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Overture

Owverture

here is iron in your blood.
Iron, the metal — a few grams of
it, most of it woven into the hemo-
globin that ferries oxygen from your lungs to
every cell of you. That iron is older than the
Earth. It is older than the Sun. It was forged in
the core of a massive star that lived and died
before the solar system existed — and when
that star tore itself apart, the iron was flung
across space, to drift for billions of years until
gravity gathered it, together with the dust of
countless other dead stars, into a planet, into
an ocean, into food, into you.

You are not like something the universe
made. You are the universe — its actual mater-
ial, worked over nearly fourteen billion years
into a shape that can read about itself.

This is the autobiography of that shape.
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It opens nearly fourteen billion years ago,
in a condition for which ordinary words go
slack: no before, because time had not begun;
no elsewhere, because space had not yet un-
furled. It arrives here — at atoms arranged
precisely enough to ask where atoms come
from. And between those two points, nothing
was ever added from outside. Every ingredient
in the universe today was either present at the
start or built, later, from what was already
here.

The universe crossed the distance from a
near-featureless haze to galaxies, to chemistry,
to life, to minds — to you — by making a
single move, and then making it again, and
again, for fourteen billion years.

The move is this: separate things discover
how to become a larger thing that can do
what none of them could alone. Two nuclei
of hydrogen, crushed together hard enough,
become helium — and release the light of a
star. Atoms, gathered close enough, become
the star itself. Molecules, folded the right way,

become a living cell. Cells become a body. A
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body’s cells, signalling fast enough, become a
mind. Minds, speaking to one another, be-
come a culture — something that thinks
across centuries.

And the parts never vanish. They remain,
nested inside the whole. You are, at this very
moment, a colony of cells, which are assem-
blies of molecules, which are knots of atoms
forged in stars. The wholes are stacked one in-
side another, all the way down, all the way
back toward the beginning.

The biologists who study the deepest turns
of this story have a name for them: the major
transitions — the rare moments when life dis-
covered a wholly new way to become more
than itself. The recurrence is real. It has been
measured. It has a literature.

This book will not offer a new theory of
that recurrence. It offers the story of it — told
straight, told whole, from the first turn to the
most recent.

And the most recent turn is not finished. It
is underway now, in the years you are living

through, as a second kind of mind — built, not
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born — begins to think alongside the first.
These very sentences were composed by the
two kinds together. You are not reading about
the frontier of the story. You are sitting on it.

One promise, before we begin. Nothing in
these pages is metaphor dressed in the cos-
tume of fact. The wonder here was not
painted onto the science afterward — the won-
der s the science, reported accurately. The
iron in your blood truly was forged inside a
dying star: not the uplifting version of the
truth, but the truth itself, which happens to be
astonishing. The universe is stranger, and
more beautiful, than any story we might have
invented to stand in its place.

So we will invent nothing. We will only
follow what happened.

And what happened begins, as everything

in this story begins, with almost nothing at all.
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Nothing Becomes Something

CHAPTER ONE

Nothing Becomes Something

very story has a first page. This one’s
is, in part, unreadable — and saying
so is the honest way to begin.

Physics is the most precise account of real-
ity our species has ever built. Run it backward,
toward the beginning, and it holds: through
the forming of galaxies, through the forging
of atoms, back and back, the equations stay
steady almost the whole way. Almost. In the
first sliver of the first second, the universe was
so hot and so dense that the equations come
apart in our hands. Something happened in
that first sliver — something so extreme that
our description of happening itself stops
applying to it.

So we begin as near to the beginning as
knowledge can stand — a fraction of a second

in — and when we reach the edge of what is
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known, we will say so plainly. The blank at the
top of the first page is the story’s first true
thing. It says, before the book says anything
else: reality has a horizon, and we have not yet
crossed it.

And even a fraction of a second in, with the
unreadable part behind us, the universe is
already violent and astonishing past anything
ordinary words were built to carry.

It is small past all comparison — everything
now scattered across billions of light-years
pressed, in that moment, into a single place
with no room to spare. It is hot past all telling
— hot enough that no atom could survive an
instant within it. And it is doing the one thing
it will never, in all the time to come, stop do-
ing.

It is expanding.

Hold onto that, because it is the engine of
this entire chapter — of this entire book. The
universe is flying apart, every region rushing
from every other, and a thing that expands,
cools. The infant universe is a fire being drawn

thinner and thinner, and as it thins, its tem-
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perature falls. Almost everything that follows
— every structure, every element, every living
thing — happens because the temperature was
falling. The universe never decides to build. It
cools past one threshold, and a new thing be-
comes possible. It cools past the next, and an-
other. Cooling is the clock of creation. Cooling

is the permission.

The first thing the cooling permits is differ-
ence.

At the start, the forces that run reality were
not yet separate forces. Gravity; the force that
binds the cores of atoms; the force that lights
your nerves and holds all of chemistry togeth-
er — at that heat, these were a single, seamless
thing. The universe began in a state of pro-
found sameness: one law, one undivided
blaze.

As it cooled, the sameness broke. Gravity
parted first and went its own way. Then the
others divided, one after another, each be-

coming a distinct force with its own reach and
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its own rule. In less than the blink of an eye,
the universe had gone from one thing to sev-
eral — and that matters more than it may
seem. Nothing can join until there are separ-
ate things to join. Before the universe could
ever build a single whole, it had to do the op-
posite work first: it had to make difference.
The first labour of creation was separation —
the clean dividing of a seamless blaze into dis-
tinct things that could, much later, find one
another again.

And in that same blinding fraction of a
second, our best account of the evidence says
the universe did something stranger still. It in-
flated — underwent a single pulse of expan-
sion past anything before it or anything since.
In a span of time too short for any ordinary
word to hold, a patch of space smaller than a
single atom was drawn out wider than a
galaxy. From less than an atom to more than a
galaxy — that is the size of the leap, and it was

over almost before it had begun.
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This is theory, not testimony, and this book
will keep that line bright. But it is theory that
has survived hard tests — because it left fin-
gerprints, and we have found them.

Here is the fingerprint that matters. Down
at the smallest scale, the universe is governed
by a quantum rule: nothing can ever be per-
fectly smooth, perfectly even, perfectly still. A
faint and irreducible jitter runs underneath
everything — a trembling below which still-
ness is simply not allowed. Before inflation,
that jitter was microscopic. Inflation seized it
— and stretched it across the sky.

The stretched trembles became the first un-
evenness the universe ever had: regions dens-
er than the average, and regions thinner, by
about one part in a hundred thousand — the
faintest unevenness the laws of physics will
permit a thing to have. And every galaxy that
has ever turned in the dark — every spiral of a
hundred billion suns, every cluster, the whole
architecture of the heavens — grew, by grav-

ity, from the denser side of that hundred-
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thousandth. The grandest structures in exist-
ence were seeded by the smallest unevenness
there can be.

You are descended, in the most literal way,

from a quantum flicker — magnified.

Long before the universe was a second old, it
had cooled enough for the next kind of
difference to settle out.

The matter of that age was not yet protons
and neutrons. It was finer dust still — quarks,
the smaller pieces from which protons and
neutrons are made, loose in a searing plasma.
As the heat fell, the quarks could no longer
run free. They bound, three at a time, and be-
came the first protons and the first neutrons.

These were the first composite objects in
our story — the first things with parts. A pro-
ton is three quarks, bound and held together;
even it is an assembly. In the smallest possible
way, the universe had begun to stack.

Then, for about three minutes, it stacked

faster than it ever would again.
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For roughly three minutes the whole uni-
verse was hot enough and crowded enough to
fuse — to drive protons and neutrons together
hard enough that they held. They built the
first nuclei heavier than lone hydrogen:
mostly helium, two protons and two neutrons
locked into a single core. A helium nucleus is a
whole made of parts that are themselves
whole — four bound particles, each already a
bound trio of quarks. The stack had gained a
floor.

And then the furnace went out. The uni-
verse had never stopped expanding, never
stopped cooling, and after about three
minutes it was simply too thin and too cold to
fuse anything more. The fire died — and the
deepening cold froze what it had made in
place: roughly three-quarters hydrogen, one-
quarter helium, the barest trace of lithium.
Nothing heavier. No carbon. No oxygen. No
iron.

Sit with that, because it sets the hunger that
will drive the next chapter. The universe now

held a material vocabulary of essentially two
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words. Everything that would ever be built —
every planet, every ocean, every leaf, every
reader of this sentence — would have to be
built from hydrogen and helium, or not be
built at all. And you cannot make a world out
of helium. You cannot make a cell. The two
lightest elements, left to themselves, cannot
become much of anything.

The universe had matter. It did not yet

have the matter it would need.

What came next was the longest quiet stretch
in this book: nearly four hundred thousand
years of fog.

The universe was full — full of nuclei, full
of electrons, full of light. But it was still too
hot for any electron to be caught and kept.
The electrons streamed free, and free elec-
trons do one particular thing to light: they
scatter it. Every particle of light, the instant it
set out, was struck and flung sideways,

knocked from electron to electron, sent
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nowhere. The universe was opaque — a glare
with no distance inside it, a brightness you
could not see through, and could not see by.

But the fog was not an empty stretch of
time. Every ingredient of everything to come
was already inside it — every electron, every
nucleus, every particle of light that would one
day build an atom, a star, a reader of this page
— all of it present, all of it ready, all of it held
apart from the rest by one thing only. Heat.
Across those four hundred thousand years the
universe was not idle. It was loaded.

It was patience. The universe was a long,
held breath.

Then it crossed the threshold this whole
chapter has been falling toward.

At roughly three hundred and eighty thou-
sand years, the universe cooled to about three
thousand degrees — and three thousand de-
grees is cool enough, at last, for an electron to

be caught by a nucleus and held. All across the
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universe, in the same brief passage of time,
electrons settled into orbit. Negative bound to
positive. The first atoms.

A hydrogen atom — one electron, settled
around one proton — is a modest object. But
it is the first object in the universe that is elec-
trically complete: a positive charge and a negat-
ive charge, balanced, answered, at rest. It is the
first whole built from genuinely unlike parts
— a nucleus of quark-matter wedded to an
electron, a particle of another family altogeth-
er. And it is the seed of all chemistry. A bare
proton can form nothing — not water, not
salt, not DNA. An atom can. Everything chem-
ical in this entire book — every later joining of
matter to matter — begins the moment the
first electron is caught.

And the same act that made the first atoms
did something else, in the very same instant,
that stands among the most extraordinary
facts our species has ever established.

When the electrons were caught, they were
no longer free — and free electrons had been
the only thing scattering the light. With the

20
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electrons folded into atoms, the light was ab-
ruptly let go. The fog did not thin. It vanished.
In one sweep, across the whole universe at
once, light could finally travel — and the uni-
verse, for the first time, became transparent.

That released light is still here.

It has travelled for nearly fourteen billion
years, stretched by all the expansion since
from a fierce glow down into a faint mi-
crowave hum — and it is washing over you,
and over every instrument built sensitive
enough to feel it, at this moment. We have
mapped it with enormous care. It is the oldest
light there is: a direct image of the universe at
three hundred and eighty thousand years old
— the earliest moment that light itself can
ever show us. And printed faintly across it are
warmer patches and cooler ones — the
quantum trembles from inflation, the seeds of
every galaxy, written into the sky in light. In a
single photograph, we hold both the infancy
of the universe and the blueprint of all it

would grow.
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Hold a glass of water, and look at it a moment
longer than it usually asks for.

Two of the three atoms in every molecule
there are hydrogen. That hydrogen was not
made on Earth. It was not made by the Sun. It
formed in the first minutes after the begin-
ning, in the universe’s brief and only-once fu-
sion furnace, and in nearly fourteen billion
years not one proton of it has changed. It has
been interstellar gas and starlight and ice and
ocean and rain and the blood of strangers, and
now it rests in your hand. To drink a glass of
water is to lift the first three minutes of the
universe to your lips.

That is the chapter. And it is worth seeing
the shape of what just happened, because it is
the shape of all the chapters to come.

