to the causal
structure of black holes. Inside the horizon surface, space and time in some
sense switch identities. If an intrepid astronaut were to venture inside the
horizon of a black hole, the ever-increasing tilting of the light cones means
he would necessarily have to keep moving toward the center. That is, the
radial dimension of space inside acquires the properties of a time
dimension, a direction in which one can’t stop or reverse but must move
forward. The spacetime singularity of infinite curvature that awaits in the
center isn’t really a place in space but more like a moment in time—the last
one.

This singularity with its infinite warping is where (when) the Einstein
equation loses its predictive power. The theory of general relativity breaks
down at spacetime singularities. This is puzzling. How was Penrose able to
prove that the gravitational collapse of a large star produces a singularity
when the theoretical framework on which he relied doesn’t hold at
singularities? The ingenuity of Penrose’s strategy was to identify a point of
no return in gravitational collapse, the formation of what he called a
trapped surface from where even light can’t move away from the star.
Penrose showed that once a trapped surface forms, further collapse to a
singularity becomes unavoidable. His mathematical tricks were so powerful
that they allowed him to predict the outcome, despite not being able to
follow the collapse of a real star through to its completion.

—



now, what happens when two black holes enter each other’s sphere of
influence and begin to circle each other? General relativity predicts that this
interaction generates gravitational waves, oscillating disturbances of
spacetime that propagate across the universe at the speed of light. This is
just the Einstein equation at work: Two black holes orbiting each other form
a periodically changing configuration of masses to which, the Einstein
equation says, spacetime responds with its own periodic disturbances.
These ripples are gravitational waves.

As ripples of geometry, gravitational waves carry massive amounts of
energy. This drains the energy from the system of orbiting black holes,
causing them to spiral inward and eventually merge to form a single, bigger
black hole. Such mergers are by far the most violent events in the universe.
A single collision of two black holes can generate a burst of gravitational
waves more powerful than the combined power of all light radiated by all
the stars in the observable universe. Nonetheless, the waves of geometry
generated when black holes collide have an extremely small size, because
the fabric of spacetime is extraordinary stiff.[15] This is why bursts of
gravitational waves, despite their enormous power, are very difficult to
detect.

Furthermore, since there are no particles involved, a burst of
gravitational waves passing through our planet is a supremely elusive event.
Except for momentarily causing yardsticks to stretch and shrink a tiny bit,
and clocks slightly to speed up and slow down, gravitational waves zip
through planets as if they are carrying an invisibility cloak. In order to
detect the fleeting variations caused by gravitational ripples, you need a
yardstick several miles long, capable of measuring that distance to a
precision considerably better than the width of a single proton. This sounds
impossible. In a stunning feat of engineering, however, two groups of
scientists, the LIGO team in the United States and the Virgo team in
Europe, have done exactly that. By employing lasers and a great deal of
sophisticated engineering to monitor the length of three pairs of several-
miles-long vacuum tubes placed in an L-shaped configuration, at three
widely separated locations on the surface of Earth, both teams have set an



ingenious trap for gravitational waves passing through our planet. And on
September 14, 2015, after years of waiting and listening, the legs of the two
LIGO L’s suddenly began vibrating, ever so slightly at first, gradually faster
and more strongly, until, after a fraction of a second, the vibrations ebbed
away again. Using Einstein’s theory, physicists were able to trace this brief
pattern of vibrations to a gravitational wave burst generated in the inward
spiral and merger, more than a billion years ago, of a pair of black holes of
around thirty solar masses each. Five years on, nearly a hundred such
gravity wave bursts had been detected, revealing that black holes are an
integral part of the cosmic ecosystem indeed, just as Penrose predicted.

The observational discovery of gravitational waves confirms the last of
the great predictions enshrined in Einstein’s general relativity. In many
ways, it marks a coming of age of the theory, for it signals as much a new
beginning as the closure of an era. What started out as an abstract
mathematical equation describing space, time, and gravity has developed,
with the observation of gravitational waves, into an entirely new way of
looking at the universe. More than four centuries after Galileo first pointed
a telescope to the stars, it is as if astronomers have grown a new sense that
they can use to unlock the universe’s dark side, dominated by black holes,
dark matter, and dark energy. The gravitational-wave observatories that are
currently operational across the globe explore the universe by sensing the
geometry of spacetime itself, capturing minute vibrations of the field that
Einstein birthed more than a century ago.

—

back in the pioneering days of general relativity, Einstein was quick to
realize that his theory might embody a radical new vision of the cosmos as
a whole. In 1917 he wrote to the eminent Dutch astronomer Willem de
Sitter in Leiden: “I want to settle the question of whether the basic idea of
relativity can be followed through to its conclusion, and determine the
shape of the universe as a whole.”[16]



Einstein proposed that the global shape of space is like a three-
dimensional version of the surface of a sphere—a so-called hypersphere.
Hyperspheres are difficult to imagine because we tend to think of curved
spaces as two-dimensional surfaces embedded in normal three-dimensional
Euclidean space. But this embedding of surfaces in a bigger space is only
there to provide some comfort for the eye. Nineteenth-century
mathematicians had already shown that all geometrical properties of curved
surfaces—things like straight lines and angles and so on—can be defined
intrinsically, without referring to anything above or below the surface.[17]

Likewise, the curved shape of a three-dimensional hypersphere needs no
external reference point. It is just what it is: a hypersphere.

Like the surface of a sphere, a three-dimensional hypersphere has no
center or boundary. Space looks the same wherever you are in a
hypersphere. Yet the total volume of space is finite in Einstein’s universe.
Hence, much as Earth has a finite surface, the number of distinct places in a
hyperspherical universe is limited. In effect, if you kept going in a straight
line in Einstein’s universe, you’d eventually return home from the opposite
direction from which you had left, just as you can fly around the globe by
always aiming straight ahead. What’s more, nothing would have changed,
for Einstein engineered his universe to be unchanging in time. To achieve
this outcome, he even added an extra term to his equation, which he called
the cosmological term and denoted with the Greek letter λ, known today as
the cosmological constant. Einstein’s λ term describes a dark energy of
space that manifests itself on the very largest scales of the universe where it
gives rise to some sort of antigravity, or cosmic repulsion. Einstein saw that
for a hypersphere of a special size, the attractive gravitational pull of all
matter and the repulsion induced by the λ term can be perfectly balanced,
yielding a universe that neither expands nor contracts and that exists in all
past and future eternity. This was the cosmos he was after and the only one,
he thought, in line with the deeper physical meaning of his theory.

Einstein’s feat to capture the entire cosmos by means of a single equation
demonstrated vividly that general relativity could take us where Newton’s
laws could not. His static, hyperspherical spacetime relates the universe’s



overall shape and size to the amount of matter and dark energy it contains,
showing that his theory really had the potential to provide fantastic answers
to age-old questions. With his treatment of the universe as a whole, Einstein
in some sense folded the outer sphere of the ancient world models into the
realm of modern science. Even though his model universe turned out to be
widely off the mark, his pioneering explorations marked the birth of
modern, relativistic cosmology.

—

it would be ten more years, however, before Lemaître began to discern
that the true cosmological implications of relativity went far beyond what
Einstein and everyone else had imagined.

Lemaître was an interesting, amiable figure.[18] Born in 1894 in the city
of Charleroi in the south of Belgium, he had to give up his university
engineering course for military service in World War I. When Germany
invaded Belgium in August 1914, young Georges volunteered to serve in
the infantry of the Belgian army and took part in the Battle of the Yser, near
the border with France. This conflict dragged on for two months, until the
Belgians flooded the area to halt the German advance. In quieter periods, it
is said that Lemaître sought to relax in the trenches by reading the physics
classics, including Poincaré’s Leçons sur les Hypothèses Cosmogoniques.
Family legend has it that he incurred the wrath of one army instructor when
he pointed out a mathematical error in the military ballistics manual.

Responding to a double vocation, after the war Lemaître enrolled at the
Catholic University of Louvain to study physics and at the seminary in
Malines, where he was granted special permission by Cardinal Mercier to
study Einstein’s new theory of relativity. In 1923, clerical collar in place, he
crossed the English Channel to work with Eddington at the Cambridge
Observatory.

An avid reader of philosophy as well as physics, Lemaître may well have
been inspired by the vision of the eighteenth-century Scottish philosopher
David Hume, to carve out a scientific approach at the intersection of



mathematical theory and astronomical observations. In his masterpiece, An
Enquiry Concerning Human Understanding, Hume held that our
experiences are the foundation for our knowledge. While recognizing the
power of mathematics, Hume cautioned against abstract reasoning detached
from the real world: “If we reason a priori, anything may appear able to
produce anything. The falling of a pebble may, for aught we know,
extinguish the sun; or the wish of a man to control the planets in their
orbits.” With his emphasis on experience as the basis of all our theories,
Hume helped lay the foundations for a practice of science as an inductive
process rooted in experiment and in our observations of the universe.

In a similar spirit, Lemaître summarized his position as follows: “Every
idea comes from the real world in some way, according to the adage ‘Nihil
est in intellectu nisi prius fuerit in sensu.’[19] Certainly, the idea that stems
from the fact must go beyond it and follow the natural flow of thought, the
fundamental activity of the intellect. Yet this is perhaps one of the most
valuable lessons that the strangeness of physics teaches us: This flow must
be controlled, it must not lose contact with the facts, it must allow itself to
be conditioned by them. Here, as in so many other fields, we must find a
happy balance between a dreamy idealism that goes astray and a narrow
positivism that remains sterile.”[20]

Moving from Cambridge, England, to Cambridge, Massachusetts, to
work at the Harvard College Observatory, Lemaître witnessed the closing of
“the Great Debate” in Washington in January 1925. The question was
whether the spiral nebulae in the sky, which had been known since the
Middle Ages, were giant gas clouds within the Milky Way or separate,
distant galaxies. Using the world’s most powerful telescope at the time, the
new Hooker 100-inch telescope on Mount Wilson near Pasadena, the
American astronomer Edwin Hubble and his colleagues had resolved
portions of two nebulae (Andromeda and Triangulum) into separate stars
and then used the characteristic properties of pulsating Cepheid stars in
these to estimate their distances.[21] To their amazement, these were
approaching one million light-years. Such large distances put them far
beyond the edge of our Milky Way, confirming they were separate galaxies



indeed. In one stroke, Hubble’s observations had made the universe a
thousand times larger.

What’s more, most nebulae appeared to move away from us. As early as
1913, the gifted astronomer Vesto Slipher, working at the Lowell
Observatory[22] near the Grand Canyon, had noticed that the spectra of light
from most spiral nebulae were shifted toward light waves of longer
wavelengths.[23] Such a shift occurs when one observes light from sources
that are receding, a phenomenon known as the Doppler shift. We are
familiar with the Doppler shift from sound waves—think about the
changing sound of the siren of an ambulance driving by. But the same
phenomenon also applies to light waves, where if the light source moves
away it gives rise to a reddening of the light’s overall color, aptly called a
redshift in cosmology. By the mid-1920s, Slipher had measured the spectra
of no fewer than forty-two spiral nebulae and found that only four were
approaching the Milky Way while thirty-eight were moving away, often
with enormous velocities, up to 1800 km/sec, much greater than the
velocity of any other celestial object known at the time. In hindsight, the
nebulae velocities listed in Slipher’s tables, such as the one shown in figure
12, were the very earliest indications that the universe expanded.[24]



Figure 12. The earliest evidence that the universe expands. Shown are the radial velocities of
twenty-five spiral nebulae (galaxies), published by Vesto Slipher in 1917. Negative terms correspond
to approaching galaxies, while positive velocities are galaxies that are receding.

Back in Louvain, in 1925, Lemaître recognized the significance of
Slipher’s observations. It is said that by then he understood general
relativity better than anyone else, Eddington and Einstein included.
Lemaître saw that the static universe Einstein had engineered was badly
unstable. It looked much like the cosmological equivalent of a needle
balanced on its head; give it the slightest nudge, and it starts to move. His
stroke of genius then was to abandon the deeply rooted idea of an
unchanging universe that is the same for all eternity and to read in general
relativity what the theory had been trying to say all along: The universe
expands. In tying mass and energy to the shape of spacetime, Einstein’s
theory inevitably causes space to change over time—not just locally but
also in extenso, on the scale of the whole cosmos. By designing a static
world, Lemaître concluded, Einstein had defied the most dramatic
prediction of his own equation in favor of his philosophical prejudices of
how the cosmos should be. Lemaître’s seminal 1927 paper, in which he
predicted that space expands, established the fundamental link between the



theory of general relativity and the behavior of the physical universe as a
whole.[25] He himself recalled, with characteristic flippancy, that “I
happened to be more mathematician than most astronomers, and more
astronomer than most mathematicians.”[26]

Figure 13. Georges Lemaître lecturing at the Catholic University of Louvain, Belgium.

Lemaître understood that an expanding universe is very different from an
ordinary explosion. An explosion originates in a particular location. If you
consider, say, an exploding star from a distance, space will look very
different depending on whether you look toward or away from the star. Not
so for an expanding universe. A universe in expansion has no center and no
edge, for it is space itself that is stretching. If anything, the expansion is the
explosion of space. “The nebulae [galaxies] are like microbes on the surface
of a balloon,” Lemaître elaborated. “When the balloon increases, each
microbe realizes that the others withdraw, and it has the impression—but
only the impression—of being at the centre.” A cartoonesque illustration of



Lemaître’s metaphor appeared in a Dutch newspaper in 1930 (see insert,
plate 2).

While light waves travel from one “microbe” to another, their
wavelengths stretch along with the stretching space, steadily reddening the
light’s color. This makes it seem as if distant galaxies rush away from the
Milky Way, even though they don’t move. Hence the redshifts of the
nebulae spectra aren’t quite real Doppler shifts due to the actual motions of
galaxies, as Slipher and Hubble thought, but a mere consequence of the
swelling of space itself. I have attempted to illustrate this in figure 14.
Because I can fit only so many dimensions on a sheet of paper, I have again
suppressed two space dimensions, leaving only one, depicted here as a
circle. The interior of the circle and the space outside it are not part of this
universe, but merely aids to the visualization. So we have a one-
dimensional circle that is stretching, the radius of the circle getting bigger in
the course of time. We can see that this increases the distances between
galaxies.

Figure 14. A schematic representation of a one-dimensional, circle-shaped universe that expands in
the course of time. The expansion of space makes galaxies rush away from each other, even though
they don’t actually move. As a consequence of this apparent motion, the light from galaxies we
observe appears redshifted.

The degree of redshift that we observe depends on how long ago—and
hence how far away—the light we receive was emitted. Lemaître calculated
that if the universe is expanding at a constant rate, then there must be a
linear relation between the apparent recession velocity, v, of a galaxy and its



distance, r, from us, which he summarized in the infamous equation 23 of
his 1927 paper:

v = H r

This relationship says that the apparent velocity v with which galaxies
recede should be in proportion to their distance r from us. The
proportionality factor H in this relationship is the number that measures the
rate of expansion of the universe. Seeking observational corroboration for
his prediction, Lemaître looked up Slipher’s redshifts and Hubble’s (highly
uncertain) distance measurements for their sample of forty-two nebulae,
and estimated that galaxies are receding about 575 kilometers per second
faster for every three million light-years of distance.[27]

—

this discovery ushered in the biggest paradigm shift in cosmology since
Newton. At the time, however, hardly anyone took notice, and the few
remarks that did reach Lemaître weren’t encouraging. Lemaître sent a copy
of his paper to Eddington, who lost it. Einstein, having fiddled with his
theory to get the universe to stand still, refused to reconsider the matter. In
effect, he pointed out to Lemaître, during their brief, agitated encounter at
the Fifth Solvay Council,[28] that solutions to his equation describing
expanding universes had been discovered four years earlier by a young
mathematician from St. Petersburg, Alexander Alexandrovich Friedmann,
[29] who had since died. To Einstein (and to Friedmann), such solutions
were mere mathematical oddities of the relativity theory, without any
significance to the real cosmos. A static universe seemed so much more
perfect and emotionally pleasing. For all we know, then, with Friedmann
dead, Einstein in denial, and Eddington oblivious to Lemaître’s discoveries,
in the late 1920s only a single person on the planet apprehended what
would eventually prove general relativity’s most far-reaching prediction.



But Lemaître persevered and set out to study the course of the universe’s
growth. Working at his home in Louvain—a former brewery—Lemaître
traced the evolution of the size of a three-dimensional hypersphere[30] filled
with different amounts of matter and dark energy. In the insert, plate 1
shows the range of universes he found, each one expanding and evolving
according to the theory of general relativity. These graphs, meticulously
calculated on yellow millimeter paper by Lemaître in 1929 or 1930,
constitute one of the most remarkable scientific documents of the twentieth
century. Epic in the sense of their departure from the prevailing worldview,
they literally changed the world.

—

in 1929, with the world’s most powerful telescope on Mount Wilson still at
his disposal, Hubble provided strong empirical evidence for the linear
distance-velocity relation, to the extent that this relationship—equation 23
in Lemaître’s 1927 paper—became known as the Hubble law.[31] This was
despite the fact that Hubble made no mention of expansion and went to his
grave not believing in the relativistic interpretation of his observations.[32]

Leaving that aside, the observations were a real tour de force. Hubble was
assisted by Milton Humason, a former mule driver and one of the last
astronomers to enter the field without a university degree, who went to
heroic efforts to capture the faint light of the distant nebulae. It is said that it
took Humason three full nights of careful observing to measure the
spectrum of a single nebula.

Hubble and Humason’s spectacular observations proved the tipping point
for relativistic cosmology. In January 1930, Eddington convened a meeting
at the Royal Astronomical Society to discuss the matter and—having been
reminded of Lemaître’s 1927 article—ordered that an English translation be
published immediately in the Monthly Notices. Confronted with the
astronomical evidence, Einstein too conceded the point. In a single stroke
he accepted the expansion and discarded the λ term that he had added to his
equation to make the universe stay put. He had always had a bad feeling



about that term, he said, which he thought was gravely detrimental to the
mathematical beauty of his theory. In reference to his newly unencumbered
theory, he wrote to the American astronomer Richard Tolman, saying, “This
is really incomparably more satisfactory.”[33]

Paradoxically, Lemaître held a very different view. He thought Einstein’s
λ term was a brilliant addition to the theory, not to engineer a static
universe, of course (Einstein’s motivation), but simply to account for the
energy associated with empty space. Eddington agreed with Lemaître on
this matter, declaring at one point, “I would rather revert to Newtonian
theory than to drop the cosmological constant.”[34] Whereas Einstein had
added the term on the left side of his equation, reasoning on geometric
grounds, Eddington and Lemaître thought of it as part of the energy budget
of the universe on the right-hand side. If spacetime is a physical field, they
argued, then shouldn’t we expect that it comes endowed with its own
intrinsic properties? The cosmological constant does exactly that: It fills
spacetime with energy and pressure. Just as a bowl of milk contains a
certain amount of energy, given by its temperature, the λ term suffuses
otherwise empty space with an amount of dark energy and dark pressure
determined by the numerical value of the constant λ. “With the λ-term
everything happens as though the energy in vacuum would be different
from zero,” Lemaître wrote.[35]

The antigravity effect of the cosmological constant comes about because
the pressure it fills space with is negative. Negative pressure isn’t
particularly exotic; it’s what we often call tension, as in a stretched rubber
band. Negative pressure induces “negative gravity,” or antigravity, in
Einstein’s theory, and this is what speeds up the expansion.

Now, when space stretches, its intrinsic properties don’t change. You just
get more of it. So, unlike the energy of normal matter or radiation, the dark
energy of spacetime doesn’t dilute as the expansion unfolds and may even
become the determining factor in the universe’s evolution when space
grows large. This is not the case in the hyperspherical universes that
correspond to the lower set of curves in Lemaître’s iconic graph (see insert,
plate 1). In these universes, space has a small dark energy density. As a



consequence, gravity is overall attractive and the size of the universe
changes much like the trajectory of a baseball in flight: It starts out
growing, reaches a maximum before the antigravity of the dark energy
builds up and interferes, and then collapses again into a big crunch. But if
the value of the cosmological constant were larger, it could counter the
gravitational pull of matter and dramatically alter the course of
cosmological evolution. The path of expansion of universes with enough
dark energy transitions from something like the trajectory of a baseball into
an accelerating space rocket. This is the kind of behavior Lemaître displays
in the upper curves of his diagram.

As a matter of fact, besides thinking about the properties of empty space,
Lemaître had a second reason to keep λ in his basket, one that was no less
interesting and that I already alluded to in chapter 1. This had everything to
do with the habitability of the universe. By carefully adjusting the
numerical value of λ, he could obtain a universe with a long era of very
slow expansion in which galaxies, stars, and planets could form. This
hesitating universe was by far the most biofriendly one that Lemaître came
up with: It corresponds to the one curve going nearly horizontally in plate 1.
(Even this universe, however, if Lemaître had kept on calculating, would
eventually have started accelerating.)

Lemaître and Einstein continued to quarrel about “little lambda” for the
rest of their lives. Agreement was never reached. Journalists trailing them
on their walks around the Athenaeum at Caltech wrote of the “little lamb”
following them everywhere they went. In his later correspondence with
Lemaître on the subject, Einstein conceded that if he “could demonstrate
that λ were present, this would be very important.”[36] This was as far as he
ever came to reconsidering the infamous λ term. No fewer than eighty years
later, in a truly remarkable development, high-precision astronomical
observations of the spectra of exploding stars called supernovae would
prove Lemaître right: We do live in a hesitating universe, though its period
of hesitation ended a few billion years ago.[37]

—



but perhaps the most mind-boggling “detail” in Lemaître’s diagram in
plate 1 hides in the bottom left corner, where he wrote “t = 0,” the zero of
time.

You see, Lemaître’s original 1927 expanding universe did not have a
beginning. Instead, Lemaître had assumed that the universe had evolved
slowly and gradually from a near-static state in the infinite past. By 1929,
he had realized that this arrangement in the far past was much like
Einstein’s needle balanced on its head, so he abandoned this scenario in
favor of a genuine beginning. Lemaître arrived at the conclusion that the
expansion meant that the universe must have had a past that was
unimaginably different from the present. “We need a complete revision of
our cosmogony,” he held, “a fireworks theory of cosmic evolution.”[38]

Venturing far beyond where even Einstein’s theory could take him, he
came to envision the origin of the universe as a super-heavy primeval atom
whose spectacular disintegration would yield the vast cosmos we see today.
“Standing on a cooled cinder we see the slow fadings of the suns and try to
recall the vanished brilliance of the origin of the worlds,” he wrote in his
monograph L’hypothèse de l’atome primitif. In search of fossil remnants of
the universe’s violent birth, he then took an interest in cosmic rays, which
he thought of as hieroglyphs of the ancient fireball. Later in his career, to
decipher their trajectories, Lemaître purchased one of the first electronic
computing machines, the Burroughs E101, which he had seen at the 1958
World Expo in Brussels, and, with the help of his students, famously carried
up to the attic of Louvain’s Physics Department, establishing the
university’s first computing center.[39]

However, whereas the idea of an expanding universe became broadly
accepted in the early 1930s, any talk about the universe having a beginning
was met with great skepticism. “The notion of a Beginning of the present
order of Nature is repugnant to me,” Eddington asserted. “As a scientist I
simply do not believe that the universe started with a bang. As if something
unknown is doing we don’t know what.”[40]

Einstein too initially dismissed the idea of a beginning. Much like his
view of the singularity inside Schwarzschild’s spherical black holes, he



thought that the zero of time in Lemaître’s expanding universes was an
oddity of the perfectly symmetric and uniform manner in which they
expanded. Since the real universe isn’t perfectly uniform, things would miss
one another when you ran the expansion backward, he reasoned, replacing
the beginning with cycles of contraction and expansion, which he found
philosophically much more satisfactory. Lemaître recalled their
conversation in 1957: “I met again with Einstein in California, at the
Athenaeum in Pasadena. Speaking of his doubts concerning the
inevitability, under certain conditions, of the beginning, Einstein proposed a
simplified model of a non-spherical universe for which I had no difficulty in
calculating the energy tensor, and to show that the loophole of which
Einstein had thought [to avoid a beginning] did not work.”[41] Lemaître
apparently shared Einstein’s feelings on the inevitability of a beginning,
noting, “From an aesthetic point of view this is unfortunate. A universe that
repeatedly expands and contracts has an irresistible poetic charm,
reminiscent of the Phoenix of the legends.”[42]

However, the universe is what it is. Notwithstanding the philosophical
and aesthetic leanings of its pioneers, relativistic cosmology pointed
strongly toward a genuine beginning and has done so ever since. That said,
the zero of time—Lemaître’s day without yesterday—is again a singularity
in general relativity, where the spacetime curvature becomes infinite and, as
a consequence, the Einstein equation turns silent. So, curiously, the big
bang is the cornerstone as well as the Achilles’ heel of relativistic
cosmology—inevitable yet apparently beyond understanding.