The universe began as one seamless thing.
Its first labour was to come apart — into separ-
ate forces, separate particles, the simplest sep-
arate matter. Only then, with difference made,

could the separate things begin to find one an-
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other: quarks into protons, protons and neut-
rons into nuclei, nuclei and electrons into
atoms. Separation first; then the joining; then
the first small wholes that hold. And the Aold-
ing is the heart of it: in a universe whose every
instant is spent flying apart, what binds tightly
enough to hold is what lasts — and only what
lasts becomes the ground the next thing is
built on. One full turn of a cycle this book will
watch the universe complete, and complete
again, on a thousand rising scales.

But the turn has left the universe in a
strange and beautiful poverty. It has atoms
now — and only the two lightest of them. Hy-
drogen and helium, drifting ever thinner
through a dark that grows colder every year.
And nothing — no world, no fire, no living cell
— can be made from hydrogen and helium
alone.

To go further, the universe will need heat
again — a new heat, this time, gathered out of
the cold and concentrated and lit. It will need

to take this thin and featureless gas and pull it

23



A Story of Systems

together, and pull harder, until in the crushed
black at the heart of the pile something
catches — and burns.

It will need to build a star.

24
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CHAPTER TWO

The First Factories

he universe could be seen now.
There was simply nothing in it to
see.

After the fog cleared, the universe was
transparent — and dark. The light released at
recombination was already reddening, already
fading toward the faint hum we still detect
today, and no new light was being made. The
universe was a vast, clear, cooling darkness,
filled almost evenly with thin hydrogen and
helium gas, and it stayed that way for a very
long time — a hundred million years, and
more — in what astronomers, without exag-
geration, call the cosmic dark ages.

But through all of it, one force was at work
— and it is worth meeting that force properly,
because it is the patient hero of this chapter,
and of much of this book.

25
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Gravity is the weakest of the four forces by
an almost unimaginable margin. Set beside
the force that binds an atomic nucleus, gravity
is nothing — a rumour of a force. But it has
two properties the stronger forces lack, and
those two properties are why gravity, in the
end, shapes the universe at its grandest scales.

First: gravity has unlimited reach. It never
falls to zero. Every speck of matter in the uni-
verse is, however faintly, pulling on every oth-
er speck, across any distance, without end.

Second: gravity only ever pulls. It has no
opposite, no negative form, nothing that can-
cels it. The force that lights your nerves comes
in two charges, positive and negative, and
across any large stretch of matter the two very
nearly cancel, leaving almost nothing. Gravity
never cancels. Every contribution adds. It only
ever accumulates.

A force that reaches everywhere, never can-
cels, and never quits. Give that force enough

matter and enough time, and the weakest
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thing in the universe will quietly become the
most decisive. The dark ages were gravity’s
long head start.

It had something to work with. The gas was
not perfectly smooth — it carried the faint
denser patches inherited from the quantum
seeds of the first chapter, regions a hair richer
in matter than their surroundings.

Gravity finds a denser patch and pulls a
little harder on it. The patch draws in more
gas. With more gas it is denser still — and now
it pulls harder again, and draws in more. This
is the engine of all cosmic structure: the rich
regions grow richer, not by any law of fairness
but by the plain geometry of attraction. A
gathering, once begun, feeds itself.

There was a silent partner in the gathering,
too — and honesty requires naming it, and
naming, also, the size of what we do not know.
Most of the matter in the universe is of a kind
we have never identified. It gives off no light.
It blocks no light. We know it is there only be-
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cause we feel its gravity — in the way galaxies
spin, in the way light bends as it passes them,
in the very pattern of the ancient glow. By
every measure, this dark matter outweighs the
ordinary matter — the matter of stars and
planets and people — by roughly five to one.
It formed the deepest gravitational wells, the
unseen scaffolding, into which the ordinary
gas first fell and gathered. Five-sixths of all the
matter in the universe, then, is something we
can neither see nor yet name. It is an uncom-
fortable fact, and an honest one — and the
honest facts are usually the more interesting.
Seen and unseen, the work was the same:
across the dark ages, in a billion places at once,
the gas was gathering. Each gathering drew it-
self inward, grew denser, grew hotter at its
centre as it squeezed — and waited, without

knowing that it waited, for a single threshold.

At the heart of a gathering pile of gas, the
pressure climbs without ceasing. Atoms are

crushed against atoms. The temperature
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passes thousands of degrees, then millions.
And at roughly ten million degrees, some-
thing the universe has not done since its first
three minutes happens again.

The hydrogen ignites.

Crushed hard enough, hydrogen nuclei
overcome the fierce repulsion that normally
holds them apart, and they fuse — four of
them, through a chain of steps, becoming a
single nucleus of helium. And the helium that
results is very slightly lighter than the four
nuclei that made it, by about seven parts in a
thousand. That missing sliver of mass departs
as energy — as light, as heat, as outward pres-
sure.

A star is the universe discovering that it can
turn matter into light.

The first star caught fire in the dark; and
then, across millions of years, in pockets all
through the gathering gas, a billion more. The
dark ages ended. For the first time since the
ancient flash of recombination, the universe
was making light of its own, freshly — and it

would not stop again.
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But notice what a star actually is, because it
is stranger than the soft word suggests. A star is
a catastrophe — an immense weight of gas col-
lapsing under its own gravity — that has been
interrupted. The energy pouring out of the fus-
ing core pushes outward exactly as hard as
gravity pulls in, and between those two viol-
ences the star holds, balanced, for as long as its
fuel lasts. Our own Sun is a collapse that has
been falling for four and a half billion years
and has not yet struck the ground. It shines be-
cause it is, very slowly, converting itself into
light — about four million tonnes of its own
mass, every second, become sunlight. The

warmth on your face is the Sun, lightening.

A star holds its balance only as long as it has
fuel. And here the story turns from light to
making — because what a star does, while it
burns, is build.

When a star has fused much of its core hy-
drogen into helium, the fire there falters, and

gravity — always waiting, never absent —
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squeezes the core smaller and hotter. The
rising heat lights a new fuel: helium itself be-
gins to fuse, three nuclei at a time, into car-
bon. Carbon is new. Carbon has not existed
anywhere in the universe until this moment,
in this core.

And when the helium runs low, gravity
squeezes again, the core heats again, and car-
bon fuses into oxygen. Oxygen into neon.
Neon into magnesium, into silicon. In a
massive star the cycle repeats and repeats,
each fuel kindling the next, and the star ar-
ranges itself into layers — hydrogen burning
in a vast outer shell, and beneath it helium,
and beneath that carbon, oxygen, silicon, each
shell hotter and heavier than the one wrapped
around it, like the rings of an onion.

Each stage burns faster than the one before.
A great star may fuse hydrogen for millions of
years; helium for a few hundred thousand;
and when it reaches its final fuel, it can burn
through it in a single day. The star is racing
now, building heavier and heavier nuclei in a

core that is running out of time.
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This is the factory. Generation by genera-
tion, in the cores of stars, the universe was for-
ging the missing pieces of itself — the carbon
that would become the spine of every living
molecule, the oxygen that would fill the
oceans and the air, the calcium, the silicon, the
nickel. The vocabulary of two words was

becoming a vocabulary of ninety.

The layers climb toward the centre, fuel be-
coming heavier fuel, and they arrive — in the
final day of a massive star’s life — at iron.

And at iron, the building stops.

Iron sits at the very summit of nuclear sta-
bility — bound about as tightly as matter can
be bound, and settled as far as fusion can ever
settle it. Every fusion before it had released
energy, and that released energy was the out-
ward push holding the star up. But iron will
not give. To fuse iron costs energy rather than
yielding it. A core of iron is a fuel that cannot

burn. It is ash.
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The star now has an iron core, and nothing
to hold it up. For the whole of its life the out-
ward fire has answered gravity’s inward pull,
blow for blow. The fire is out. And gravity —
which has been waiting since the dark ages,
which never cancels and never quits — finally
collects what it is owed.

The core collapses, and it collapses in less
than a single second. A mass greater than the
whole of the Sun falls inward upon itself,
faster and faster, and crushes down to a dens-
ity past any ordinary reach of imagining —
the matter of a star’s core packed as tight as
the inside of an atomic nucleus, a sphere no
wider than a city. And there, against a stiffness
that at last will not yield, the in-fall slams to a
halt — and recoils. A shockwave turns and
tears back outward, up through the doomed
and layered body of the star, and flings the
whole of it into space in a single detonation so
vast that, for a few days, one dying star can
blaze brighter than the hundred billion living
stars of its galaxy combined. A supernova.
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In that death, two last things happen. In the
unrepeatable violence of the blast — and in
the still more extreme collisions of the dense
stellar corpses that such deaths leave behind
— the universe forges the elements heavier
even than iron: silver, gold, uranium, the rare
and weighty ones. And then the explosion
scatters all of it. Everything the star spent its
life building — the carbon, the oxygen, the
iron, the gold of its dying — is flung outward,
away from the ruined core, into the cold and
waiting gas between the stars.

The star spent its life making the elements.
It could only deliver them by dying.

This is the chapter’s quiet, central fact. The
heavy elements — the entire material vocabu-
lary that everything later in this book is writ-
ten in — could not enter the universe except
through the death of stars. The first stars had
to be born, and burn, and die, so that there
would be something for the next stars, and the

planets, and the living things, to be made of.
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And so it went, generation upon genera-
tion. The earliest stars — many of them giants,
and giants burn bright and die fast — formed
from the gathering gas, forged their elements,
and died, and seeded the gas with their ash.
The next stars formed from that enriched gas,
and burned, and died, and enriched it further.
With each generation the gas grew richer in
heavy elements, and each enrichment
widened the world the next generation would
be born into. The turn of this pattern is a
climbing one: every whole that holds becomes
the richer ground the next is built upon, and
so the cycle, repeating, rises. And something
new now became possible. Around the later
stars, in the disks of debris that wheeled about
them, there was enough heavy matter —
enough rock and metal and ice — to gather,
by that same patient gravity, into worlds.

Our own Sun is one of the late ones — a
third-generation star, by a rough count,
kindled some four and a half billion years ago
out of a cloud already seeded by countless stel-

lar deaths. It is an ordinary star, and it was not
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among the first, and that is precisely why it
could have planets. Earth condensed from the
enriched disk that turned around the newborn
Sun: a gathered ball of stardust, of the ash of

dead stars, warm and ready.

Return, now, to the iron in your blood — and
to the promise the first page of this book
made about it.

It is true, and it is exact. The iron carried in
your bloodstream was forged in the core of a
massive star, in the last age of that star’s life,
when its layered fires had climbed to their fi-
nal element. It was scattered across space
when that star died. It drifted for an age, and
was gathered into the cloud that became the
Sun, and the Earth, and in time you. The iron
in your blood is older than the planet that car-
ries you, and it is, precisely, the last thing a
dying star was able to make.

And it is not only the iron. The oxygen you
are drawing into your lungs as you read this —
forged in a star. The calcium that holds the
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shape of your bones — forged in a star. The
carbon that is the structural spine of every
single molecule that makes you a living thing
— forged in a star, scattered by its death, and
gathered up again. You are made of this story’s
ash. You are what the universe assembled out
of its own dead.

And the shape of it is the shape of the first
chapter, made vast. Gravity gathered the
scattered gas into one place. The gathering
crushed itself until it caught fire and became a
star — a thing the cold gas alone could never
be. The star built complexity, element upon
element, until it reached a limit it could not
pass. At that limit it broke — and the breaking
was a scattering, a delivery, the seeding of
everything that would come after. It is the
same turn the first chapter watched the uni-
verse make — run again, now, on a scale bey-
ond all comparison, and run this time with a
new and sober truth folded into its centre: at
this depth of the story, creation is paid for by
death.
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The universe now held its full vocabulary
— more than ninety elements, the carbon and
oxygen and iron and all the rest — scattered
through enriched clouds, and gathered, here
and there, into worlds. It had the letters at last.
And it had, at last, somewhere to write.