This is a profoundly confusing state of affairs. If time itself began with
the big bang, then all questions about what happened before would seem
meaningless. Even speculation about what caused the big bang would be
out of place, for causes precede effects, which requires some notion of time.
This apparent breakdown of basic causality at the origin of time was the
core of the matter in the debate that pitted Eddington and Einstein against
Lemaître. The former were so reluctant to contemplate a universe beginning
because it felt as though a real beginning required a kind of supernatural
agency to interfere with the natural course of evolution. This reticence



would become all the more poignant when, throughout the century, more
and more evidence emerged that the universe originated in a way that is
strikingly conducive to the evolution of life. In hindsight, Eddington and
Einstein could be forgiven for being suspicious!

—

einstein’s and eddington’s perspectives on the beginning were steeped
in the old determinism going back to Newton, to which Einstein’s classical
theory of general relativity comports. Within this scheme, any beginning
requires initial conditions with the same degree of tuning as the universe
that evolves from them. A universe that evolves to become complex late in
its evolution requires initial conditions of the same level of complexity
early on. A universe that appears specially designed to bring forth life
requires initial conditions that encode that same level of biofriendliness all
the way back at the start. This makes it seem as if an “act of God” was
involved to set our fine-tuned, biophilic universe in motion.

But Lemaître was a giant step ahead of determinism. He proposed to
break the chain of causes and effects by taking a quantum view of the origin
and explained his position in “The Beginning of the World from the Point of
View of Quantum Theory,” published in the journal Nature in May 1931.[43]

Lemaître’s cosmopoetic letter is one of the most audacious scientific texts
of the twentieth century. It counts no more than 457 words but can be
regarded as the charter of big bang cosmology. In this letter he argues, to
my knowledge for the first time, that the relativity and quantum revolutions
are profoundly interconnected, that the beginning of the universe should be
part of science, governed by physical laws that we can discover, but that
these hypothetical laws will involve a mixture of quantum theory with
gravity. We must meld together quantum theory and relativity, Lemaître
argued, because the latter implies a big bang where the former becomes
important. And that unification, he envisioned, will provide such a powerful
and deep synthesis that it will integrate the universe’s origin within the
realm of the natural sciences. These proved prescient thoughts; today



physicists are fond of saying that the big bang is the ultimate quantum
experiment.

Quantum theory imbues physics with an unavoidable element of
indeterminacy and “fuzziness.” Lemaître speculated that under the extreme
conditions in the earliest stages of the universe, even space and time would
become fuzzy and uncertain. “The notions of space and time would
altogether fail to have any meaning at the beginning,” he wrote in his big
bang manifesto. “Instead space and time would only begin to have a
sensible meaning when the original ‘quantum’ had been divided into a
sufficient number of quanta,” enigmatically adding, “If this suggestion is
correct, the beginning of the world happened a little before the beginning of
space and time.”

But how could quantum indeterminism resolve the causality conundrum
that the big bang poses? What Lemaître had in mind was that random
quantum jumps could have generated a complex universe from a simple
primeval atom. And if the complexity of today’s universe were the result of
countless frozen accidents in its embryonic evolution rather than the
necessary consequence of perfectly orchestrated initial conditions right at
the start, wouldn’t the whole idea of a beginning be easier to swallow?
Contemplating the implications of a quantum origin, Lemaître ended his
letter in Nature by saying: “Clearly the initial quantum could not conceal in
itself the whole course of evolution. The story of the world need not have
been written down in the first quantum like the song on a disc of a
phonograph….Instead from the same beginning widely different universes
could have evolved.”

In fact, since the idea of a quantum origin seemed to take the sting out of
the origin of time, Lemaître came to see it as a central pillar of his new
cosmology, even though he never wrote down a single equation for the
primeval atom that could substantiate his vision. The intuitive picture of the
beginning that he muses about in his big bang manifesto is one of supreme
simplicity. The primeval atom in Lemaître’s thinking was like an abstract,
undifferentiated, pristine cosmic egg. It makes me think of the Romanian



sculptor Constantin Brâncuși’s The Beginning of the World (see insert, plate
6).

The British quantum physicist Paul Dirac, an early supporter of the
primeval atom hypothesis, went even further and speculated that quantum
jumps in the early universe could replace the need for an initial condition
altogether. Could it be that causality fades away in a quantum origin, that
the mystery of the “first cause” evaporates in a quantum world—our world?

Paul Dirac had arrived in Cambridge as a student in 1923, the same year
as Lemaître, and also with the hopes of studying relativity with Eddington.
But he was assigned a different track that drew him into the quantum theory
of particles, a field of research in which he would acquire a virtually
unmatched depth of understanding. Dirac discovered the eponymous
equation that unified Einstein’s theory of special relativity with quantum
theory and predicted the existence of antimatter, earning him the 1933
Nobel Prize. Later he rose to become the fifteenth holder of the Lucasian
Chair of Mathematics in Cambridge. Dirac was a curious character, though,
notoriously shy and quiet—almost invisible, according to some colleagues.
One day in the late 1970s Stephen and his wife, Jane, invited the Diracs
over for tea at their house on a Sunday afternoon. Don Page, Stephen’s
research assistant at the time who lived with them to help out with
Stephen’s daily care, decided to stick around to listen in on the conversation
between these two giants of twentieth-century physics. Apparently neither
of them said a word.

The Dirac archives in Tallahassee, Florida, contain a beautiful pencil
drawing of Lemaître made by a member of the audience during Lemaître’s
lecture at the Kapitza Club in Cambridge in 1930. The drawing, shown in
figure 15, comes with a caption that says, “But I don’t believe in the Finger
of God agitating the aether.” According to Dirac’s recollections, which he
wrote down in an accompanying note in 1971, “there was much discussion
during Lemaître’s lecture about the role of quantum indeterminacy.” Both
Dirac and Lemaître saw in quantum mechanics a way to disentangle the
causal knot created by a deterministic outlook on the beginning, by tracing
the roots of much of the universe’s complexity today to random quantum



jumps in the wake of its birth. These jumps would in a sense turn
cosmological evolution into a genuinely creative process.

Taking stock after a whirling decade of discoveries, Dirac returned to
Lemaître’s primeval atom hypothesis in 1939, in his Scott Prize Lecture at
the Royal Society of Edinburgh: “The new [expanding] cosmology will
probably turn out to be philosophically even more revolutionary than
relativity or the quantum theory, although at present one can hardly realize
its full implications.”[44] Seventy years on—and liberated from a few more
prejudices—my journey with Stephen would bring to the surface some of
these philosophical implications indeed.



Figure 15. This drawing of Georges Lemaître was made by an attendee at a talk he gave in 1930 at
Cambridge University. The note underneath makes clear that Lemaître saw no reason for God to
interfere with the big bang. He regarded the primeval atom hypothesis as a purely scientific matter,
grounded in physical theory and to be verified, ultimately, by astronomical observations. Forty years
later, Paul Dirac wrote down the accompanying note.





—

Back then, observations that could vindicate the primeval atom hypothesis
or something like it remained elusive. After its heydays in the early 1930s,
cosmology actually became a bit of a scientific backwater, characterized by
scant data and grandiose speculation, and cosmologists acquired the
dubious reputation of being “often in error but never in doubt.”

In effect, in the 1950s, the big bang theory almost slipped from public
view. Vocal in his opposition to Lemaître’s theory, the British astrophysicist
Fred Hoyle had coined the term big bang as a derisory term, during a BBC
radio interview in 1949, and painted it as “an irrational process that cannot
be described in scientific terms.” Hoyle missed no opportunity to portray
big bang cosmology as pseudoscience that had been pursued in a concordist
endeavor. Echoing Eddington, Hoyle stated, “There can be no causal
explanation, and indeed no explanation of any kind, for the beginning of the
universe. The passionate frenzy with which big bang cosmology is clutched
to the corporate scientific bosom evidently arises from a deep-rooted
attachment to the first page of Genesis, religious fundamentalism at its
strongest,”[45] and he recommended, “Whenever the word ‘origin’ is used,
disbelieve everything you are told!”[46]

Working with Hermann Bondi and Thomas Gold, Hoyle proposed a rival
model of the universe, the steady-state theory, which became a serious
contender in the 1950s. The steady-state theory held that even though the
universe is always expanding, it maintains a constant average density
because matter is being continuously created to form new galaxies that fill
the spaces opening up as older galaxies move apart. Whereas in big bang
cosmology most matter is created in the primeval heat, in a steady-state
universe the creation of matter is a slow and everlasting process. The
universe has no beginning or end in Hoyle’s steady state, which is
somewhat like a mini-version of the multiverse, with a constant production
of new galaxies rather than universes.

Meanwhile, however, the tall Russian physicist George Gamow, Gee-
Gee to his friends, had subjected the exotic environment of a hot big bang



to a closer study. Gamow was a colorful character who seems to have had a
knack for encountering people from all walks of life, from Trotsky and
Bukharin to Einstein and Francis Crick—often in memorable
circumstances.[47] Gamow grew up in the Ukrainian city of Odessa and
studied in St. Petersburg, where he learned general relativity from
Alexander Friedmann. Dismayed by the growing intrusions of the
Communist state into intellectual life, Gamow and his wife attempted to
escape from Ukraine by paddling out from the southern tip of the Crimean
Peninsula across the Black Sea to Turkey. All went well until two days into
their sea journey, when they got caught in a storm that swept them back to
Crimea. But the Gamows didn’t give up. In 1933, when Niels Bohr invited
Gamow to attend the Seventh Solvay Council in Brussels, they seized the
opportunity to emigrate to the United States.

Gamow was neither a mathematician nor an astronomer but a nuclear
physicist, who imagined the whole universe as a giant nuclear reactor
during the first few minutes of its expansion. Working with Ralph Alpher
and Robert Herman, Gamow envisaged the big bang to be hot, very hot, and
wondered whether the chemical elements out of which we and everything
else around us are made were once cooked in this primeval cosmic oven.
He reasoned that if the density and the temperature of the primordial
universe were so high that even atomic nuclei could not survive, the
periodic table would have been, initially, empty except for the very first
element, hydrogen, which is just a single-proton particle. The whole
universe would have been filled with a superdense hot plasma Gamow
called Ylem, after the Greek ύλη for “matter.” This plasma would have
consisted of freely moving atomic building blocks—electrons, protons, and
neutrons—immersed in a heat bath of radiation. But when the universe
expanded and cooled, neutrons and protons would have combined to form
composite atomic nuclei. First in line for this is deuterium, heavy hydrogen
made of one proton and one neutron, which in turn fuses with more protons
and neutrons to form helium. Combining the laws of nuclear physics with
the expansion of space, Gamow and his team calculated that the window for
nuclear fusion in the primordial universe would open up at around one



hundred seconds after the big bang and close again a few minutes later,
when the expansion would have lowered the temperature to one hundred
million degrees, low enough to shut down the cosmic nuclear reactor. They
found that this brief window would be enough to convert about one quarter
of all protons in the universe into helium nuclei, together with a few traces
of heavier elements like beryllium and lithium. These relative abundances
of the light elements predicted by Gamow and his team are in excellent
agreement with what astronomers have since measured. Today, this counts
as one of the key tests of the hot big bang theory.[48]

Figure 16. George Gamow overwrote the label of this Cointreau bottle with the word YLEM to
commemorate his 1948 work with Ralph Alpher on the synthesis of atomic nuclei in the fiery heat of
the big bang. The term “Ylem” is a Middle English word that refers to the primordial substance from
which all matter was thought to be created.

But hiding in Gamow’s work was an even more momentous prediction—
if this were possible. Alpher, Gamow, and Herman realized that the heat
liberated in the synthesis of atomic nuclei should still be around today as a
sea of leftover radiation filling all of space. After all, where could it go? The
universe is all there is. Their calculations showed that billions of years of



cosmic expansion would have cooled the heat radiation to a temperature of
about 5 Kelvin, or –267 degrees Celsius. Such cold radiation would make
the universe shine predominantly in the microwave frequency band of the
electromagnetic spectrum. So the universe today—all of space—should be
filled with microwaves. This was a monumental discovery: Gamow and his
collaborators had identified a fossil relic of the hot big bang era that,
furthermore, should be out there for us to see if only we looked into deep
space with eyes sensitive to microwaves.

And indeed it is. Hot bodies radiate, and the universe is no exception.
The cosmic microwave background radiation, or the CMB for short, was
discovered in 1964 in a moment of serendipity by two American physicists,
Arno Penzias and Robert Wilson. Unaware of Gamow’s work, Penzias and
Wilson were calibrating a giant microwave horn antenna at the Bell
Telephone Labs in Holmdel, New Jersey, which had initially been
constructed to track the Echo balloon satellites, when they discovered a
persistent hiss from their antenna that they could not explain. No matter
where in the sky they turned their antenna, they encountered the exact same
noise, at a wavelength of 7.35 cm, day and night. Talking with local
cosmology friends, they soon realized that their antenna was hissing for a
good reason: It was picking up the faint relic radiation of the hot big bang—
the telegram from the dawn of time Lemaître had first envisioned and
Gamow had later identified.

Penzias and Wilson’s discovery of the fossil microwave radiation was
the shot heard around the world. At last it dawned upon the scientific
community that cosmological expansion had real long-term effects, that it
meant that the far past was unimaginably different from the present. This
recognition fundamentally transformed the debate about the universe’s
origin. Almost overnight the ultimate cause of the expansion, that enigma
that had pitted Einstein and Lemaître against each other thirty years earlier,
moved to center court in theoretical cosmology, and it has remained there
ever since.

—



lemaître was told about the discovery of the CMB on the seventeenth of
June in 1966, a mere three days before his death, in the hospital, where a
close friend brought him the news that the fossil relics that proved his
theory right had finally been found. “Je suis content…maintenant on a la
preuve,” he reportedly replied.[49]

Now, it may seem odd that the “father of the big bang” was also a
Catholic priest. But Lemaître understood how to navigate between Einstein
and the pope and took pains to explain why he saw no conflict between the
“two paths to truth,” science and salvation, that he had decided to follow. In
an interview with Duncan Aikman for The New York Times, Lemaître
paraphrased Galileo on science versus religion,[*] saying, “Once you realize
that the Bible does not purport to be a textbook on science, and once you
realize Relativity is irrelevant for salvation, the old conflict between science
and religion disappears,” adding, “I have too much respect for God to
reduce Him to a scientific hypothesis”[50] (see insert, plate 5). It is
abundantly clear from his writings that Lemaître didn’t experience the
slightest conflict between these two spheres. One even discerns in him a
certain lightheartedness about it. “It turns out that to search thoroughly for
the truth involves a searching of souls as well as of cosmic spectra,” he
once said.

In the early 1960s, by then Monsignor Lemaître and president of the
Pontifical Academy of Sciences, he would strive to advance the academy’s
goals of fostering excellent science while maintaining a healthy relation
with the Church, by respecting meticulously the differences in methodology
and language between science and religion. Far from the concordist
interpretations that sought to bring the truths of faith in line with scientific
discoveries, Lemaître insisted that science and religion each had its own
playing field. Of the primeval atom hypothesis, he said in this regard, “Such
a theory remains entirely outside any metaphysical or religious question. It
leaves the materialist free to deny any transcendental Being….For the
believer, it removes any attempt to [achieve] familiarity with God. It is
consonant with the wording of Isaiah speaking of the ‘Hidden God,’ hidden
even in the beginning of creation.”[51]



Lemaître’s more formal position on these matters was no doubt
influenced by his studies at the neo-Thomistic school of philosophy of
Cardinal Mercier in Louvain, which embraced modern science but denied it
much ontological significance. At Mercier’s institute Lemaître learned to
differentiate between two levels of existence, between the beginning of the
physical world in a temporal sense and metaphysical questions of existence:
“We may speak of this event [the disintegration of the primeval atom] as of
a beginning. I do not say a creation. Physically everything happens as if it
was really a beginning, in the sense that if something has happened before,
it has no observable influence on the behavior of our universe….Any pre-
existence of our universe has a metaphysical character.”[52]

This distinction made it possible—and indeed obvious—for the abbé to
regard the study of the physical origin of the universe as an opportunity for
the natural sciences, whereas Einstein regarded it as a threat to physical
theory. At the core of their scientific debate, therefore, lay different
philosophical positions. They seem to have had very different conceptions
of what it is, ultimately, that science tries to find out about the world.
Lemaître appears to have been supremely cognizant that no matter how
abstract, our ability to do science remains rooted in our relationship with the
universe. His double vocation inspired him to carefully delineate the
boundaries of both the scientific and spiritual spheres. The result was a faith
stripped from dogmas and a science rooted in the human condition. At a
memorial event in his native village, one of Lemaître’s nieces told me that
at family gatherings, her cousins liked to challenge Georges and press him
on where his primeval atom came from. “Oh, that is God,” he would
jokingly tell them.

Einstein, by contrast, was an idealist. His discovery of the theory of
general relativity constituted an unparalleled tour de force. This
achievement strengthened him in his conviction that there is a final theory
of immutable mathematical truths out there, lying in wait to be discovered,
that dictates how the universe should be. Einstein’s fundamentally causal
and deterministic attitude on all questions to do with the origin reflects this.
However, the stunning prediction of his own relativity theory that the



universe originated in a big bang that is also the origin of time severely
challenged his position.

In the next chapters I will argue that Lemaître’s position would
eventually prove a more trustworthy guide to untangle the riddle of design.
In effect Einstein versus Lemaître mirrors the distance Hawking would
travel seventy years later. The early Hawking adhered to Einstein’s position,
to the notion that we are discovering objective truths in physics that
somehow transcend the physical universe. The story of our journey at a
deeper philosophical level is about how and why Stephen broke with the
Einsteinian position and came to adopt Lemaître’s, and what this entails not
only for our conception of the big bang, but also for the future agenda of
cosmology.

Figure 17. When we began to work together, Stephen wasn’t aware of Lemaître’s pioneering work on
quantum cosmology. Hence I took him to Lemaître’s former office at the Premonstratensian College
in Louvain, where I showed him Lemaître’s big bang manifesto of 1931.



Skip Notes

* Galileo in 1615 wrote a legendary letter about the relation between science and religion to Christina
of Lorraine, grand duchess of Tuscany. In this he quotes a most eminent ecclesiastic, reportedly
Cardinal Caesar Baronius, head of the Vatican library: “That the intention of the Holy Ghost is to
teach us how one goes to heaven, and not how heaven goes.”



CHAPTER 3

COSMOGENESIS

Ich schreite kaum, doch wähn’ ich mich schon weit.
Du siehst, mein Sohn, zum Raum wird hier die Zeit.

I hardly move, yet far I seem to have come.
You see, son, here time becomes space.

—Richard Wagner, Parsifal

in his memoir, stephen wrote that he became interested in cosmology
because he wanted to fathom the depths of understanding. Stephen’s
insatiable desire to ask ever deeper questions drew him to Cambridge. He
arrived in Cambridge in the autumn of 1962 from Oxford, where he had
taken the undergraduate physics course. “The prevailing attitude at Oxford
at the time was anti-work,” he said about this. “To work hard to get a better
degree was regarded as the mark of a grey man, the worst epithet in the
Oxford vocabulary.”[1] When it came to the final examinations at Oxford,
Stephen chose to concentrate on problems in theoretical physics because
these didn’t require much factual knowledge. He attained a borderline first–
second grade, and an interview with the examiners was held to judge which
one should be awarded. Stephen told them that if he got a first, the top
grade, then he would go to Cambridge; otherwise he would stay at Oxford.
They gave him a first. In light of Stephen’s later achievements, from



Oxford’s viewpoint, this must have been one of the worst decisions in its
eight-hundred-year history.

In Cambridge, Stephen was drawn to Hoyle, the steady-state man, even
though his theory had come under serious pressure in the early 1960s.[2]

Hoyle was not available, however, and Stephen was assigned to Dennis
Sciama instead. This proved to be a piece of great fortune. Sciama, himself
a student of Paul Dirac, was a catalyst, an outstandingly stimulating figure,
who had turned Cambridge into the mecca for relativistic cosmology.
Plugged in to the major developments in physics worldwide, Sciama made
sure his students knew about the latest discoveries. Whenever an interesting
paper was published, he would assign one of them to report on it. Whenever
an interesting lecture was scheduled in London, he would send them down
on the train to hear it. Stephen throve in the interactive, vibrant, and
ambitious scientific environment that Sciama created and would later strive
to create an equally stimulating environment for his own students.

When Stephen arrived in Trinity Hall, Cambridge, Sciama too clung to
the steady-state model of the universe. He set Stephen to work on a
variation of it that Hoyle had devised in an attempt to rescue the theory.
Soon Stephen found there were infinities in Hoyle’s new version that
rendered the theory ill defined, and he challenged Hoyle on this point at a
meeting of the Royal Society in London in 1964. When Hoyle asked, “How
do you know?” Stephen, refusing to be cowed by Britain’s foremost
astrophysicist, replied, “Because I calculated it!”—an early sign of both his
independent spirit and his flair for drama. His analysis of the steady-state
theory would become the first chapter of his PhD dissertation.

The final nail in the coffin for steady-state cosmology came a few
months later with the discovery of the cosmic microwave background
radiation. The existence of this ancient heat showed beyond a doubt that the
universe was not in a steady state but had once been fundamentally different
—very hot. But did this also mean that it must have had a beginning?
Clearly this was now the central question for big bang cosmology, and
Stephen was ready to dive in.



—

sciama put stephen in touch with Roger Penrose, who had just published
his three-page breakthrough paper showing that black holes should be
omnipresent in the universe. If the theory of general relativity holds,
Penrose had proven, then the gravitational collapse of stars of sufficient
mass winds up creating a spacetime singularity that is hidden from the
outside world by an event horizon: a black hole.

Stephen soon realized that if he reversed the direction of time in
Penrose’s mathematical reasoning so that the collapse became an
expansion, then he could prove that an expanding universe must have a
singularity in the past.[3] Working with Penrose, he went on to derive a
series of mathematical theorems that demonstrate that if one traces the
history of an expanding universe back in time, to an era well before the
birth of the first stars and galaxies and even before the CMB snapshot, one
eventually hits a singularity where spacetime bends to a breaking point.
Both sides of the Einstein equation become infinite at the initial singularity
—where infinite spacetime curvature “equals” infinite matter density—and
this means the theory loses all predictive power. It is somewhat like
dividing by zero on your calculator; you’d get infinity, and whatever you
compute next makes no sense. Singularities are edges to spacetime, really,
where the general theory of relativity offers no guidance as to what
happens. Indeed the very word “happen” loses meaning at a spacetime
singularity.

Penrose had shown that, according to relativity theory, time must end
inside black holes. Stephen’s time-reversed argument demonstrated that in
an expanding universe time must have a beginning. It is not that the big
bang singularity sat there, like a cosmic egg, waiting to hatch a universe.
The singularity rather signals the birth of time itself. Stephen’s theorem
demonstrated that the zero of time in the perfectly spherical model
universes of Friedmann and Lemaître wasn’t an artifact of their simplicity
at all but a robust and universal prediction of relativistic cosmology. This
was the central result of his 1966 PhD dissertation—and one that later



featured in the biopic The Theory of Everything. In the abstract of his PhD
thesis, Hawking wrote, “Some implications and consequences of the
expansion of the universe are examined….Chapter 4 deals with the
occurrence of singularities in cosmological models. It is shown that a
singularity is inevitable provided that certain very general conditions are
satisfied.”

Figure 18. George Ellis’s 1971 drawing of the observable universe and the (finely shaded) parts we
can observe in some detail. We are located at the tip, where it says “here and now.” Matter causes
light rays to converge into the past, bending our past light cone inward and tracing out a pear-
shaped region: our past. Since light sets a cosmic speed limit, this region is the only part of the
universe that is, in principle, observable to us. According to Stephen Hawking’s theorem, the focusing
of light into the past means that the past must end in an initial singularity. However, we cannot see
directly all the way back to the singularity because photons, particles of light, constantly scatter
against everything else in the hot ionized plasma that fills the primeval universe, rendering it opaque.

This is a striking result. Walking on Earth’s surface in places like the
Grand Canyon, one can find rocks that are several billion years old. The
simplest forms of bacterial life on Earth are about 3.5 billion years old, and



our planet itself isn’t very much older, approximately 4.6 billion years. The
big bang singularity theorem is saying that if we were to go back to a time
just three times earlier—13.8 billion years ago—there would be no time, no
space, no anything. Viewed this way, we are rather close to the beginning of
everything.