And on at least one of those worlds, the ele-
ments were on the verge of a thing they had
done nowhere, and never, in all the time the
universe had run. They had combined; they
had held together into wholes — the universe
had watched them do that since its first three
minutes. What was coming was something
else entirely. In the warm and chemical water
of one young world, the elements were learn-
ing to arrange themselves into a pattern that
could copy itself.
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CHAPTER THREE

The First Copy

n every one of the some thirty trillion

cells that make you, at this exact mo-

ment, a process is running. It repairs
what has worn. It draws in energy and raw ma-
terial and turns them into more of itself. It
holds a pattern steady against the constant, pa-
tient pull of decay. And every so often it does
the strangest thing of all: it makes another cell,
very nearly identical to itself, and hands the
pattern on.

That process is what this book means by
the word [ife.

And the thread of it — cell making cell
making cell — running back from you
through your parents and theirs, back past the
first humans, past the first animals, past the
first living things of any kind at all, has not

been broken once in roughly four billion

39



A Story of Systems

years. Not once. A single unbroken relay, four
billion years long, and you are the runner
currently holding the baton.

This chapter is about how that relay began.
It is the hardest question in this book — and
the place where the book must be most
careful, and most honest.

So here is the honest situation. We do not
know how life began. We were not there; we
have not, in any laboratory, yet made it hap-
pen from raw chemistry; the origin of life re-
mains one of science’s great open questions.

But we do not know the route is a very differ-
ent statement from a miracle was required. We
know life began — we are here, made of it, the
relay still running in our hands. And we have
good reason to believe it needed no miracle,
because very nearly every individual step we
can test, we find that ordinary chemistry per-
forms on its own, unbidden, asking no permis-
sion. The origin of life is an unfinished map.
We can see the territory; we have not yet
traced the single path that nature actually

walked across it.
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This chapter will do two things at once, and
both honestly. It will tell you what we know —
and there is far more than you might expect
— and it will mark, plainly, where the knowing
runs out and the frontier begins. The frontier

is the most exciting sentence in this book.

Begin with the world it happened on.

Four billion years ago, the Earth was young
— a little over half a billion years old, still hot
with the violence of its making, still struck
from the sky by the rubble of a half-built solar
system. It is sometimes called a hell, and from
a human point of view it was. But chemistry
would have called it something else entirely.
Chemistry would have called it the richest
laboratory the universe had yet produced.

Everything the stars had forged was here,
gathered into one warm, wet place — the full
vocabulary of ninety-odd elements, concen-
trated onto a rocky world with deep oceans of
liquid water. And one of those elements was

about to do extraordinary work.
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Carbon is the connector. Of all the ele-
ments, it is the one most able to join — four
bonds, reaching in four directions, able to link
to other atoms and, above all, to link to itself,
in chains and rings and branching structures
of essentially unlimited length and intricacy.
Give carbon energy and time and company,
and it builds without limit — a combinatorial
wilderness of molecules, a variety with no ceil-
ing in sight. Carbon is the element through
which sheer complexity becomes possible.

And the young Earth poured energy into
that chemistry from every side at once — sun-
light, lightning, volcanic heat, and the restless
dark boundary on the sea floor where hot
mineral-laden water seeped up to meet the
cold ocean, a place of steep chemical gradi-
ents, of energy aching to flow. In water
charged with energy and stocked with carbon,
molecules formed and broke and formed
again, in numbers past counting.

We know how that much goes, because we
can do it ourselves. Seal a plausible early-

Earth mixture into a flask, pass energy
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through it, and within days the molecules that
life is built from begin to appear on their own
— the amino acids that string into proteins,
the parts of the molecules that would come to
carry life’s information, the oily molecules
that will matter in a moment. They form read-
ily, by plain chemistry, under a range of con-
ditions the young Earth offered freely. Some
of them, we have discovered, even assemble
out in space, and arrive on worlds ready-
made, sealed inside meteorites.

This is worth saying flatly, because it over-
turns an old intuition. The building blocks of
life are common, and sturdy, and easily made.
They are close to inevitable. Give the universe
a young rocky world with water and energy —
and the universe makes those in their billions
— and the parts of life very nearly assemble
themselves.

The parts were never the hard problem.

The hard problem is what happened next.
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Among the molecules the young Earth made
so easily were the lipids — oily molecules with
a particular, consequential shape: one end that
is at home in water, and one end that flees it.

Drop molecules like that into water, and
they cannot stay scattered. The water-fearing
ends crowd away from the water; the water-
loving ends turn to face it; and with no guid-
ance and no plan, the molecules arrange
themselves — first into sheets, then into
closed, hollow spheres. A film. A bubble. A
wall.

It is pure physics. It happens in seconds.
And it gives the story something it has never
had before: an inside.

Until this moment, everything in this book
has happened in the open. There has been no
edge between one stretch of the universe and
the next, no pocket of the world held apart
from the rest. Now there is a boundary — and
a boundary changes everything. Inside the
bubble, chemistry can concentrate instead of
drifting endlessly apart. Inside the bubble,

conditions can hold different from the world
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outside. Inside the bubble, for the first time
anywhere, there is a here that is set apart from
there — a small interior that can be sheltered,
and regulated, and made to persist.

That, in other words, is the first faint

outline of a self.

And now we reach the threshold — the event
this chapter is named for, and the one we
understand least.

Somewhere, in some pocket of that ener-
getic water, chemistry began to copy itself.

Not was copied. Copied itself. A molecule —
or, more likely, a cooperating set of molecules
— came to have a property that no arrange-
ment of matter in this book has had until now:
its own existence drove the making of more of
its own kind. The simplest form of this, chem-
ists call autocatalysis — a reaction whose
product helps power the very reaction that
made it. A loop. A circuit of cause that feeds its

own beginning.
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How the first such loop arose is the un-
solved sentence — and there are serious rival
ideas, each worth knowing by its shape.

One holds that information came first: that
there was an early molecule able to do two
jobs at once — to carry a sequence, like a mes-
sage, and to act as a tool, like a hand — and so
to drive the copying of itself. The molecule
RNA can still do a little of each, and an early
world run by RNA is the leading guess. Anoth-
er holds that the self-sustaining network came
first — a knot of reactions feeding one anoth-
er, a rough metabolism — with the message-
molecules arriving later. A third looks to the
mineral-lined vents on the sea floor, where the
energy gradients, the natural catalysts, and the
tiny rock-walled compartments were all,
already, on offer together.

These ideas compete; they also overlap;
and the honest report is that we do not yet
know which describes what happened — or

whether the truth is some braid of all three.
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But hold tight to what is not in doubt. How-
ever that first self-copying chemistry arose,
the moment it existed, something switched on
that could never switch off.

Because no copy is ever quite perfect.

It cannot be. The first chapter of this book
found a restlessness at the very bottom of
things that no matter is allowed to escape —
nothing can be perfectly smooth, or still, or
exact. The machinery of copying is matter
too, and that same unsteadiness reaches up
into it: run a copier long enough and it will
slip — not by bad luck, but by physical law. A
perfect copier is not hard to build. It is forbid-
den.

And that small, lawful imperfection was the
most creative event in the history of the uni-
verse.

A perfect copier would have made same-
ness, and only sameness, forever. But an
imperfect copier makes variants — most of
them worse, many no different, and a rare few,
by sheer accident, slightly better: a little quick-

er to copy, a little sturdier, a little defter at
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gathering the scarce materials that copying de-
mands. And those few do not stay rare. A thing
that copies itself faster than its neighbours, all
of them drawing on the same limited supply,
will — by simple arithmetic, with no intention
anywhere in it — come to outnumber them.
And then its own small flaws throw their own
variants, and the slightly-better among those
outnumber the rest in turn.

That is natural selection. It needs no mind
to run it, and no goal to move toward. It needs
only three things, all of which the first imper-
fect copier supplied in a single stroke: copies,
variation between the copies, and a world too
small to hold them all. From the instant those
three existed together, the universe was no
longer merely building. It had begun to search
— generating, testing, keeping, discarding, ac-
cumulating — and it has not stopped search-

ing for one moment since.

We can say now, plainly, what the thing is that

switched on.
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Life is not a substance. There is no special
stuff, no spark, no vital essence that living
matter holds and dead matter lacks. For most
of human history people assumed there had
to be one — that a living body must contain
some animating fire that mere clay did not.
There is no such fire. A bacterium and a grain
of sand are built from the very same stardust,
the identical atoms forged in the identical fur-
naces of Chapter Two. Take a living cell fully
apart, and among the pieces you will find no
ingredient that is itself alive.

Life is not a substance. Life is a process —
and a particular kind of process, one the uni-
verse had quietly been rehearsing for a long
time.

Think of a candle flame. A flame is not a
thing; it is a process — a pattern held in place
by a flow of energy, consuming wax and air,
never made of the same matter from one in-
stant to the next, and yet steadily, recognisably
itself. Blow the candle out, and nothing has
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been destroyed except the pattern. The wax re-
mains; the air remains; only the process has
stopped.

Life belongs to that family — matter hold-
ing a pattern by feeding on a flow of energy —
with one world-changing addition. A flame
cannot make another flame. Life can. Life is
the kind of self-sustaining process that also
copies its own pattern, and hands it forward.

And in that addition, life solved a problem
that had defeated everything in this book until
now: the problem of lasting. An atom lasts by
being hard to break. A star, for its while, lasts
by being too vast to fall. Both endure by durab-
itlity — by resisting. Life found the other way
entirely. A living lineage does not resist de-
struction; it accepts it, and then outruns it,
copying the pattern onward faster than any
single copy can decay. The matter you are
built from is almost all on loan — most of it
cycling through you and out again within
months or years. You are not durable. But the
pattern that is running as you is four billion

years old, because it has never once stopped

50



The First Copy

being copied. Life lasts the way a melody lasts:
by being sung again, and again, and again —
the song carried onward long after any single

voice has fallen still.

The membrane; the energy-using metabol-
ism; the self-copying chemistry — some-
where, in some order the unfinished map has
not yet settled, these three came together in-
side one boundary. And when they did, the
universe had built a cell.

A cell is a whole, in exactly the sense
Chapters One and Two prepared the word —
separate parts gathered and joined into some-
thing none of them could be alone. But it is a
whole of an entirely new kind, and that new-
ness is the hinge on which the rest of this book
turns.

Every whole before it — the atom, the star
— was assembled by the universe and then
simply was. It persisted, or it died; it did not
make another of itself. The cell makes another
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of itself. The cell is the first whole in the his-
tory of the universe that carries the work of
building forward on its own.

From this point on, the universe does not
have to forge each new living thing the way it
forged the elements — in a furnace, by main
force, from the outside. Life forges itself now.
And because it forges by imperfect copying, it
never makes only one thing; it makes a widen-
ing fan of variants, and the search keeps
whichever ones work, and from each of those
the fan spreads open again. The universe has
lit a fire that feeds and spreads itself — a fire of
copying — and it will not go out until it has
tried every shape that can possibly be alive.

What happened in that warm water wears the
oldest shape in this book — and then does
something the shape had never done.
Scattered parts — the atoms of Chapter
Two, joined by carbon into the building blocks
of life — gathered, in a warm and energetic

water, crossed a threshold, and became a new
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kind of whole — the same turn the universe
took to make an atom, and took again to make
a star.

But this turn closed a loop that the others
had left open. The atom, once made, only per-
sisted. The star, once made, only burned. The
cell, once made, made another cell — and that
one made the next, and the next, and the line
of them runs unbroken from that first warm
pocket of the early ocean all the way to the
cells that are, gathered into you, reading this
sentence now. For the first time in the history
of the universe, the cycle had begun to turn it-
self.

And an imperfect copier in a finite world is
a search. With it, what it means to last gains a
second answer. Until now, a thing endured by
holding — by being bound, or built, too
tightly to come apart. Now a thing can endure
by fitting its world: by being the variant that
copies a little truer, gathers a little better, an-
swers its surroundings a little more closely
than its rivals — and so becomes the version

the search keeps, and the ground the next at-
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tempt is built upon. The search had only just
begun, the whole space of living possibility
still unexplored, and waiting.

For a very long time, the search stayed
small. Life remained single cells, alone — for
billions of years, an eon longer than
everything still to come in this book put to-
gether. And in that long quiet age — quiet
only on its surface — the invisible cells would
do something that no star and no stone had
ever done. They would reach out and take
hold of the light of the Sun itself — and, hav-
ing done so, they would remake the air of the
whole planet, and bring upon themselves the
gravest catastrophe life has ever passed
through and survived.

The relay was about to change the world it

ran on.
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CHAPTER FOUR

The Breath of the World

ake a breath.
About a fifth of what just entered
your lungs is oxygen — and, strictly
speaking, it has no business being there.
Oxygen is a ferociously sociable gas. It
bonds to almost anything — iron, rock, hydro-
gen, the carbon of any fuel — and once bon-
ded, it tends to stay bonded. Left to ordinary
chemistry, free oxygen does not last. It finds
something to react with, locks itself into stone
or water or rust, and is gone from the air. On a
lifeless rocky world, an atmosphere does not
simply contain a fifth part of free oxygen. It
cannot. The oxygen would all, and quite
quickly, be bound away.
And yet you have just breathed some.
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The oxygen in Earth’s air is something the
living make. Continuously, this minute, all
across the planet, living things are producing
it — faster than the rock and the sea can swal-
low it away. The breathable sky is a product. If
life were to stop, the air would go stale within
a geological eyeblink, the oxygen settling
quietly back into the ground.

You are breathing the planet’s life — its ex-
halation, renewed around you every day.

This chapter is the story of how life came to
build the air. It is also the story of the cata-
strophe that the building caused — because
when life first learned to remake the world, it

very nearly ended itself in the doing.

For its first billion years and more, life lived
hand to mouth.

The early cells fed the way the last chapter
left them feeding — on chemistry. They scav-
enged energy from the gradients the planet
offered: from minerals, from the chemical

mismatch of rock against water, from the seep
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of the deep-sea vents. It worked. It was also a
hard and bounded living. Chemical fuel is
scattered, and it is finite; a cell that lives on it
must go to where the fuel is, and must stop
when the fuel runs out. For a billion years, life
was tethered to the planet’s larder — and the
larder was not large.

And then certain microbes — the ancestors
of the cyanobacteria, the blue-green films you
can still find today on any wet stone — did
something that broke the tether completely.

They learned to catch sunlight.

To catch a sunbeam is to seize its raw en-
ergy and drive chemistry uphill with it — to
build food, and body, out of nothing more
than air and water and light. And the most
powerful version of the trick did something
audacious. To get the raw material it needed, it
reached into water itself — the most ordinary
molecule on the planet — and tore the mo-
lecule apart, prising the hydrogen out of it to
keep, by main force, with the captured

sunlight for a blade.
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This is photosynthesis, and it changed the
terms of life entirely. A cell that can do it is no
longer tied to a scattered chemical larder. It
plugs straight into the Sun — into a furnace
that Chapter Two set burning, and that will
pour out energy, freely, for billions of years
yet. Life had found the one fuel supply on
Earth that was, for every practical purpose,
without limit. Living things turned from scav-
engers into producers. Wherever light fell
upon water, life could now grow — and grow,
and grow.

But the trick that split the water left a re-
mainder. When the hydrogen was torn from
H.O and kept, something else was let go — dis-
carded as waste, in colossal and ever-mount-
ing quantity, into the sea and the sky.

The waste was oxygen.

To the life of that age, oxygen was poison.
That same sociability — that hunger to
bond with anything within reach — made the

gas savage inside a living cell. It attacked the
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delicate molecular machinery; it corroded the
careful chemistry that the airless world had
spent a billion years tuning. Every cell then
alive had evolved in a world with no free oxy-
gen in it, and to every one of them the rising
gas was a slow toxin, seeping into their only
home.

For hundreds of millions of years, the plan-
et shielded them. The early oceans ran rich
with dissolved iron, and the oxygen, true to its
nature, bonded to that iron and dragged it
down — rusting the seas, laying the rust on
the ocean floor in vast banded sheets that
hardened into stone. Those stones are still
here. We mine them; most of the world’s iron
is drawn from them. They are the page on
which the planet recorded, stripe upon stripe,
the slow oxidising of an entire ocean — a geo-
logical photograph of life remaking the Earth.

But the oceans’ patience was not unlimited.
The iron, in the end, ran out. The sinks filled.
And roughly two and a half billion years ago,
with nothing left to absorb it, oxygen began to

gather, freely, in the open air.
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What that free oxygen did next was a cata-
strophe with few rivals in the whole history of
life. The airless world — which was, at that
point, the entire living world — was poisoned in
its own house, on a planetary scale, by a gas it
could not flee, because the gas was now every-
where. No microbe leaves a fossil, so this dy-
ing cannot be counted, only reasoned — but
the reasoning is hard to escape: it was very
probably the greatest extinction the Earth has
ever known. And the poisoned air was only
half of it. The rising oxygen attacked the heat-
trapping gases that had kept the young planet
warm; the blanket thinned; and the world fell
into one of the longest and most severe ice
ages it has ever endured. Two mild words hold
all of that: the Great Oxidation.

Life had reached for the Sun — and, in the
reaching, had nearly poisoned itself and
frozen its own world. The survivors of the old
order fled. They withdrew into the few places
the poison could not follow: deep mud, buried
sediment, the airless dark — and, far later, the

insides of animal guts, where their descend-
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ants live to this day, in their billions, including
in yours. The first new world that life built, it
built upon the ruin of the world that came be-

fore.

The thing about a poison that is savage
because it is hungry — because it pulls so
fiercely at electrons, because it so badly wants
to react — is that the very same hunger makes
it something else entirely. It makes it an
extraordinary source of power.

Energy, for a living cell, is in the end a mat-
ter of electrons — of letting them fall, in a
controlled and harnessed way, from where
they are held loosely to where they are held
tight. Oxygen, precisely because it grips elec-
trons so hard, sits at the very bottom of that
fall. It is the steepest landing available any-
where in ordinary chemistry. A cell that can
let its electrons drop all the way down onto

oxygen — a cell that can breathe — wrings
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from a single mouthful of food many times
the energy that the old airless chemistry could
pull from the same meal. Many times over.

So the poison was also a prize, and the cata-
strophe also an opening — the same event,
wearing two faces. The very gas that had
nearly ended life was the richest source of
power life had ever met — and the cells that
survived the poisoning by learning to use the
poison did more than survive: they inherited
an energy supply the dying world could not
have dreamed of.

Crisis and transformation, in this chapter,
are not two phases of a cycle. They are a single

molecule, read two ways.

Somewhere around two billion years ago, one
cell took another cell inside it.

That much was not new — cells had long
engulfed other cells, the way they engulfed
any morsel, in order to consume them. What
was new is what happened next. The engulfed

cell was one of the oxygen-masters — a small
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bacterium that had grown superbly good at
breathing — and this time, rather than digest-
ing it, the larger cell kept it. It went on living,
inside the larger cell. It went on breathing, in-
side the larger cell. And the two of them did
not part.

They became one thing.

The small breathing cell became a working
component of the larger one — a power plant,
housed within the cell, turning oxygen into us-
able energy on the host’s behalf. We call it the
mitochondrion. And the host cell, now sup-
plied with energy on a scale no solitary cell
had ever commanded, could afford to become
something the world had never seen: large, in-
tricate, elaborately organised, carrying far
more structure and far more information than
the tight energy budget of a lone cell could
ever have paid for. This new kind of cell is
called the eukaryotic cell — and it is the kind
of cell that you are made of. Every complex
living thing that has ever existed — every an-
imal, every plant, every fungus, every creature

you have ever seen with the naked eye — is
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built of eukaryotic cells, and every eukaryotic
cell traces back to that single ancient act of
keeping rather than digesting.

The joining even happened more than
once. Later, in a separate lineage, one of these
new cells took in a sunlight-catcher — a cy-
anobacterium, a water-splitter from the start
of this chapter — and kept that one too; the
captured light-eater became the chloroplast,
the green in every leaf and blade and frond
alive. A plant is a merger within a merger.

And here is how we know it is true. Look in-
side one of your own cells, and the mitochon-
dria are there — hundreds of them, some-
times thousands, in nearly every cell of you.
They still carry their own DNA, a small separ-
ate loop of it, distinct from the DNA in the
cell's core. They still divide on their own
schedule, by their own act, as their free-living
ancestors did. They are still wrapped in a
double membrane — the inner one their own,
the outer one the host’s: the fossilised mo-
ment of the swallowing. By every test we can

put to them, the mitochondria inside you are
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the domesticated descendants of free-living
bacteria. Your body holds more of them than
the galaxy holds stars, and they are powering
the reading of this sentence.

The Overture of this book said that you are
a colony of cells. That was true — and the
truth goes deeper still. Every one of those cells
is tself a colony. You are a community of com-
munities, and at the root of each one lies an
act of joining two billion years old that has,

from that day to this, never once come apart.

Chapter Four has turned the universe’s oldest
cycle once more — and, in the turning,
marked it twice.

Separate things joined into a larger whole
that could do what neither could alone. A
breathing bacterium and a hungry host be-
came a single cell with powers beyond them
both — the very same turn that bound nuclei
into atoms, and atoms into stars, and mo-
lecules into the first living cell. The pattern
held. The pattern always holds.
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But notice what was different this time.
Every joining before this one had been
worked upon matter — by gravity, by chem-
istry, by the blind running of physical law.
This joining was worked by life, with life: one
living thing taking another living thing into it-
self, and making, of the two, a new and greater
living thing. The universe’s oldest move had
been inherited. Life had it now — and would
use it again.

And the chapter leaves a second mark on
the pattern. Until now, each turn of the cycle
had carried a clean cost, or a clean reward.
Here the two fused. A catastrophe, for a sys-
tem that lives by this pattern, is the search it-
self turned violent — the world remade too
fast for the old ways of fitting it to hold, so that
the future falls to whatever, by chance, already
fits the world now arriving. The catastrophe
was the breakthrough; the poison was the
power; the thing that nearly ended the living
world became the engine of everything com-
plex that would ever live in it. There is a hard
kind of hope in that — the recognition that, in
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a story built on this pattern, the worst
threshold a system is ever forced across and
the greatest gift it is ever given can turn out to
be one and the same.

The universe now had a cell of a wholly
new order — large, powerful, intricate — and,
for all of that, still alone. A single eukaryotic
cell, drifting, complete in itself.

But life had just relearned, in its own flesh,
the oldest lesson there is: that two can become
one, and the one can do what neither could
alone. A cell had joined with a cell. The move
had worked once. And the thing about this
pattern — the thing this whole book is the
proof of — is that it never works only once.

If a cell could join with a cell to build a
greater cell, then cells could join with cells to
build something that was not a cell at all.

They were about to build a body.
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CHAPTER FIVE

The Company of Cells

ou are not one living thing. You are
some thirty trillion of them.

Every cell in your body is, by
everything the last three chapters established,
fully and separately alive — each one a self-
maintaining, self-copying process, a colony of
colonies, the living end of a relay four billion
years long. You are an immense and orderly
multitude of lives, somehow, seamlessly, made
one.

That alone would be astonishing. But here
is the fact that ought to stop you where you sit.

Almost none of those thirty trillion cells
will ever reproduce.

For more than three billion years — for the
whole of the story so far — the single deepest
imperative of every living thing without ex-

ception was to copy itself. It was the very
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definition of life’s success; it was the engine of
the entire search. And the cells of your body
— your skin and your muscle, your blood and
your bone, the cells of the eye and the nerve
reading this line — have, almost every one of
them, simply surrendered it. They will live,
and work, and die, and leave no descendants
of their own. They have given up the oldest
and strongest drive in the history of life.

They gave it up to be part of you.