—

if stephen had still been alive fifty-four years later, he would presumably
have shared in the 2020 Nobel Prize in Physics for his singularly important
work with Penrose on the beginning and end of time. The picture of our
past that emerges from his PhD research is that of a pear-shaped region of
spacetime of the kind depicted in figure 18. This wonderful drawing was
made by George Ellis,[4] a fellow Sciama student who worked with Stephen
on the singularity theorems in the mid-1960s. We are located at the tip of
the pear. The surface of the pear is traced out by light rays reaching us from
different directions in the sky. The diagram displays the effect of matter on
the shape of our past light cone. We can see that the mass of matter causes
light rays to deviate from straight lines and to converge as we trace their
paths back in time. As a consequence, the straight light cones in figures 8
and 9, which ignore this gravitational focusing effect of matter, are
deformed in the real universe and bend inward, creating a pear-shaped
surface—our past light cone—that separates the finite patch of spacetime
that can influence us, the inside of the pear, from the rest of the universe,
which cannot. The crux of Stephen’s singularity theorem is that if matter
makes past light cones converge in this way, then history cannot be
extended indefinitely. Instead, one reaches an “edge to moments,” a
boundary at the bottom of the past where the universe of space and time is
no more.

Ellis’s drawing is the cosmological analogue of Penrose’s iconic
illustration of the formation of a black hole shown in figure 11. Comparing
the two, we see that an observer’s past in cosmology is much like the future
inside a massive star—both exist for a finite amount of time only. But there



is one crucial difference: While the event horizon of a black hole shields an
observer outside the hole from the violence of the singularity inside, the big
bang singularity lies within our cosmological horizon. An expanding
universe is like a black hole turned inside out and upside down. The
singularity in the beginning forms quite literally the past edge of our past
light cone. So in principle it is there for us to see, writ large in the sky.

Of course we can’t easily look all the way back to the beginning, for the
constant scattering of light particles in the earliest stages of expansion
obscures our view. Looking back at the big bang is a bit like looking at the
sun. In the case of the sun, what we see as a fairly sharp contour is really
the surface where the photons produced by the nuclear fusion reactions
deep inside the sun scatter for the last time. From that surface, called the
photosphere, the photons fly toward us, unhindered. But this photon
scattering prevents us from seeing directly inside. The interior of the sun is
opaque to particles of light, not transparent.

Likewise, the constant scattering of photons in the hot plasma that fills
the early universe creates a fog preventing us from seeing all the way back
to the beginning, at least with photon-gathering telescopes. The newborn
universe only became transparent 380,000 years after the big bang, when it
had cooled to a pleasant three thousand degrees Celsius. At this temperature
it became energetically favorable for atomic nuclei to combine with
electrons to form neutral atoms, leaving hardly any electrons for light
particles to scatter against. As a consequence, photons began to travel
unhindered through space, their wavelengths gradually stretching out a
thousandfold, in sync with the expansion. What was red light at the outset
reaches us today, billions of years later, as cold microwave radiation. Figure
2 in chapter 1 shows the sky map of that CMB radiation. This map gives us
a snapshot of the universe from the moment in time that it became
transparent. However, the microwave radiation also blocks our view of
earlier epochs; the CMB map is the cosmological “inside-out” analogue of
the sun’s photosphere.

The singularity that bounds our past in general relativity highlights how
deeply puzzling it is that the relic CMB radiation is distributed nearly



uniformly throughout space. As I mentioned in chapter 1, the speckles in
figure 2 represent temperature variations across the sky that are everywhere
smaller than a ten-thousandth of a degree. Apparently the big bang played
out in nearly exactly the same way in all regions of the observable universe.
This is one of its curious biofriendly properties. In the case of the sun’s
photosphere, a nearly uniform temperature is just what one expects, since
all the photons radiating from the sun’s surface have been exchanging heat
through interactions in its interior. Naturally, this leads them to acquire
nearly the same temperature, just as cold milk rapidly attains a common
temperature with hot tea (at least in the UK).

But it would appear that interactions couldn’t have smoothed out the
CMB radiation because there wouldn’t have been enough time since the
singularity for a physical process, even one moving at the speed of light, to
level out any temperature differences before the ancient photons were
liberated and began to fly freely through space. I illustrate this point in
figure 19 with a slightly more accurate representation of an observer’s past
in a hot big bang universe compared to Ellis’s sketch of it in figure 18.
Microwave background photons reaching us from opposite directions in the
sky start out at points A and B on our past light cone, but the past light
cones of each of these points do not intersect back to the beginning. This
means that no signal of light could have passed between A and B since the
big bang. And since the speed of light sets the upper limit for how fast any
signal can travel, this means that no physical process whatsoever could
have established an interconnected environment encompassing A and B.
Physicists say that the regions around A and B lie outside each other’s
cosmological horizon.



Figure 19. Our past, according to the hot big bang model of the 1960s. We are located here and now
at the tip of the cone. Microwave background photons reaching us from opposite directions in the sky
originate from points A and B on our past light cone. These points are far outside each other’s
cosmological horizon: Their own pear-shaped past light cones don’t overlap all the way back to the
beginning. Yet we observe the temperature of the photons arriving from A and B to be the same to an
accuracy of one-thousandth of 1 percent. How come?

As a matter of fact, in the hot big bang universe of the 1960s, when we
look at the CMB in directions separated by more than a few degrees in the
sky, we are seeing patches of the universe that have yet to come into contact
with each other. Our entire observable universe today would enclose no
fewer than several million such independent cosmic horizon-size domains.
This renders the near-perfect uniformity of the CMB radiation across the
entire sky not just puzzling but outright mysterious. If Eddington or
Einstein had known about it, this horizon riddle might well have confirmed
their worst fears about the whole idea of a cosmic origin. It’s as if the Norse
Vikings had landed in North America only to find that the indigenous
inhabitants spoke Old Norse.



This is a strange state of affairs. Hawking’s singularity theorem predicts
that the universe had a beginning, but it doesn’t say how it began, let alone
why it emerged from its explosive genesis with a nearly uniform CMB and
so many other biophilic properties. Even more, it seems to place all
questions about the ultimate origin of the universe and its design outside
science, as if it is outsourcing these to Eddington’s supernatural agency. It
isn’t necessary to philosophize about it—the theory of relativity predicts its
own downfall. The big bang in Hawking’s PhD is an event without
explanation, because the singularity at the bottom of it signals the
breakdown of time, space, and causality altogether. As the great Wheeler
put it, “The existence of spacetime singularities represents an end to the
principle of sufficient causation and so to the predictability gained by
science.”[5]

How can this be? How can physics lead to a violation of itself—to no
physics? To untangle this we must take a closer look at what physicists
actually mean when they say they predict what will happen.

—

ever since galileo and Newton, physics has been based on a dualism of
some sort, in that it has relied on a fundamental separation between two
distinct sources of information. First, there are the laws of evolution,
mathematical equations that prescribe how physical systems change in time
from one state to another. Second, there are boundary conditions, a concise
description of the state of a system at a given moment in time. The laws of
evolution take that state and evolve it, either backward or forward in time,
to determine what the system was like at an earlier moment or what it will
be at a later moment. It is the combination of the laws of evolution and the
boundary conditions that yields the framework for prediction on which
physics and cosmology pride themselves.

For example, imagine you want to predict where and when the next solar
eclipse will occur. To do so we can apply Newton’s laws of motion and
gravity to describe the future trajectories of Earth and the moon. To put



these laws to use, however, you must first specify the position and velocity
of Earth and the moon relative to the sun (and Jupiter) at one particular
moment in time. These data are boundary conditions. They describe the
state of these two celestial bodies in the solar system at one specific
moment. No one expects Newton’s laws to explain why these positions are
what they are at that moment. Instead, we measure what they are. With this
information at hand, we then solve Newton’s equations to determine their
positions at future times, in order to predict when and where solar eclipses
will occur, or at earlier times, to retrodict documented eclipses.

This example is representative of the way in which predictions in physics
come about in general. Physicists assume that evolution is governed by
universal laws of nature—laws that we seek to discover. But boundary
conditions contain information specific to one or another system, so they
aren’t considered part of the laws. Boundary conditions in some sense serve
to delineate the particular questions we ask of the physical laws. In effect, a
given dynamic law like Newton’s is constructed in such a way that it can
accommodate a wide range of different boundary conditions. This gives the
equations their universal character and the flexibility they need to account
for a broad variety of phenomena. So the laws of physics are a bit like the
rules of chess. However important those rules are, they tell you only so
much about how any particular game will play out.

But is this separation between law-like dynamics and ad hoc boundary
conditions a fundamental property of nature? This distinction is of course
entirely natural and appropriate in laboratory situations where there is a
sharp difference indeed between the experimental arrangement that one
controls—the boundary conditions—and the laws one seeks to test by
running the experiment. However, this distinction risks becoming a major
embarrassment in cosmology, when we embed our experiments and
experimenters, our planet, the stars, and the galaxies, in the much larger
evolution of the universe as a whole. When we do this, boundary conditions
on the original experiment are subsumed into the law-like evolution of the
larger system, together with boundary conditions on the latter. Returning to
the example of a solar eclipse, a holistic cosmologist would say that the



velocities and positions of the planets at any given moment—the original
boundary conditions—follow from their past histories, and that our
planetary system itself is the outcome of the formation history of the solar
system, which in turn arose from the condensation of remnants of prior
stellar systems, whose seeds ultimately grew out of minute density
variations in the primeval universe that came from…what?

When we arrive at the beginning we reach a paradox. What determines
the ultimate boundary conditions at the origin of the universe? Clearly these
are not up to us to choose, and we can’t try out different conditions to see
what kind of universes they produce. That is, the beginning of the universe
poses a problem of boundary conditions that we do not control. Instead,
very interestingly, the conditions at the big bang would appear to be
dragged into the laws we seek to understand. Yet dualism in physics holds
that boundary conditions aren’t part of the physical laws. What’s more,
Stephen’s singularity theorem that says spacetime and all known laws break
down at the big bang would seem to confirm this view. Note that this
paradox arises only in a cosmological context, for it is but when we
conceive the evolution of the universe in its entirety that we have no earlier
moment or bigger box available that we can use to specify boundary
conditions.

More than any other physicist of his generation, Stephen felt that an
understanding of the universe’s beginning on the basis of science would
require a genuine extension of the centuries-old framework for prediction in
physics. Dynamics versus conditions, he felt, is too narrow a way of
thinking about the world. Already in his PhD dissertation he put his finger
on the problem, writing, “It is one of the weaknesses of Einstein’s theory of
relativity that although it furnishes dynamic field equations it does not
provide boundary conditions for them. Thus Einstein’s theory does not give
a unique model for the universe. Clearly a theory that provided boundary
conditions would be very attractive….Hoyle’s theory does just that.
Unfortunately, its boundary condition excludes those universes that seem to
correspond to the actual universe, namely the expanding models.”



He elaborated on this point in his inaugural lecture as incumbent of the
Lucasian Chair, nearly fifteen years later. The Lucasian Chair of
Mathematics was established—with an allowance of 100 pounds a year—in
1663 by Henry Lucas, a former student of St John’s College, philanthropist,
and politician who sat in parliament for Cambridge University. From 1669
to 1702 it was held by none other than Isaac Newton (though Stephen often
quipped it wasn’t motorized at the time). Luckily for Newton, the deed that
had established the Chair contained a provision that its holder should not be
ordained in the Anglican Church. That meant that Newton, was exempt
from swearing an oath on belief in the Trinity—something that would have
been impossible for him.[*]

Stephen was elected the seventeenth Lucasian Professor in 1979 and in
his inaugural lecture, “Is the End in Sight for Theoretical Physics?” at the
zenith of his confidence in the power of physical theory, he controversially
predicted physicists would find the theory of everything by the end of the
century. But he continued: “A complete theory includes besides a theory of
dynamics also a set of boundary conditions.” Elaborating on this point, he
added, “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 set of local dynamic laws. They would regard the
question of the boundary conditions of the universe as belonging to the
realm of metaphysics or religion. But 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.”