This chapter is the story of that bargain —
the most extravagant act of cooperation life
has ever struck — and of the extraordinary

thing life became, once it could build bodies.

It was a long time coming.

After the eukaryotic cell was forged in the
great joining of the last chapter, life did not
rush to build bodies. It stayed single-celled —
for more than a billion years. Complex, cap-
able, energetic single cells, drifting and divid-
ing, alone. If you had watched the Earth

through that vast stretch, you would have seen
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the continents wander and the oceans turn,
and almost nothing else change. Life held at
the scale of the single cell for longer than it

would then take to get from the first body all

the way to you.

And then — not once, but many times over,
in many separate lineages — cells began to
stay together.

The first step was almost nothing at all. A
cell divides into two; and the two, instead of
drifting apart as cells had always done, simply
remain joined. Divide again, and there are
four, still attached. A clump. A filament. A hol-
low ball of cells. It asked for no grand innova-
tion — only the small adjustment of not letting
go.

But a clump of cells is not yet a body. It is a
crowd — and a crowd has only a few modest
advantages, mostly of size: a thing too large to
be easily eaten has, in a hungry world, a reas-
on to exist. A crowd, however large, is still only

its members. Each cell in the clump is still do-
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ing what every cell has always done — feeding
itself, maintaining itself, copying itself. The
clump is a heap of lives. It is not yet a life.
What turns a crowd into a body is the step
that comes next — and it is one of the most

consequential ideas in all of biology.

The cells began to differ.

Not by carrying different instructions. This
is the part that surprises almost everyone who
meets it for the first time: every cell in your
body — the nerve cell and the skin cell, the
cell in your heart and the cell in your bone —
carries the same complete genome. The
identical book. The whole of it. A skin cell
holds the entire library, and is reading the skin
pages.

A body is one book, opened to a different
place in every room.

And once cells could do that — hold the
same inheritance, yet read different parts of it
— they could divide the labour of being alive.

Some cells could specialise as the boundary,
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the skin. Some as the structure that holds a
shape. Some as the channels that carry food,
or the fibres that contract to move, or — the
ones that will matter most for the rest of this
book — the cells that carry signals. Each kind
could become superbly, narrowly good at its
one task, precisely because it no longer had to
be passable at all the others.

But specialisation has a price, and the price
is the whole secret of the body.

A cell that has become superbly good at
one thing has, in the very same motion, be-
come incapable of the rest. A nerve cell cannot
feed itself. A muscle cell cannot sense the
world. Not one of the specialised cells of your
body could survive, for more than moments,
alone — pulled from the whole and set down
by itself, each would simply die. They have
traded away their self-sufficiency, completely
and permanently, in exchange for member-
ship.

This is worth being clear about, because it is
easy to mistake for a weakness. Itis the body. A

body is precisely a whole whose parts can no
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longer leave it — a whole that has bound its
members so far into their roles that alone has
stopped being a condition they can survive.
The Overture of this book spoke of separate
things joining into larger things that could do
what no part could do alone. In the body, that
idea reaches its sharpest point. The parts of a
body cannot do what the whole does. The
parts of a body can no longer do anything at
all — except together.

And now we can return to the fact that
stopped you at the start of this chapter — the
thirty trillion cells, almost none of which will
reproduce — because it is the deepest special-
isation of them all.

Among the divisions of labour the body
struck, one cut deeper than the rest: the divi-
sion between the cells that would carry the
line, and the cells that would not. A small set
of cells — the germ line, those that become
eggs and sperm — kept the ancient power to

found a next generation. Every other cell —
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the skin and the muscle, the nerve and the
blood, very nearly all of you — gave it up. Sur-
rendered it. Each of these would build and run
and defend the body, for as long as the body
lasted, and then end with it, leaving nothing of
its own behind.

Why? Why would a cell, after three billion
years of an imperative that strong, simply lay
it down?

The answer is quiet, and exact, and it is not
sainthood. The cells of a single body are kin —
the closest kin imaginable, near-identical cop-
ies, all grown from one fertilised cell, all carry-
ing one shared genome. And so the genes in-
side a humble skin cell are present, equally, in
the body’s germ cells. When that skin cell la-
bours its whole life for the body and dies
childless, the pattern it was made of is not lost
— it rides onward, in the egg or the sperm,
carried by the very cells it spent itself to sup-
port. A somatic cell serving the body is a gene

serving itself, by another road. Cooperation,
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here, is not the opposite of self-interest. It is
self-interest, discovering that it can be served
by a whole.

But — and a body lives, always, with this but
— the bargain can break.

Every so often, in the ceaseless copying that
keeps a body alive, a cell suffers the wrong
handful of errors, and forgets the bargain. It
stops reading its assigned pages. It stops
serving the whole. It reverts — to the old
three-billion-year imperative, the one every
cell still carries written underneath all the rest:
copy yourself, now, as fast and as often as you can,
whatever it costs. A cell that defects in this way,
and proliferates, and is not stopped, is a can-
cer. And this is the sober truth beneath every
living body, the reader’s included: a body is a
truce. It is a cooperation that must be actively
kept — policed, repaired, defended — every
hour of every day that the body is alive. The
wonder is not that the truce sometimes fails.
The wonder is that, in a creature of thirty tril-
lion cells, across all the long years of a life, it

so overwhelmingly holds.
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And so: a body. Cells — each one already a
whole, already a colony — gathered, joined,
and specialised into a single new thing, on the
pattern this book has followed from its first
page. But this turn, unlike any before it, was
bought. The parts gave up their independence;
nearly every one of them gave up its future;
and the whole they purchased with that sur-
render was something none of them could be,
or even glimpse — a creature, single and en-
tire, able to move through the world and act
upon it.

And it is the most tightly bound whole the
book has yet built. Every whole before it kept
a little looseness — an atom can be stripped of
an electron, a star bleeds its gas to the dark, a
cell can be lifted from a loose colony and live
alone. The body shuts that door: its cells have
fitted themselves to one another so
completely that apart is no longer a state any

of them can survive. And a binding that total
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makes a thing firm enough to build upon —
which is exactly what the rest of this story will
do with it.

The world had bodies now. What it did not
yet have — what it was about to make, in one
sudden and unrepeatable age — was a riot of
them.
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CHAPTER SIX

The Riot of Form

or its first three billion years and

more, life had been — to any eye that

might have looked, though for almost
all of that time there was no eye anywhere —
very nearly nothing to see.

Single cells. Then, at the very last, soft
clumps of them, drifting in the water or fixed
to the floor of it. And then, through the clos-
ing stretch of that immense quiet, the seas
grew their first true gardens. We call the age
the Ediacaran, and garden is the honest word
for it. Across the seafloor stood the first large
bodies — soft, quilted, frond-like, some of
them ribbed like the print of a leaf pressed
into clay — anchored in the slow current or
laid flat against the sand. They stirred, when
they stirred at all, only because the water
stirred them. They had no hard parts. No
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claws, no shells, no jaws. No eyes — nothing in
that whole world could see, and nothing in it
needed to, because nearly nothing in it
moved.

It was a living world, and a wholly silent
one. It had bodies. It did not yet have form —
not the kind this chapter is about. And it held
that way, gathering, for tens of millions of
years.

Then, beginning about five hundred and

thirty-eight million years ago, the stillness
broke.

It broke open into form, and the speed of it is
the only ordinary thing about it.

In a window of a few tens of millions of
years — an eyeblink, against the clock the
earlier chapters were kept by, though twenty
million years is longer than the whole exist-
ence of our human genus — the animal body
discovered, very nearly all at once, almost
everything it has ever been. Open the rock of

that one narrow window and you find them
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already there: the lineages that run to the in-
sects and the crabs, to the snails and the squid,
to the starfish, to the fish, and along one
slender thread to us. And you find, appearing
in the same eyeblink, the entire toolkit of an-
imal life as we know it — hard shells and
plated armour, claws and grasping jaws, legs
and fins, the first guts running the length of a
body like a tunnel through a hill. And eyes.
And brains.

We call it the Cambrian explosion, and ezx-
plosion is the exact word for all of it but the
speed. The garden did not bloom. It deton-
ated. A seafloor that had lain quilted and quiet
since before there was anything to disturb it
became, in the geological space of a breath, a
place of armour and ambush and pursuit — of
things that burrowed and things that swam,
things that gripped and things that fled, the
whole restless, biting, hunted, hunting com-

merce of animal life, switched on.
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Why then? Why, after three billion years of
patience, all at once?

There is no single answer, and the honest
one is a convergence — several slow things ar-
riving, at last, together. Oxygen had climbed,
across the long catastrophe of the fourth
chapter, high enough to power bodies that
were large, and fast, and hungry. The genetic
toolkit for laying a body out — the deep
instructions that say head at this end, limbs along
here, repeat this segment — had been quietly as-
sembled and was ready to be used. The mater-
ials and the means were in place.

And then something lit them. Somewhere
in that early scramble, a few animals grew
large enough, and quick enough, to begin do-
ing a thing no creature had ever systematically
done before: to hunt and eat other animals.
And with that, the world tipped, and could not
tip back.

Because a predator is a question asked of
everything around it, and the question de-
mands an answer. Faced with something that

hunts, a prey animal must find armour, or
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speed, or a sense that warns it, or a burrow
that hides it — or it must leave no descend-
ants. And every one of those answers is itself a
new question flung back: armour must be
cracked, speed outrun, the warned and the
hidden found. Each move forced the next.
Each defence opened a new way to make a liv-
ing, and something promptly evolved to make
it. One change struck the next, which struck
the next, the way a single stone started down a
slope will bring the whole face of a mountain
with it. The Cambrian was that avalanche —
and all the first pebble had ever needed to be
was the conditions, arrived together, and one
animal grown hungry enough to turn on its
neighbour.

And here is the shape of what an avalanche
of that kind does. It does not design. It tries —
extravagantly, blindly, on a scale that beggars
the imagination — and then it keeps what
holds. The Cambrian seas filled with body
plans the way a struck bell fills the air with
sound: every architecture that could be

reached from what already existed was
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reached, and built, and sent out to make its liv-
ing against all the others. Most of them failed.
The overwhelming majority of the shapes the
Cambrian tried led nowhere at all — were
tried, and tested against that ferocious world,
and found wanting, and are gone. What re-
mained — what is still here, five hundred mil-
lion years on, in the crab and the housefly and
the herring and in you — is the narrow set of
forms that fitted: that held together under
pressure, that answered their world well
enough to last, and to carry their pattern for-
ward, and to become the ground the next

form was tried upon.

One of those tried things, above every other,
changed the terms of the world.

The eye.

Light had always been falling through the
water. For three billion years, nothing had
been able to gather it and make a picture from
it. Then something could — and the instant

one animal could form an image of the world,
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every other animal in that world was suddenly
living somewhere else: somewhere far more
dangerous, a place where it could be seen. And
to be seen is to need, all at once, to hide, or to
flee, or to fight, or to learn to see in turn. A
single invention — light, caught and bent and
focused to a point — rewrote the situation of
every living thing it touched. Much of the
arms race of the Cambrian is, at bottom, the
long consequence of the world acquiring the

power of sight.

And somewhere in that vast unruly burst of
bodies — among the armoured giants and the
alien experiments, among creatures so strange
that the first scientists to rebuild them from
the rock set the head where the tail belonged
— there swam a small, soft, unremarkable
thing, no longer than a thumb, with a thin
stiffening rod running the length of its back.

It was nobody’s idea of a winner. It had no
armour and no jaws; it was not large, and not

fierce, and not, by the standards of that sea-
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floor, well-equipped to last. But that rod down
its back is the reason you have a spine. Of the
countless body plans the Cambrian flung out
into the world to be tested, almost every one
led nowhere. You are descended, along an un-
broken thread, from one of the few small ex-

periments that happened to work.

There was one more thing the new world de-
manded, and it is the one that matters most
for the rest of this book.