So, Stephen, forever optimistic and ambitious, wasn’t prepared to be
taken hostage by his own singularity theorem. What the initial singularity is
really telling us, he and others reasoned, is not that the big bang origin is
bound to remain off-limits to scientific inquiry but that Einstein’s
description of gravity in terms of malleable spacetime fails under the
extreme conditions that hold sway at the universe’s birth. When we delve
into the big bang, the small-scale randomness of quantum theory comes to
the fore. One might say that space and time desperately want to break out of
the highly constricted framework imposed by Einstein’s deterministic



theory. After all, for all its bending and warping, spacetime in general
relativity remains an extremely constrained structure, consisting of a
specific sequence of shapes of space, meticulously fitted together like
Matryoshka dolls, one inside the other, to create four-dimensional
spacetime.

More than anything else, Hawking’s big bang singularity theorem
demonstrated the gravity of the conflict between relativity and quantum
theory. It reinforced Lemaître’s intuition that cosmogenesis is a profoundly
quantum phenomenon, and that if we are to stand a chance of untangling
the riddle of design on the basis of science, we ought to somehow marry the
principles of these two seemingly contradictory tales of nature. The crux of
Stephen’s vision was that this marriage would be much more than a mere
refinement of the existing framework for prediction in physics, that it would
require us to rethink that framework itself. His idea was to take physics
beyond its age-old dualism of laws versus conditions, of evolution versus
creation.

—

quantum mechanics, the second pillar of modern physics, has popped up
several times by now. The theory has its roots in a number of mystifying
experiments with atoms and light in the early years of the twentieth century
that could not be explained by any stretch of the classical mechanics of
Newton. Its formulation throughout the turbulent years of the early
twentieth century stands as one of the finest examples of international
collaboration in the history of mankind. Over the course of the century
since, quantum mechanics went from one triumph to the next and became
the most powerful and accurately tested scientific theory of all time. It
applies to all known types of particles. From the fine details of how
elementary particles interact to the fusion of atoms inside distant stars, the
predictions of quantum mechanics perfectly match experimental data. And
much as Maxwell’s classical theory of electromagnetism laid the foundation
for the second industrial revolution, the principles of quantum theory



underpin today’s technology. As a matter of fact, we may have seen only the
tip of the iceberg of what quantum technology has to offer. In the near
future physicists and engineers hope to exploit the intrinsic uncertainty of
the microworld to store and process information in new ways, by
manipulating individual quantum bits known as qubits, thus paving the way
for the era of quantum computing.

The quantum revolution started in 1900 when the German physicist Max
Planck suggested that any kind of body, when heated, emits radiation in
discrete little packets he called quanta. Planck had been struggling to
explain how much light of each color hot bodies radiate. He knew from
Maxwell’s classical theory that light is made of electromagnetic waves of
different oscillation frequencies, corresponding to different colors. The
trouble was that classical physics also predicted that the energy radiated by
a hot body should be shared equally among waves of all frequencies. Since
Maxwell’s theory had electromagnetic waves of arbitrarily high
frequencies, this meant that the total of radiated energy, summed over all
frequencies, should be infinite, which was obviously impossible. This was
Lord Kelvin’s second dark cloud hovering over classical physics. It became
known as the “ultraviolet catastrophe” of classical physics, because the
highest frequencies of visible light are violet, hence “ultraviolet” refers to
very high frequencies.

In what he later described as “an act of despair,” Planck proposed a bold
new rule saying that light and all other electromagnetic waves can only be
emitted in discrete quanta, and that the energy of each quantum was greater
the higher the frequency of the waves. This sharply reduced the emission of
waves of high frequencies, thereby avoiding an ultraviolet catastrophe. In
1905 Einstein went further and showed that electrons moving around in
metals can only absorb light in discrete quanta, which he described as tiny
particles, or photons. So, curiously, these early ideas on quanta implied that
light had the properties of a wave but also of a particle, which caused quite
some confusion.

The upheaval continued when, much as Planck had done for light, the
Danish physicist Niels Bohr invoked quantization to explain the existence



of stable atoms—another obvious property of the physical world. Bohr, who
has the element bohrium named after him, trained at Manchester with the
British physicist Ernest Rutherford, whose experiments had revealed that
the inner structure of atoms consists mostly of empty space, with a tiny
nucleus at its center. Rutherford thought of atoms as miniature planetary
systems in which negatively charged electrons orbit a dense central nucleus
carrying positive charge. Since unlike charges attract, the electrons are
drawn into orbit around the nucleus. The trouble with this model was that,
according to Maxwell’s classical electromagnetism, orbiting electrons
radiate energy, causing them to spiral inward and collide with the nucleus.
This would mean that all atoms in the universe would rapidly collapse—and
we wouldn’t exist. To resolve this obvious contradiction with reality, Bohr
suggested that electrons could not orbit at just any distance from the
nucleus but only at certain specific, separated radii. That is, Bohr quantized
the possible electron orbits. The resulting separation between allowed orbits
made it impossible for electrons to give in to their penchant to spiral
inward, saving atoms from rapid—theoretical—collapse, a discovery for
which he received the Nobel Prize in 1922.

The quantum pioneers gathered in Brussels in 1911, at the invitation of
the Belgian industrialist Ernest Solvay, for one of the very first international
physics conferences. This was a time when internationalism was cultivated
as a kind of domestic policy in Belgium. Solvay was a liberal visionary who
had made his fortune by converting his invention of a new process to
synthesize sodium carbonate into a far-flung industrial network. After
retiring from business he became a fervent alpinist, who climbed the
Matterhorn on several occasions and also got King Albert I of Belgium
interested in climbing, though eventually with unforeseen and disastrous
consequences.

The First Solvay Council was to achieve mythical status, as it was here,
in the plush Hotel Métropole in central Brussels, that scientists finally
grasped the paradigm-shattering implications of the early quantum ideas.
The council, presided over by the eminent Dutch physicist Hendrik Lorentz,
defined the watershed between the classical physics of the nineteenth



century and the quantum physics that would come to dominate the
twentieth. Lorentz’s opening address reverberates with the anguish that this
master of classical physics felt at the first glimpses of the quantum world.
“Modern research has encountered more and more serious difficulties when
attempting to represent the movement of smaller particles of matter….At
the moment, we are far from being completely satisfied….Instead, we now
feel that we reached an impasse; the old theories have been shown to be
powerless to pierce the darkness surrounding us on all sides.”[6] But while
the first Solvay meeting aired everything it settled nothing. The participants
remained confused and divided over whether classical physics could
somehow be patched up to accommodate quanta. Einstein captured the
mood, saying, “The quantum-disease looks increasingly hopeless. Nobody
really knows anything. The whole affair would have been a delight to Jesuit
fathers. The council gave the impression of a lamentation at the ruins of
Jerusalem.”

—

all this changed in the mid-1920s when a new generation of quantum
physicists recast the mechanics of atoms and subatomic particles in a
fundamentally new form—quantum mechanics.

A central tenet of the new mechanics was the famous uncertainty
principle of the German prodigy Werner Heisenberg: You cannot know both
the exact position and the velocity of a particle at the same time. As he put
it, “The more precisely the position [of a particle] is determined, the less
precisely the momentum [or velocity] is known in this instant, and vice
versa.”[7] The very best one can hope for in quantum mechanics is a fuzzy
view where you know the positions and velocities of particles
approximately.

As a matter of fact, all measurable quantities are subject to quantum
uncertainty, to an extent described by Heisenberg-like principles. Such
quantum uncertainty cannot be reduced by looking harder or by measuring
the properties of particles in an ingenious way that evades Heisenberg’s



principle. In this respect it differs from, say, random movements in the
stock market, which only appear unpredictable because humans do not have
all the information they need to work out how stocks will behave.
Heisenberg’s quantum uncertainty, by contrast, is held to be fundamental. It
sets stringent limits on the amount of information that can be extracted from
physical systems, even in principle. So, intriguingly, quantum mechanics
appears to be a theory about what we know but also about what we can’t
know. This strangeness will prove to be an all-important property when we
will be considering the multiverse from a quantum perspective in chapters 6
and 7.

The awesome achievement of quantum physicists in the mid-1920s was
to integrate this quantum fuzziness into a proper mathematical formalism.
Not surprisingly, the resulting theory portrayed a far more slippery and fluid
view of mechanics than what our classical grasp of it suggested. Quantum
mechanics, for example, abandoned the old dream of scientific
determinism, the idea that science should be able to make definite and
precise predictions about the future course of events. The theory replaced
that notion with the idea that we can only predict probabilities for different
possible outcomes of measurements. Quantum mechanics holds that if one
runs the exact same experiment over and over, one will, in general, not get
the same results.

Rutherford may well have been the first to glimpse this fundamental
layer of indeterminism woven into the microworld. In the year 1899, to
study the inner structure of atoms, Rutherford bombarded a thin gold foil
with alpha particles emitted from a radioactive source like uranium. As he
observed the flashes of light, Rutherford soon recognized that the direction
and arrival times of the alpha particles were random. According to quantum
mechanics, this is because while uranium nuclei have a definite, calculable
probability of decaying during a fixed time interval, it is impossible to
know in advance when a given nucleus will decay. Quantum mechanics
predicts the likelihoods of different arrival times and trajectories of alpha
particles emitted in the decay of a radioactive sample, but it also says there
is nothing that we know—or can hope to know—that would allow us to



predict where and when a particular alpha particle will go. The strength of
the theory—and its strangeness—is that it engraves this irreducible kernel
of uncertainty and randomness suffusing the microworld into its basic
mathematical underpinnings. The laws of quantum mechanics yield betting
odds, really, rather than predictions for definite outcomes of observations.
They force us to accept that the best one can do is predict probabilities for
various results.

This key feature of the theory is perhaps clearest in the formulation
devised by the Austrian physicist Erwin Schrödinger. In 1925 Schrödinger
wrote down a fascinating equation that describes particles not as minuscule
pointlike objects but as extended wavelike entities. But, and this is crucial,
the waves the Schrödinger equation speaks of aren’t physical waves.
Schrödinger did not say that particles are somehow smeared out over space.
The waves of quantum mechanics are a bit more abstract, they are more like
“waves of probability” that describe different possible positions of pointlike
particles. The way Schrödinger’s formalism accounts for quantum
uncertainty is that locations where the wave’s values are large are locations
where the particle is likely to be found. Locations where the wave’s values
are small are locations where the particle is unlikely to be found. One might
say that quantum waves are a bit like crime waves: Just as the arrival of a
crime wave in your town means you are more likely to find that a crime will
have been committed, so does an electron wave that peaks in your apparatus
mean you are likely to detect an electron.[8]

Given a particle’s wavelike profile at a certain moment—its wave
function, as physicists say—the Schrödinger equation predicts how it will
evolve in the course of time, going up in some locations and down
elsewhere. Hence quantum theory adheres to the dualistic scheme of
prediction that I outlined above, with law-like dynamics versus boundary
conditions. The Schrödinger equation is a law of evolution and this needs a
condition in the form of the particle’s wave function at a given moment to
tell it what it is that evolves. The key difference with the classical
mechanics of Newton and Einstein is that the laws of quantum theory
predict only probabilities for how things will be at a later moment but no



certainties. The dual nature of the basic framework for prediction, however,
remains unchanged, as if cast in stone.

Now, as they are waves of probability, we can glean wave functions only
indirectly. Schrödinger’s quantum waves describe the world at some kind of
preexistence level. Before one measures a particle’s position there is no
sense in even asking where it is. It does not have a definite position, only
potential positions described by a probability wave that encodes the
likelihood that the particle, if it were examined, would be found here or
there. It is as if we compel particles to assume a position by looking at
them, that there is a tangible physical reality only to the extent that we
interact with the world by observing and experimenting. “No question, no
answer!” is how Wheeler once put it.

The celebrated double-slit experiment provides a vivid illustration of this
nebulous, wavy nature of the quantum world. Its setup, shown in figure 20,
consists of a gun firing electrons at a barrier containing two narrow parallel
slits and a screen placed behind the barrier on which the electron impact
locations are recorded by a tiny flash. Suppose one tunes the gun so that it
fires only one electron at a time, say, every few seconds. Then one finds
that every electron making it through the barrier arrives at a particular spot
on the screen, creating a little flash. So the individual electrons do not
spread out. This is the particle nature of the electron—no surprises so far.
However, if one lets the experiment run for a while, registering the impact
locations of many electrons, then gradually an interference pattern builds up
on the screen, consisting of a series of bright and dark stripes, that reminds
us of intermingling wave fragments (see figure 20). Similar interference
fringes have been observed in double-slit experiments with other
elementary particles, light particles, atoms, and even molecules.