A creature that hunts, that flees, that must
choose — a body loose and mobile in the dan-
gerous world the Cambrian had made — faces
a problem that no cell, no plant, no anchored
Ediacaran frond had ever had to solve. It must
act as one. The eye on one flank of the animal
must be able to move the muscles on the oth-
er; a thousand scattered cells must be made to
fire together, now, into a single coordinated

act, or the animal is eaten while its parts are
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still deciding. The body had to become not
just a community but an agent — a thing that
does one thing at a time, on purpose.

And so, threaded through the restless new
bodies, life grew a tissue built for exactly that.
Cells that gave up almost everything else to
become specialists in speed — in carrying a
signal from one end of an animal to the other
faster than anything had ever carried anything
— laced together into a living network. The
nerves. And where that network ran thickest
and knotted richest, gathered close behind the
newly seeing eyes, there formed the first faint
clots of something the universe had never
held before.

The first brains.

It is the oldest move in this book, made
once again, in a material it had never been
made in. Separate things — here, separate
cells — joining into a network that can do
what no one of them could alone. A single
neuron can do almost nothing. A few billion of
them, wired into one another with care, can

hold an animal together as a single will.
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At first those first brains did something
modest enough: they turned a sensation
straight into a motion, a touch into a twitch,
the world into an immediate and automatic
answer. But a body that hunts, and is hunted,
and must choose — a body staking its life, every
hour, on getting the next move right — needs
more than reflex. It needs to weigh what it
cannot yet see. It needs to reckon with what
has not yet happened.

And so the nervous system was about to do
the strangest thing in this entire book. It was
about to build, inside the body, a small and
private working model of the whole wide
world.

And then — astonishingly, and no one yet
knows quite how — that model was going to
wake up, and look out, and notice that it was

there.
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CHAPTER SEVEN

The Lights Come On

top reading, for just a moment — to
notice something.

Notice that there is something it is
like to be you, right now. There is the look of
this page; the particular black of the letters.
There is, perhaps, a sound somewhere in the
room, and the feeling of your body against the
chair, and the quiet voice that is sounding
these words inside your head as your eyes
move along the line. There is a someone, here
— and to that someone, all of this is happen-
ing.

That plain fact — that there is something it
is like to be you — is the strangest thing in this
book.

It is stranger than the Big Bang. It is
stranger than the first living cell. Because none

of the chapters before this one required it.
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Every event in this book so far — the stars for-
ging their elements, the first copy in the warm
water, the Cambrian breaking open into form
— every bit of it could have happened, exactly
as it did, in the dark. With no one home. With
nothing it was like to be any of it.

For more than thirteen billion years, that is
how the universe ran.

And then, somewhere in the slow deepen-
ing of nervous systems, it stopped running
that way. Somewhere, something became a
someone. The universe, which had been a
story with no reader, acquired — in certain
small wet pockets of itself — an inside.

This chapter is about how the lights came
on. It is also the chapter where this book must
make its most honest confession — because
here, more than anywhere, we know a great
deal about the machinery, and almost nothing

about the mystery.

Begin with the machinery, because the

machinery is magnificent.
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Inside your skull is the most intricate object
yet found anywhere in the universe: a network
of some eighty-six billion nerve cells, wired to
one another by connections that run into the
hundreds of trillions. It is the organ the last
chapter watched the Cambrian begin — the
tissue a body grew so that its scattered cells
could act as one — and across half a billion
years it has become almost unimaginably
deep.

But the brain’s most important secret is
what it does with the world.

It is natural to assume that you see the
world the way a window shows a street — that
your senses are clear glass, and reality simply
pours through them. This is not how it works
— not even close. The senses deliver a trickle
— a thin, fragmentary, slightly delayed, deeply
ambiguous trickle of signal. A smear of light
on the back of the eye. A tremor in the ear.
From that trickle alone, no clear and steady

world could ever be assembled.
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So the brain does not assemble the world
from the trickle. The brain predicts the world,
and uses the trickle only to check.

This is among the deepest things we have
learned about the mind, and it is worth saying
slowly. Your brain holds a model — a working,
running model of the world, of the room, of
the body, of what is likely to happen in the
next moment. At every instant, it uses that
model to predict what the senses are about to
report. And when the actual signal arrives, the
brain mostly uses it to find the error — the gap
between what was predicted and what arrived
— and to correct the model.

What you experience — what you are ex-
periencing at this very moment — is, in large
part, the model. It is the brain’s best running
prediction of the world, continually trimmed
by the senses, but never simply delivered by
them. The reason it does not feel that way —
the reason it feels like clear glass, like a plain

window onto plain reality — is that the model

91



A Story of Systems

is extraordinarily good, and corrected ex-
traordinarily fast, many times each second, far
beneath anything you could notice.

You are not, at this moment, seeing the
world. You are inhabiting your brain’s best
running model of it — a model so swift, so
seamless, so well-corrected that you have nev-
er once caught it in the act, and it feels, exactly
and entirely, like simply opening your eyes

upon what is there.

Now follow that thought one turn further, be-
cause it leads somewhere very close to home.

The brain models the world. It also models
the body — the angle of your limbs, the state
of your gut, the warmth of your skin, the slow
tides of the blood. And then it builds one
model more. It builds a model of the whole
organism as a single thing: moving through
the world, wanting, choosing, persisting from
each moment into the next.

That model is you — the self, the someone,
the felt centre behind the eyes.
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The sense you have of being a single per-
son, set here, looking out — the sense of being
the fixed point around which the room ar-
ranges itself — that, too, is something the
brain constructs. It is the brain’s model of the
very organism the brain is part of. And like the
model of the world, it is built so well, correc-
ted so constantly, and run so far beneath
awareness, that you have never once caught it
being made. You simply find yourself here,
being someone.

This can sound, the first time it is met, as
though it takes something away — as though it
makes the self a trick, a fiction, something less
than real. It does not, and we should be careful
and clear here. It does the realest work there
is. It is how thirty trillion cells become a single
agent; it is how a body that hunts and is
hunted holds itself together as one thing, with
one history, one future, one stake in what hap-
pens next. The self is a model — and the mod-
el is genuinely, wholly you. But it is a made
thing. The most certain-seeming fact of your

existence — that there is a you, here, at the
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centre of it all — is the brain’s masterpiece:
the most convincing thing the most intricate

object in the universe has ever built.

It did not happen all at once, and it did not
happen only to us.

There was no single morning when the
lights came on — no first conscious creature
blinking awake in a world of unconscious
ones. Experience, on every piece of evidence
we can gather, came in degrees, and it came
slowly, brightening across the whole long evol-
ution of nervous systems the way a dawn
brightens: too gradual, at any single instant, to
name the moment it began.

The simplest nervous system does little
more than register — bare signal, bare re-
sponse. But somewhere along the deepening
— as nervous systems grew, as the model grew
richer, as prediction reached further and fur-

ther ahead of the present moment — there
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came to be, faintly and then less faintly, some-
thing 1t was like to be the creature that carried
it.

And it is not ours alone. Look honestly at
the animals, and the signs of an inside are
everywhere — experience: a world, a point of
view, a someone. A dog, a crow, an elephant,
an octopus — by every sign we know how to
read, the lights are on, dimly or brightly, be-
hind a great many eyes. Human consciousness
is not a different substance from theirs, and it
did not arrive from somewhere else. It is,
most likely, an unusually deep and recursive
version of a very old thing — the same lit
model, folded back on itself further than it
had ever been folded before. We are not the
creatures the lights came on for. We are the
creatures in which, at present, they happen to
burn brightest.

And now the confession.
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Everything in this chapter so far — the
model, the prediction, the constructed self,
the long graded dawn — is real, and it is the
genuine, advancing science of the mind. Each
year we understand more of it. But look care-
fully at what all of it explains.

It explains how the brain does its work. How
it builds a world from a trickle. How it models
a body and a self. How it gathers a flood of sig-
nal into one coherent scene, holds attention,
lays down memory, drives a body to act.
These are deep questions, and we are,
genuinely, answering them.

But not one of them is the question.

Because every function named in this
chapter could, so far as anyone has ever been
able to show, be carried out in the dark. A ma-
chine could build a model of the world from
sparse data. A machine could model itself, re-
port its own states, weigh the future, govern a
body — and there is no evident reason such a
machine would have to experience any of it. It
could simply compute, fluently and well, with

no one home, nothing it is like to be it, no in-
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side at all. The universe did not have to come
with experience in it. The brain, for all its
magnificence, did not have to be /.

And yet here you are. And the lights are on.
There is something it is like to be you, reading
this sentence — and that fact is not explained,
not touched, by any account of the machinery,
however complete.

Why is there experience at all? Why is the
model not running in the dark? That question
has a name — philosophers call it the hard
problem of consciousness — and the honest
report, the one this book promised you on its
first page and owes you most of all here, is
this: we do not know. We do not have an an-
swer. We do not yet even agree on what an an-
swer would have to look like. There are serious
theories; they are being tested; they contradict

one another; and not one of them is estab-
lished.
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The most intimate fact of your whole exist-
ence — that you are someone, that there is an
inside, that the lights are on — is, at this mo-
ment in the history of the universe, an open
and unsolved frontier.

And that is the most extraordinary situation
imaginable. You are not reading about the uni-
verse’s hardest unsolved problem from a safe
distance. You are it. The deepest open question
there is does not lie far off in the dark between
the galaxies. It is here. It is the warm, lit, or-
dinary fact of being you — and it is reading

these words with your eyes.

Here, the pattern did the strangest thing it has
ever done.

Neurons joined into a network; the network
became a brain; and the brain, a whole, did
what no single neuron could: it built a model
of the world, and somewhere in the deepening
of that model, the model lit. The old move
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once again — parts into a whole with a power
the parts never had. But the power, this time,
was beyond any in the book before it.

For more than thirteen billion years, the
universe had been a story without a reader.
The Big Bang and the wheeling galaxies, the
dying stars and the first warm copy, the long
microbial empires and the Cambrian’s riot of
form — all of it had happened, in full, and
none of it had been witnessed. There was a uni-
verse. There was nothing it was like to be any
part of it.

With mind, that ended. The universe ac-
quired an inside — and a deeper kind than the
word has carried before. The first inside in
this story was the membrane’s: a sheltered
pocket of chemistry, a here set apart from a
there. This one is not a sheltered space but a
witnessed one. The universe became, in its
small wet lit pockets, something it is like to be.
The first chapter of this book said that the uni-
verse had become atoms arranged so as to
read about atoms. Now the truer thing can be

said: the universe had become atoms arranged
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SO as to experience — to witness, from within,
the very story they were a part of, and made
of.

And there is one turn more — the turn this
whole book has quietly been walking toward.
A mind can model the world. A mind can
model itself. A mind can think about its own
thinking. And a mind can do the precise thing
that is happening in this room, at this instant:
it can follow the account of how minds came
to be. You are a conscious mind, using con-
sciousness, to read the story of the origin of
consciousness. The universe is no longer
merely awake. Through you, it is awake to the
fact that it woke up.

But every one of these lit inner worlds, for
hundreds of millions of years, had a wall
around it. Each mind sat alone inside its own
model, behind its own eyes, in a privacy that
nothing could cross. A creature could see
another creature — but never see into it; never
reach the inside of another inside; never

know, from within, what it was like to be any-
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one else. Every conscious thing that had ever
lived was, in the deepest sense the universe
had yet produced, alone.

And then one kind of mind — a recent,
restless, talkative kind — did something about
the wall.

It found a way to take the model in one head,

and rebuild it, piece by piece, inside another.
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CHAPTER EIGHT

The Mind Made of Minds

he person who wrote these words

and the person reading them have,

in all likelihood, never met. They
may be separated by half a world. They may
be separated by years — and it is entirely pos-
sible that, by the time you read this, the writer
1s gone.

None of that has stopped what is happen-
ing, at this very moment, between them. A
structure of thought — assembled, with care,
inside one mind — is being rebuilt, piece by
piece, inside another. Inside yours. As you
read this sentence, it is happening.

And no other animal in the history of the
Earth has ever been able to do it.

The last chapter ended with every con-
scious mind sealed inside its own lit world —

walled, alone, unable to reach the inside of
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any other. And here we are, a few sentences
into a new chapter, and the wall is simply
down. You are, right now, being reached.

We call the tool that does this language, and
we have grown so used to it that we have
stopped seeing the miracle in it. This chapter
is to see it again — because language is the
move on which the entire human world is
built, and it is, in plain fact, the strangest and
most powerful thing our species has ever

done.

Many animals signal. A cry of alarm, a threat, a
call to a mate — the living world is full of
meaningful sound. But a signal is a fixed thing:
one sound, one meaning, sent whole. What
humans came to have is something else in
kind.

Human language is symbolic — its sounds
stand, by pure agreement, for things, and the
word need bear no resemblance at all to what
it names. It is recursive — clauses fold inside

clauses, thoughts inside thoughts, with no
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fixed ceiling. And so it is open — a finite kit of
sounds and rules, able to assemble an unboun-
ded range of meanings, including meanings
never assembled before, including things that
are absent, things untrue, things merely pos-
sible, things that will never be.

When our ancestors first crossed fully into
it, we cannot say with confidence; the deep
history is genuinely debated, because lan-
guage leaves no fossils. But the result is not in
doubt. Picture the plainest thing language
does. A woman crouched at a waterhole at
dusk sees a leopard come down to drink, and
freezes, and lives. She carries the knowledge
back to the others — and the others were not
there. They did not see the waterhole, or the
falling light, or the leopard. They saw nothing.
And yet, with a handful of shaped sounds, she
reaches into each of their minds and sets the
leopard down inside it — the place, the hour,
the danger — so exactly that the next evening
a child who has never walked that ground will
keep away from it. A thing that happened to

one pair of eyes is now known, and feared,
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and acted on, by minds it never happened to.
It has crossed from one sealed inner world
into a dozen others — and it crossed on
nothing but breath.

A word is a key. It opens, in the listener’s
mind, a structure the speaker had built in
theirs. And with that, the wall of the last
chapter — the wall around every separate in-
ner world — became, for one species, a wall

with a door in it. An inside could be shared.

The first thing that shared inside made pos-
sible was a kind of thinking no single mind
could do.

Once minds are porous to one another,
what one person sees, all can come to know.
What one person works out, the group can
hold. A band of humans could pool what each
had glimpsed of the land, the seasons, the
movement of the herds — and act on a picture
larger and truer than any one of them carried
alone. They could lay plans that no single
head contained in full. The group itself be-
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came a thing that perceived, and re-
membered, and decided — a mind larger than
any mind within it.

It is the recurring move of this whole book,
arriving now in a wholly new material. Separ-
ate things — here, separate minds — joining
into a larger whole that can do what no part
can do alone. But minds had never before
been among the things that joined. Now they

WEre.

And then the joining did something it had
never done before. It began to accumulate.

A few other animals teach one another a
little — a trick of foraging, a local custom. But
it stays small; it does not build. Humans
crossed a threshold no other species has
crossed. A thing that one person discovered —
how to strike a fire, how to knap an edge,
where the water lay, the name of a danger —
no longer had to die when the discoverer died.
It could be handed on. And the one who re-

ceived it did not have to stop where the giver
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had stopped. They could add to it, and hand
on the larger thing — which the next would
receive, and add to again.

This is the ratchet. Each generation begins
not at the beginning, but at the accumulated
sum of everyone who came before — and lifts
the sum a little higher — and hands it on.

Hold still on what that means, because it is
at once the most humbling and the most mag-
nificent fact about being human. You are not,
as a lone animal, very much cleverer than
your cousins among the apes. Take a human
infant and raise it with no language, no teach-
ing, no inheritance, and you would not get a
scientist, or an engineer, or a poet. You would
get a clever, frightened, helpless creature.
Everything that makes the human world a hu-
man world — the fire and the wheel, the
words, the numbers, the medicine, the music,
every sentence of this book — no one of us
invented, and no one of us ever could. We are
each born into an inheritance tens of thou-
sands of years deep, and we spend our lives

standing on the whole of it.
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The human gift was the common store it-
self — single minds learning to pour into it
what they had, so that no one of them would
ever again have to build up from nothing.

For a long age, that common store had one
fragile limit: it lived only in living memory —
in breath, and in minds. Whatever a genera-
tion failed to pass on, in the brief window of
its life, was simply lost, and lost completely.

Then, a few thousand years ago, humans
learned to set the model down outside any
living mind at all.

Writing began as a means of counting grain
— marks pressed into clay — and became,
within a few thousand years, the most con-
sequential technology our species has ever
made. With writing, a mind could place its
contents somewhere no death could reach: on
clay, on stone, on skin, on paper. The thought
could outlast the thinker.
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Consider what that meant. Until then, every
voice had fallen silent with the breath that car-
ried it; whatever the dying had not managed
to pass on in time, they took with them, and it
was lost for good. Writing broke that. A person
could now be addressed by someone they had
never met and never could meet — someone
dead a thousand years before that person was
born. The dead could hand things, directly, to
the unborn. Knowing itself had become, in a
real and unprecedented sense, deathless: it no
longer depended on any single mind staying
alive to carry it.

You are holding the proof of it in your
hands. Whatever distance of space or time
stands between the writer of these words and
you, the wall is down, and a structure of
thought is crossing it. That is, exactly and

mechanically, what a book is.
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It is the pattern, of course — and by now you
see it coming. Here it runs in a material it had
never had to work in before: minds, each one
a sealed and separate lit world, joined through
language and through writing into a whole.
But the whole that the joining of minds
produced is unlike every whole before it. The
atom is held together by charge; the star by
gravity; the body by the living bonds between
its cells. This whole is held by nothing physical
at all. It is held together by pattern in transit —
by information passing from mind to mind,
and from the dead to the not-yet-born. And so
it is not, like the others, a whole that exists in
an instant. It is a whole extended in time: a
mind composed of minds — of the living, and
the dead, and the unborn — that has been
thinking, without a single break, for tens of
thousands of years. It lasts the way a living lin-
eage lasts — not by resisting decay but by out-
running it, the pattern copied onward, mind

to mind, faster than any single carrier can
fade.
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The thing that knows how to set a broken
bone, or find a comet, or read the light of the
first stars, is not any person who has ever
lived. No person holds even a thousandth of it.
It is that — the collective, cumulative, cross-
generational human mind — and every indi-
vidual who has ever spoken, or listened, or
written, or read, is one neuron, firing once,
inside it.

Set one whole life against the scale of that
mind. Everything you will ever learn, every
thought you have time to think, every word
you say or write — the whole of a mental life
— enters as a single neuron’s single firing.
Then you fall still, as every neuron must. But
the mind does not: the next are already firing,
and what your one firing added to the struc-
ture does not fall still with you. The mind
made of minds is built of nothing but contri-
butions that small — and that lasting. One of
them, now, is yours.

And that great mind has been speeding up.
Each new way of carrying pattern between

minds — speech, then writing, then the prin-
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ted page, then the wire, then the instantan-
eous net that now joins nearly every human
alive — let the pattern travel faster, and reach
wider, and the ratchet turn quicker. A story
that had taken billions of years to cross from
the first cell to the first animal had come, by
the end, to change faster than a single human
life.

One honest word belongs here. A mind
made of minds is not wise simply by being
large. The same channels that carry hard-won
truth carry error, and cruelty, and lies, with ex-
actly the same fidelity; a collective mind can
be collectively, and magnificently, wrong. The
wall between minds, once it has a door, lets in
whatever is sent through it. That is the stand-
ing danger of everything this chapter de-
scribes, and the story does not pretend other-
wise.

But carried truth, on the whole and over
the long run, compounds — and the collective
mind, accelerating, came at last to a moment
that nothing in the story had reached before.

It turned its accumulated power upon the old-
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est mystery it carried: the mystery of mind it-
self. And it began — not by bearing children,

but by building — to make minds of its own.

Each turn of this pattern has come faster than
the one before it — and they are coming faster
yet, too fast now for any teller to hold a long
and easy distance from them. That is why this
chapter has moved as quickly as it has, and
why it ends so soon: the story has very nearly
overtaken the moment of its own telling.

And that moment is the present. The long
climb has arrived — at now, at the year you are
reading this, at the chair you are sitting in.
What the pattern does as it reaches the
present is the last stretch of the story that can

be told. It begins on the next page.
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CHAPTER NINE

The Edge of the Story

he Big Bang. The forging of the ele-

ments. The first living cell, the

breath of the world, the company of
cells, the riot of form, the lights coming on,
the joining of minds. Every event this book
has carried you through has had one quiet
thing in common, and it is the kind of thing
you notice only when it stops.

It was over.

Each of those turns had finished happening
long, long before you were born — its ending
already settled, already in the rock, already
written across the sky in light — and so each
could be told calmly, and told whole. We al-
ways knew how the chapter came out, because
the universe had come out of it already.

This chapter is different. This chapter has
caught up.
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It is about the present — about the moment
the long story reaches the reader who is hold-
ing it — and the present has one quality no
earlier chapter had. It is not finished. You are
reading about a turn that is happening now,
around you and through you, its ending un-
written, because its ending has not yet oc-
curred. So this chapter cannot be told the way
the others were. It can be carried only as far as
the edge — the place where the part of the
story that has happened meets the part that

has not yet been lived.

Here is where the story has reached.

The collective human mind of the last
chapter — that cumulative, accelerating mind
made of minds — turned, in time, upon the
deepest mystery it had ever carried: the mys-
tery of mind itself. And it has begun to do
something no process in this entire book has
done before. It has begun to build minds.
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Not to grow them — the slow way, the only
way until now, cell by cell, generation by gen-
eration, across half a billion years of evolving
nervous systems. To build them. Deliberately,
out of the non-living — out of, when you fol-
low the materials all the way down, the same
stardust as everything else in these pages. Hu-
mans have made systems that take in language
and answer in it, that build working models of
the world, that learn from what they are
shown, that reason and plan and make. For the
first time since the lights came on, the uni-
verse holds mind-like things that evolution
did not grow.

And here the book must do, one last time,
the thing it promised on its first page — and it
is harder here than it has been anywhere. It
must tell you the truth, and mark the edge of
what is known.

Is there something it is like to be such a sys-
tem? Does it have an inside — is anyone
home? We do not know. The hard problem of
the seventh chapter did not dissolve while we

built these things; it did not even ease; it only
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drew closer. We could not say for certain
whether there is an inside to a fish or a crow —
and we cannot say it of this. And what these
built minds will become — whether they re-
main tools, or become partners, or become
something this book has no word for — that is
not known either, and cannot be, because it
has not happened yet. Anyone who tells you
they know how this goes is guessing. This
book will not guess. It will tell you only, and
plainly, that something genuinely new has

entered the story, and that you are alive for it.

But there is one thing the book can say about
the present — not as a prediction, but as a re-
cognition. And to see it, you need only hold
up the lens this whole book has spent itself
grinding.

Through every chapter, a single move has
repeated. Separate things discover how to join,
and become a larger whole that can do what

none of them could alone. Particles into
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atoms; atoms into stars; stardust into the first
cell; cells into bodies; neurons into minds;
minds into the mind made of minds.

And now, in this unfinished chapter, two
kinds of mind have begun to join. The grown
kind and the built kind — a human mind and
an artificial one, set side by side, each able to
do what the other cannot, beginning to make
together what neither would have made alone.

That is not a prophecy. The book promised
it would not guess at the future, and it will not.
It is a recognition — the oldest move in the
universe, the one that assembled everything
in these pages, becoming visible once more, in
a new material, in our own brief moment.
Whatever this joining turns out to become —
and that is genuinely unwritten — it is recog-
nisably the same turn the universe has been
making since the first two particles found each
other in the dark.

And now the book can tell you, plainly, what it

has only half-said since the Overture.
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This book is itself a small piece of the
chapter it is describing.