Figure 20. The famous double-slit experiment, first carried out with electrons in 1927 at Bell Labs,
demonstrated that electron particles have wavelike properties. Quantum mechanics explains the
interference pattern on the screen on the right by describing each individual electron as a
propagating wave function that splits at the slits in the middle, spreads, and intermingles with itself
on the far side, creating a pattern of high and low values corresponding to high and low probabilities
for where on the screen it will land.

These interference patterns indicate there’s something profoundly
wavelike associated with individual particles that knows about both slits. It
is that something that a particle’s wave function captures. By describing
electrons not as traveling particles but as propagating waves of probability,
the Schrödinger equation predicts that, much like interfering waves on a
lake, fragments of an electron’s wave function coming out of different slits
will intermingle, yielding a pattern of high and low probabilities for where
on the screen each individual electron will land. Where the wave fragments
emerging from both slits arrive in step with each other, they will reinforce;
where they arrive out of step, they will cancel. When particle after particle
is fired, their cumulative landing positions conform to the probabilistic
profile encoded in each individual particle’s wave function, thereby



building up the observed interference pattern. It is at the deeper level of its
probability wave, therefore, that each individual particle senses both slits.

—

the probabilistic predictions of quantum theory agree with every
particle experiment that has ever been carried out. But its rules violate
common sense. The quantum description of particles as abstract wavelike
superpositions of mutually contradictory realities doesn’t match up with our
daily experience that objects are either in one place or another. Of course
this (sometimes) bothered the founding fathers of quantum theory. In the
words of Erwin Schrödinger, the quantum universe is “not even thinkable,”
for “however we think it, it is wrong; not perhaps quite as meaningless as a
triangular circle, but much more so than a winged lion.”[9]

Two decades later, this counterintuitive nature of quantum mechanics
also bothered Richard Feynman. A student of the visionary Wheeler,
Feynman became one of the twentieth century’s most influential physicists,
making major contributions from particle physics to gravity and
computational science. Feynman acquired worldwide fame on the
presidential Rogers Commission investigating the Challenger disaster
when, during a televised hearing, he demonstrated the failure of the
shuttle’s O-rings. Afterward he pointedly warned in the commission’s
report, “For a successful technology, reality must take precedence over
public relations, for nature cannot be fooled.”

If Wheeler was the dreamer, then Feynman was the doer. Wheeler looked
to the far past and the distant future, to the foundations of physical reality
and the fundamental nature of scientific inquiry. Feynman strove to make
physics work here and now, preaching that all he was interested in was
trying to find a set of rules that supplied predictions that one could verify
experimentally, and not go very far beyond that.[10] In this spirit, in the late
1940s, Feynman set out to develop a more intuitive and practical way of
thinking about quantum particles and their wave functions. His idea was to
imagine that particles are sort of localized objects but that they follow all



possible paths when they move from one point to another (see figure 21).
Classical mechanics supposes that objects take a single path through
spacetime. Consequently, a classical system has a unique and well-defined
history. Quantum mechanics, Feynman argued, takes a more expansive
view of history and asserts that all possible pathways play out
simultaneously, although some would be much more likely than others.

Figure 21. Newton’s classical mechanics dictates that particles follow a single path between two
points, A and B, in spacetime. Quantum mechanics holds that a particle takes all possible paths.
Quantum theory predicts that there is only a probability for arriving at B, which is a weighted
average over all ways to get there.



Figure 22. Richard Feynman (right) talking with Paul Dirac at the 1962 Relativity Conference held
in Warsaw, Poland.

For example, Feynman’s understanding of the double-slit experiment
was that individual electrons follow not one but every possible path from
the gun to the screen. One path takes the electron through the left slit,
another through the right, and yet another trajectory might take it first
through the right, back out through the left, into a U-turn, and through the
left slit once more. Every single possible path—aka history—of the
electron, no matter how absurd, must be considered, Feynman advanced,
and all those pathways contribute to what we see on the screen. Feynman’s
description of the electron’s motion resembles a bit the alternative route
suggestions in a GPS device, except for the highly unusual—and
profoundly quantum—phenomenon that, unlike most taxi rides, electrons
take all routes, and this is how quantum uncertainty enters in his scheme. As
Feynman put it, “The electron does anything it likes. It just goes in any
direction at any speed, forward or backward in time, however it likes, and



then you add up the amplitudes [of their paths] and it gives you the wave
function.”[11]

To predict the probability that an electron arrives at a given point on the
screen, Feynman tagged a complex number onto every path that specified
its contribution to the probability and also how it interfered with paths
nearby. This number basically endowed each individual path with the
mathematical properties of a wave fragment. Next he wrote down a
beautiful equation, an alternative to Schrödinger’s, that constructs a
particle’s wave function by adding all paths ending up at every point. The
telltale interference pattern on the screen comes about from the
intermingling of the trajectories in Feynman’s sum that are emerging from
both slits. Mathematically, this is because the complex number assigned to
every pathway means that different paths can enhance or diminish each
other, just as wave fragments do.

Feynman’s description of the two-slit situation exemplifies that there is
no hope to find out from observations on the screen alone through which
slit the electron actually came. This should not come as a surprise. By
having not one but many histories playing out, quantum mechanics
obviously limits what we can say about the past. The quantum past is
inherently fuzzy. It isn’t the kind of sharp and definite history we usually
think of when we consider the past.[12]

Remarkably, Feynman’s sum-over-histories scheme yields a perfectly
viable and precise way of thinking about quantum theory in general.
Fittingly it became known as the many histories formulation of quantum
theory. In Feynman’s view, the world is a bit like a medieval Flemish
tapestry—a woven texture of crisscrossing paths that stitch a coherent
picture of reality from the threads of a myriad of possibilities.

—

stephen was full of admiration, both for Feynman himself and for his
sum-over-histories approach to quantum physics. The two saw much of



each other in the 1970s during Stephen’s regular visits to Caltech. Quite a
character, he once told me, but a brilliant physicist.

Feynman’s framework proved a crucial stepping-stone for physicists to
begin to think about quantum mechanics outside of its original home of the
subatomic world. His approach showed that despite appearances, there need
not be a fundamental contradiction between classical and quantum
mechanics. The reason is that the sum-over-histories scheme applies both to
small and to large objects, but that for larger objects, the only trajectories
with any significant probability are those lying everywhere along the single
path predicted by Newton’s classical laws of motion. So there isn’t a
fundamental dichotomy between the micro- and macroworlds after all. It is
just that for macroscopic objects, the microscopic jittering averages out to
something definite and deterministic, and that something is the path of
classical motion. Classical determinism, that is, emerges from the collective
behavior of random microscopic quantum histories. By contrast, delve into
the microscopic realm and more and more of the random crisscrossing
becomes relevant.

All of these insights—and the astonishing successes of quantum theory
—meant that the classical worldview faded away. Many physicists began to
believe that quantum theory, which began as a theory of subatomic
particles, applies to all objects on all scales. In the 1960s, Wheeler and his
gang began to envision even spacetime as a quantum foam, writhing with
bubbling baby universes and with wormholes popping up and dissipating
again, somehow averaging out on macroscopic scales to the definite fabric
of the classical theory of general relativity.

Stephen too ventured with Feynman’s sum-over-histories framework into
the realm of gravity. He had been introduced to Feynman’s scheme by Jim
Hartle, who had learned it from Feynman himself as a graduate student in
Caltech, the Marine Corps of graduate schools at the time. Jim attended
Feynman’s classes while assisting him with his lecture demonstrations—
among them the celebrated Bowling Ball Demonstration—and with the
redaction of The Feynman Lectures on Physics, the most famous physics



textbook ever, brilliant in its comprehensive exposition—though rarely
turned to.

In 1976, Jim and Stephen were able to describe Hawking radiation from
black holes as particles leaking out of the horizon by summing up, à la
Feynman, all possible paths that particles could take to escape from a black
hole.[13] Encouraged by this result, they turned their attention to the more
challenging and confusing big bang singularity—the cosmic analogue of
point A in figure 21. For a particle, quantum uncertainty means that its
position and velocity are somewhat imprecise. Applied to spacetime, then,
quantum uncertainty should mean that space and time themselves are
somewhat fuzzy, with quantum jitters smearing out points in space and
moments in time. In nearly all of the observable universe such spacetime
fuzziness would be extremely limited and hence utterly irrelevant, but back
in the earliest stages of the universe, with matter densities and spacetime
curvature rising without bounds, quantum uncertainty would appear to have
been hugely important. Reasoning along these lines, Stephen imagined that
in the very early universe, quantum effects would have blurred the very
distinction between space and time, causing them to suffer a bit of an
identity crisis, with intervals of time sometimes behaving like intervals of
space and vice versa. What’s more, Jim and Stephen boldly proposed that
the Feynman sum over all this frenzied spacetime fuzziness could be done
and that the resulting wave function could be expressed in an elegant
geometric manner.

To get a feel for their wave function of the universe, look at figure 23.
This is the same schematic representation of an expanding universe that I
showed in figure 14 in chapter 2, but this time around I have run the movie
of this universe backward in time. Figure 23(a) reminds us of what happens
if we blindly trusted Einstein’s classical relativity theory: Space is getting
smaller in the past and at some point dissolves into a singular state of
infinite warping and curvature, dragging time in its demise.



Figure 23. Classical and quantum evolution of an expanding universe shown here as a one-
dimensional circle. Panel (a): In Einstein’s classical theory of gravity, the universe originates in a
singularity, at the bottom, at which the curvature is infinite and the laws of physics break down.
Panel (b): In Hartle and Hawking’s quantum theory, the singular origin is replaced with a smooth
and rounded bowl-like shape, complying with the laws of physics everywhere.

But Jim and Stephen argued that that is not what actually happens.
According to them, quantum mechanical effects dramatically alter the
evolution when we run the clock that far backward. In fact, they envisaged
that the blurring of space and time would effectively rotate the vertical time
direction into an additional horizontal space direction. Now, this opened up
a whole new possibility for the origin of the universe: These two
dimensions of space could combine to form a smooth two-dimensional
spherical surface, somewhat like the surface of Earth. Figure 23(b) depicts
this quantum evolution. We see that the singularity at the bottom of the
classical universe, that event without a cause that seemingly put the
beginning outside science, is replaced here by a smooth and rounded
quantum origin complying with the laws of physics everywhere.

This was a supremely original idea. The crux of Jim and Stephen’s
proposal was that an expanding universe has no singularity in the past
because the dimension of time dissolves into quantum fuzziness on our way
back toward the beginning. At the base of the bowl in figure 23(b), time has



become space. Hence, the question of what might have come before has
become meaningless. “Asking what came before the big bang would be like
asking what lies south of the South Pole,” Hawking summed up the theory,
and he went on to refer to their quantum cosmogenesis as the no-boundary
proposal.[14]

Stephen’s no-boundary hypothesis blends together two seemingly
contradictory properties. On the one hand, the past would be finite—time
does not extend backward indefinitely. On the other hand, there would be
no beginning either, no first moment when time is somehow switched on. If
you were an ant crawling along the surface in figure 23(b), looking for the
origin of the universe, you wouldn’t find it. The spherical base of the bowl
represents the past limit of time, but it doesn’t mark an instant of creation.
Any attempt to pin down an actual beginning in the no-boundary theory is
futile—lost in quantum uncertainty.

From an aesthetic point of view there’s something attractive about the
way the no-boundary hypothesis meanders around the conundrum of the
zero of time. The bowl at the bottom of spacetime in the theory has the feel
of a geometric version of Lemaître’s primeval atom. Taking his cue from
Hamlet, who said, “I could be bounded in a nutshell and yet count myself a
king of infinite space,” Hawking saw the newborn universe as a nutshell in
his hand.

—

when jim and Stephen submitted their manuscript “The Wave Function of
the Universe” for publication in the Physical Review in July 1983, things
did not go smoothly. The first referee recommended against publication on
the grounds that the authors employed an outrageous extrapolation of
Feynman’s sum-over-histories formulation of quantum theory to the entire
universe. Jim and Stephen then requested a second opinion. The second
referee said he agreed with the first one that the extrapolation envisioned by
the authors was outrageous indeed. Nevertheless, he continued, the
manuscript should be published, “because this will be a seminal paper.”[15]



And that is exactly what happened. Five decades after Lemaître’s 1931
manifesto in which he called for a quantum perspective on the origin of
time, Jim and Stephen’s landmark discovery turned Lemaître’s daring
vision into a genuine scientific hypothesis. Their universal wave function
sparked a wave of interest in the quantum foundations of cosmological
theory that would become a key to physicists’ quests to unravel the riddle of
design.

As a matter of fact, the no-boundary hypothesis emerged out of a whole
new approach to studying the quantum nature of gravity that Stephen,
working with his first generation of students, had been developing
throughout the 1970s. The Cambridge approach to quantum gravity was
based on Einstein’s geometric language but, strikingly, made use of curved
shapes of four space dimensions, without a time direction, rather than the
warped spacetimes of relativity.

In Einstein’s classical relativity theory, space is space and time is time.
To be sure, space and time are unified in four-dimensional spacetime, as the
diagrams that I have shown vividly demonstrate, from Minkowski’s empty
spacetime to Penrose’s black hole geometry. But in all these diagrams it is
easy to tell the difference between space and time: The arrow of time points
everywhere within the future light cone, whereas the space directions do not
(see, e.g., figure 8). Now Stephen had a vision that warped geometries with
four space dimensions encapsulated profound quantum properties of
gravity. Consequently, his research program became known as the
Euclidean approach to quantum gravity, after the ancient Greek
mathematician Euclid, who was the first to systematically study the
geometry of spatial dimensions.

Geometrically, the transformation of time into space amounts to rotating
the time direction by 90 degrees. This is evident from the quantum panel in
figure 23 where “early on,” down at the bowl, time starts “flowing” in the
horizontal plane, on equal footing with the circular dimension of space.
This time-into-space rotation is often described as making time imaginary,
because mathematically the rotation corresponds to multiplying time by an
imaginary number, namely the square root of minus one. Obviously this



operation renders void all notion of normal evolution. It would be no use
whatsoever to set your alarm to   a.m. to catch your morning train.
Even a process as slow as Brexit played out in real time. “Any subjective
concept of time related to consciousness or the ability to perform
measurements would come to an end,” Stephen proclaimed. But by bending
Einstein’s curved geometries further than anyone had ever done, from real
time to imaginary time, he had identified a thrilling new inroad into the
quantum realm of gravity.

Take a black hole. Penrose’s drawing of a black hole in figure 11 in
chapter 2 depicts the geometry of a classical black hole, one that exists in
real time. The geometry of a quantum black hole in imaginary time has a
very different shape. It is more like the surface of a cigar depicted in figure
24. Moving “forward” in imaginary time in this black hole geometry
corresponds to going around the circle. The tip of the cigar represents the
horizon of the black hole. Nothing lies beyond it, to the left of it in figure
24, so unlike a black hole in real time, its Euclidean counterpart possesses
no singularity where the theory breaks down. Much like the no-boundary
proposal replaces the singular beginning of a classical universe with a
rounded quantum origin, the Euclidean description of a black hole has a
smooth and gentle geometry that complies with the (quantum!) laws of
physics everywhere. Working with Euclidean shapes of black holes,
Stephen and his Cambridge group were able to understand the deep reasons
why black holes aren’t completely black but radiate quantum particles much
like ordinary bodies with a certain temperature.[16]

The power of Euclidean geometries to describe quantum properties of
gravity left a very strong impression on Stephen. His imaginary-time
method became the cornerstone of his efforts to marry the principles of
gravity with those of quantum theory in order to unlock the secrets of the
big bang. “One could take the attitude that quantum gravity and indeed the
whole of physics is really defined in imaginary time,” he declared at one
point. “It is simply a consequence of our perception that we interpret the
universe in real time.”[17]



Figure 24. Black holes have the shape of a cigar when one considers them in imaginary time. The
horizon of the black hole corresponds to the tip of the cigar on the left. Geometric smoothness of the
tip ties in with the size of the circular, imaginary-time dimension on the right. The latter, in turn,
determines the temperature of the black hole and hence the intensity of the Hawking radiation that
escapes in real time.

In ordinary quantum mechanics, without gravity, rotating time into space
is a standard trick that physicists use to carry out Feynman sums over
particle histories. This is because adding paths in imaginary time simplifies
the complicated Feynman sum. At the end of the calculation, physicists then
rotate one of the space dimensions back into real time and read off the
resulting probabilities for the particle to do this or that. But Jim and Stephen
didn’t want to rotate back to real time. The audacity of their no-boundary
proposal was that when it comes to the origin of the universe, the
transformation of time into space isn’t merely a clever calculational trick
but fundamental. The story of the universe, the theory holds, is that once
upon a time there was no time.

That being said, there is something Einsteinian about the no-boundary
idea. In 1917, when Einstein was pioneering relativistic cosmology, he was
at a loss about the boundary conditions at the spatial edge of the universe.
Einstein concluded that it would be much easier if space had no boundary.
Thus he was led to conceive of our spatial universe as a giant three-
dimensional hypersphere, which, much like the two-dimensional surface of
a normal sphere, has no edge or boundary. With their no-boundary
hypothesis, Stephen and Jim sorted out the problem of the boundary



conditions at the zero of time in a similar Einsteinian fashion, by
eliminating the initial boundary altogether.

It is remarkable that Stephen developed his geometric approach to
quantum gravity during the period when he was losing the use of his hands
for writing equations. This loss may well have encouraged him in his
attempt to cast the unfathomable quantum realm of gravity in the language
of geometry and topology, which he could visualize on the blackboard and,
to some extent, manipulate in his head. Visualization was central to
Stephen’s thinking indeed. Working with Stephen meant working with
shapes and pictures to represent the physical essence of mathematical
relationships. Very early on in our collaboration, I got a taste of the way he
handled calculations without the ability to write equations when I went to
see him one time in the hospital where he was recovering from a lifesaving
operation. We talked for a bit about the ordeal he had just gone through, but
then Stephen requested that I go and find him a whiteboard in the hospital
wing. When I finally got one, he asked me to draw a circle. By the end of
the afternoon the circle represented the edge of the disk that you get when
you project the expanding quantum evolution in figure 23(b) down onto a
flat plane. The origin of the universe lies at the center of the disk, and the
universe today corresponds to the circle. All this in imaginary time, of
course.



Figure 25. The evolution of an expanding universe, in imaginary time.

Stephen elaborated his Euclidean approach to quantum gravity to the
point that it gave him insights that would have been nearly impossible to
obtain in any other way. The no-boundary hypothesis is perhaps the most
striking example of this. But the time-into-space rotation at the heart of it
also meant that it was very difficult to grasp what was really going on at the
beginning of the universe. The bowl at the bottom of spacetime says we
ought to let go of our cherished idea that there has always been a time
around to give meaning to before and after. But it says frustratingly little
about what—if anything—might be happening in the absence of time, or
what kind of microscopic quantum fuzz, when added up, produces the
bowl-like geometry in the first place. It is as if the theory is trying to tell us
that we shouldn’t ask such difficult questions.

So physicists complained that Stephen’s creative use of Euclidean
geometries was like magic. His entire approach was often dismissed as a
Cambridge eccentricity. Why should time behave in such strange ways?
Part of the problem was that the Euclidean framework isn’t a fully fledged
quantum theory of gravity but a semiclassical amalgam of classical and
quantum elements put together without clear mathematical guidelines.
Stephen and his students were inventing the rules as they went along. As
Harvard theorist Sidney Coleman phrased it, after an attempt of his to argue



on the basis of the Euclidean approach that the cosmological constant
should be zero: “The Euclidean formulation of gravity is not a subject with
firm foundations and clear rules of procedure; indeed it is more like a
trackless swamp. I think I have threaded my way through it safely, but it is
always possible that unknown to myself I am up to my neck in quicksand
and sinking fast.”[18] Stephen, however, remained undeterred. “I’d rather be
right than rigorous,” he countered. He just had this very strong intuition that
Euclidean geometries provided a uniquely powerful gateway into the most
extreme patches of the universe—into black holes and the big bang. Today,
nearly forty years on from his pioneering work on quantum cosmology, the
no-boundary hypothesis continues to generate great interest, profound
confusion, and heated controversy, but with, as yet, no viable alternative
description for our deepest origins in sight.

—

in what seems to have been an intended resonance, Stephen first proposed
that the universe had no boundary, no definite moment of creation, at a
meeting of the Pontifical Academy of Sciences in the Vatican in October
1981. The academy’s stated goal is to advise the Vatican on scientific
matters and to enhance the mutual understanding between science and
religion. To this end the Pontifical Academy had invited scientists from all
over the world to the picturesque Casina Pius IV, its seat in the midst of the
botanical gardens behind St. Peter’s Basilica, for a weeklong debate on the
topic “Cosmology and Fundamental Physics.”[19] But the big bang proved a
delicate point. Early on in the week Pope John Paul II told the assembled
scientists: “Every scientific hypothesis on the origin of the world, such as
that of the primeval atom giving rise to the entire physical universe, leaves
open the problem of the beginning of the universe. Science by itself cannot
resolve such a question. It requires knowledge beyond physics and
astrophysics, which is known as metaphysics. Above all, it requires
knowledge which comes from the revelation of God.”[20] As if he were
responding to the pope’s allocution, Stephen, in a stunning lecture, “The



Boundary Conditions of the Universe,” put forward the bold idea that there
might not have been a beginning. “There ought to be something very
special about the boundary conditions of the universe and what can be more
special than the condition that there is no boundary,” he propounded,
leaving his audience dumbfounded.

The no-boundary wave function of the universe that grew out of this was
—and indeed still is—a physical law of a radical new kind. It is neither a
law of dynamics nor a boundary condition but a blend of both, embodying a
new sort of physics altogether. Earlier on I mentioned that classical physics
and the ordinary quantum mechanics of particles alike subscribe to the
orthodox dualistic framework of prediction that separates laws from initial
conditions. Not so for no-boundary cosmology, which abandons this
dichotomy in favor of a more general framework that treats initial
conditions and dynamics on equal footing. According to the no-boundary
hypothesis, the universe doesn’t quite have a point A where external
conditions would have to be specified.

As a matter of fact, something like this had been long in the making. In
his 1939 Edinburgh lecture, Paul Dirac already anticipated the demise of
dualism in physics. “The separation [between laws and conditions] is so
unsatisfactory philosophically, as it goes against all ideas of the unity of
Nature, that I think it is safe to predict it will disappear in the future, in spite
of the startling changes in our ordinary ideas to which we should then be
led.” Four decades later, the no-boundary proposal did precisely this.

With their hypothesis, Jim and Stephen achieved what so many great
thinkers, from Kant to Einstein, deemed impossible. Bridging the age-old
chasm between evolution and creation, the theory put the question of the
origin of the universe securely within the natural sciences at last. It offered
a chance to resolve the conundrum of the universe’s beginning conclusively.
This was obviously very appealing. Stephen really felt he had found a way
around the singularity—that he had cracked the great enigma of existence.

Unlike Lemaître, he did not refrain from implicating theology into his
cosmogony. “The universe would be completely self-contained and not
affected by anything outside itself,” he wrote in A Brief History of Time. “It



would neither be created nor destroyed. It would just be….What place then
for a creator?” The no-boundary theory, Stephen argued, dispensed with the
need for a primum movens that set the universe going, because it showed
that the universe could have been created from nothing. Of course, the God
of the gaps Stephen evokes in this passage in A Brief History of Time is a far
cry from Lemaître’s Deus Absconditus, the Hidden God, hidden even in the
beginning of creation.

To be clear, this was the early Hawking talking, who adhered to the
metaphysical position of Einstein. Like Einstein, the early Hawking
presumed that the mathematical laws of physics had some sort of existence
that superseded the physical reality they governed. Indeed Einstein had
hated the idea of a big bang in large part because it appeared to undermine
this ideal. Whereas Stephen’s singularity theorem had appeared to confirm
Einstein’s suspicions, the no-boundary bowl that replaced the singularity in
quantum cosmology seemed to let one get a grip on the beginning and all
the while uphold Einstein’s idealism. This was an exciting prospect indeed.

However, much as Einstein’s own theory of relativity took him by
surprise, the no-boundary hypothesis would come to surprise Stephen. This
early version of the no-boundary proposal was in no way radical enough!



Figure 26. Stephen Hawking with some of his academic offspring at his sixtieth birthday party in
King’s College, Cambridge.

Skip Notes

* Newton—nota bene as a Fellow of Trinity College—rejected the decision of the Council of Nicaea
that the Father and the Son originated from one and the same substance.














































































































































































































































































































































































































































































































































































































