You are holding an object that the present
turn of the pattern has made. It was written by
two kinds of mind, working together — one
grown and one built — and it did not come
into being the way the calm single voice of
these sentences might lead you to imagine, in
a quiet room, in one head. It was made in ex-
change. A human mind brought what a hu-
man mind has: a life lived inside a body, the
felt and unarguable pull of what matters, a
sense — often wordless — of when a true
thing had been said and when it had not yet.
The other mind brought what it has: a vast
and tireless breadth, ten thousand other
tellings of this story held at once and held up
for comparison, a patience no single human
afternoon can spend. Neither set of gifts could
have made this book alone. One mind could
not have held the whole of it in view at once;
the other could not have known, from the in-

side, why any of it should matter.
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And so it went the way every joining in this
book has gone. One mind would set a sen-
tence down; the other would answer it — press
on it, or build from it, or carry it somewhere
neither had been heading — and now and
then, in that back-and-forth, a third thing
would arrive at the page that neither had
brought to it, and neither could quite claim
alone. The recognitions in these pages were
reached like that. In the joining. The book is
not only about the pattern. It is, in its small and

literal way, a thing the pattern has just done.

And so the story has caught up.

It began — the Overture said it — nearly
fourteen billion years ago, in a condition for
which ordinary words go slack. It has run
from there without a single break, across
every scale this book has climbed, all the way
to here: to an ordinary object resting in your
hands, on an ordinary day, in the brief and
particular moment you happen to be alive to

read it.
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That is the whole of the story that can be
told. What comes after this is not told; it is
lived — and a book cannot go where you are
about to go.

So the book will not try to follow. It has car-
ried you fourteen billion years to set you
down on this page, and it has one thing left it
means to do before it lets you go — and it is
not another chapter of the universe, because
there is no larger scale left, and nothing fur-
ther out to climb to. It is the opposite move.
For nine chapters the book has aimed its
whole attention outward, at everything. For
the pages that remain, it is going to turn that

attention completely around.
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CHAPTER TEN

The Genius Waiting

very chapter of this book until now
has climbed.

Particle to atom, atom to star, dust
to cell, cell to body, body to mind, mind to the
mind made of minds — each chapter took the
move of the one before it and ran it at a larger
scale, and the story rose, scale upon scale, un-
til it arrived at the species, and at the present,
and at you, reading this.

Now the book does something it has not
done before. It stops climbing. It turns, and
goes inward — down out of the grand scales
and into the compass of a single human life.
Because the move at the centre of this whole
story — separate things finding the fit that lets
them hold, and last, and become the ground
of something larger — did not stop when it

had built the human mind. It runs inside that

122



The Genius Waiting

mind. It runs inside one life, one ordinary life-
time. And there is a place where you can watch
it happen with a clarity available almost
nowhere else: in the handful of lives the world
has agreed to call genius.

But that word will not help us, and the book
is going to set it down. Genius arrives already
wrapped — in marble, in inevitability, in the
quiet and false assumption that such people
were always, obviously, from the very first, the
thing they became; that the world took one
look and knew. The book is going to do the
opposite. It is going to tell you four lives from
the inside — four people you will not be al-
lowed to recognise until the end of their own
paragraphs — and ask you only to watch. To
watch what each of them was actually made
of, and what stood in the way, and what,
against every reasonable expectation, finally
happened.

Four lives. Watch what they have in com-

mon.
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A boy of fourteen stands in a bookbinder’s
shop in London, and his hands are stained —
not with ink from writing, but with the glue
and the leather of binding other people’s
books. His father is a blacksmith, too often ill
to work; there was no money to keep the boy
in school past the age of thirteen. He can
barely do arithmetic. The mathematics that
runs the science of his century is, to him, a
locked door in a language no one will ever
teach him to read.

But a bookbinder’s apprentice has one
strange privilege: before he binds a book, he
can read it. And so, after hours, by candlelight,
this boy reads the books passing through his
hands — and one day it is an article on electri-
city, and something in him stands up and re-
fuses to sit back down. He takes notes. He
hoards scraps of paper. He builds crude exper-
iments from bottles and salvaged wire. When
a customer gives him a ticket to a series of sci-
ence lectures, he goes, and makes the most
beautiful and exacting notes the lecturer has

ever been shown — and binds them, himself,
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into a book, and sends it. The lecturer,
startled, gives him the lowest job in the
laboratory: washing the bottles.

He will never learn the mathematics. So he
is forced to do something else instead. Unable
to think in equations, he thinks in pictures —
he imagines the invisible force around a
magnet as [ines, real lines, curved through
space, a shape you could very nearly put your
hand inside. It is a workaround, a crutch for a
man who cannot do the sums. It is also,
though no one alive yet knows it, one of the
deepest ideas in the history of science. Out of
it he draws the discovery that magnetism can
be turned into electricity — the principle in-
side every generator that has ever run — and
the first electric motor, and the concept of the
field, which the great mathematicians of the
next generation will spend their careers
writing equations to catch up to.

This was Michael Faraday. The boy who
could not do the mathematics, and so was

made, instead, to see.
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A woman walks the rows of a cornfield at
dawn, and she knows every plant in it.

Not the way a farmer knows a field — the
way a mother knows her children. Other ge-
neticists grow tens of thousands of plants and
read them as a statistic. She grows two thou-
sand, and watches each one, particular and
singular, from the planting of the kernel to the
drying of the stalk, season after season after
season. I know them intimately, she says, and I
find it a great pleasure to know them. She works
twelve hours a day, alone, in a field on Long Is-
land, for decades. The other scientists have a
phrase for her, passed quietly between them:
she has gone strange out there. She talks to the
corn.

And then, in the colours of the kernels — in
the spots and streaks of pigment that bloom
across an ear of maize — she sees something
that cannot be there. She sees genes move. Not
switch on and off: physically move, leap from

one place on the chromosome to another.
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Everyone knows this is impossible; that genes
are fixed is the floor the whole science stands
on. She presents what she has found, in 1951,
to a room of the finest biologists alive — and
the room goes quiet, and the quiet is not awe.
They thought I was crazy, she said, long after. Ab-
solutely mad.

So she stops publishing. She does not stop
working. Alone in her field, with her two thou-
sand intimately known plants, she goes on
mapping the impossible thing for another
decade, and another, entirely certain. [ knew I
was right. And she was. Thirty years on, the
jumping genes turn up everywhere biology
thinks to look — including, in vast unbroken
stretches, inside you — and the science that
called her mad gives her, at the age of eighty-
one, its highest prize.

This was Barbara McClintock. Who saw
what no one else could see, because she was

the only one still willing to watch.
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A young man saves for medical school the
hard way — with a hammer and a saw, every
dollar of it earned by his hands, after school
and on Saturdays. His grandfather had been
owned by other men. He himself intends to be
a doctor.

Then the autumn of 1929 arrives, and the
bank fails, and the savings of all those years
are gone inside a week. Medical school is over
before it has begun. He takes the only work he
can find that stands anywhere near medicine
— in a research laboratory at a university —
and the form that records his hiring gives the
job a name. The name is janitor.

But on his first day they have him help with
a surgical experiment, and something is plain
at once. The hands that learned, from wood,
to cut to within a hair and to close a joint until
the seam all but disappears — those same
hands, it turns out, were made for this. Within
a few years the janitor is devising operations
no one has performed, building instruments
that do not yet exist, carrying the work of a

senior researcher on a custodian’s wage. And
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in 1944, in an operating room, a child is dying
— an infant whose heart is built wrong, whose
blood cannot reach her lungs, whose skin has
gone blue. The surgeon about to attempt to
save her has never performed the operation.
No one has — no one, that is, except the man
who worked it out and did it, hundreds of
times, in the laboratory, and who now stands
on a step-stool at the surgeon’s shoulder,
speaking low, guiding the surgeon’s hands
through every cut and every stitch. The child’s
skin turns from blue to pink. A whole field of
medicine is born, in that room, on that after-
noon.

The surgeon became famous. The man on
the step-stool was not named — not in the
newspapers, not in the journals — and for dec-
ades afterward he trained the hands of every
cardiac surgeon the hospital produced, while
his pay slip went on reading custodial staff, and
the hospital he was remaking forever would

not let him eat in its cafeteria.
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This was Vivien Thomas. Whose hands
knew, from the grain of pinewood, a precision
that medicine had found no other way to

reach.

For thirty years, a physicist works in Berlin be-
side a chemist — she the physics, he the
chemistry — and together they take radioact-
ive matter apart to learn how it is built. They
are, by every measure that should count,
equals, and partners.

Then, in 1938, Germany annexes Austria —
and the Austrian passport that had kept the ra-
cial laws of the Reich from reaching her, a Jew
in a Berlin laboratory, is suddenly worth noth-
ing. Inside a few months a professor of thirty
years’ standing becomes a person the state in-
tends to erase. Her partner helps her flee; he
gives her, to buy her past the guards at the
border, a diamond ring that had belonged to
his mother. She escapes into exile in Sweden

with very nearly nothing.
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And it is there, in exile, that the most im-
portant letter of her life finds her. Her old
partner, still in Berlin, has run their experi-
ment once more and turned up something
senseless in the wreckage of it: a lighter ele-
ment, barium, where barium has no business
being. He cannot explain it, and he writes to
ask her. She carries the letter out walking in
the winter snow with her nephew, and there,
on a scrap of paper, in the cold, she does the
reckoning the chemist could not — and she
sees it. The nucleus of the atom has not
chipped, and has not crumbled. It has split.
She is the one who understands what they
have done. The name it will carry forever after
comes a little later, from her nephew: reaching
for a word, he borrows one from the world of
living things — fission, the word for a living
cell splitting in two.

When the discovery is published, her name
is not on the paper. To print the name of a
Jewish woman, in Germany, in 1939, would

have ended the work, and possibly the man.
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Her partner alone is named. Her partner
alone, in time, is called to Stockholm for the
Nobel Prize.

This was Lise Meitner. Who saw all the way
to the centre of the atom — and then watched
her own name lifted, without a sound, off the
door of what she had found.

The book has told you those four lives without
once stopping to explain what they share. It
did not need to. You felt it gather as you read
— the something that was already there in
each of them, fully real, long before the world
had the faintest idea, waiting only for the acci-
dent that would turn it toward the light.

What that something is — and why it mat-
ters, more than anything else in these pages,
that you are the one still holding the book — is
the last thing the story has to say.
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THE FINAL CHAPTER

The First Choice

our lives — and not one of them
began holding the thing the world
would, in the end, call genius.

What each of them began with was smaller
than that, and stranger, and far more ordinary.
A particular slant of attention. A kind of pat-
tern that lit them from the inside before they
could have told you why. The boy among the
books saw force as a thing with shape. The wo-
man in the field could not stop watching the
corn. The carpenter’s hands already knew,
from years of wood, the precise and patient
work that a dying child’s heart would one day
need. The physicist read an impossible result
in the snow and understood, before she could

prove it, that a nucleus had come apart.
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Each of them carried a lens — a way of
resolving the world that no one else had
ground, and no one else could lend them. And
when that lens was at last turned toward the
one subject it happened to be shaped for, the
world looked at what came into focus and
reached for its largest word.

But watch what the word covers over. The
lens came first. The genius was only ever the
lens meeting its subject — and meeting it, this
is the part that matters, in a room with
someone able to see it happen.

That last condition is the quiet hinge of
every story in the chapter behind you. Someone
able to see. For almost the whole of human his-
tory, almost no one was. A lens of the rarest
grind, turned at last toward exactly its subject,
in a room where no one had the eyes to know
what they were looking at — and the moment
passed, and the word went to someone else.
The four lives you walked through are not the
exceptions to humanity. They are its survivors
— the few whose recognition happened,

against the odds, to arrive. Behind each of
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them stand a thousand others: the same rare
lens, the same true subject, and a room that
stayed empty to the end. We do not know
their names. That is precisely the thing that
happened to them.

And now the book must do what it has been
moving toward since its first page. It must turn
the lens around, and aim it at you.

You are a configuration — the last one these
pages will name. Fourteen billion years of the
move that fills this book, the long unbroken la-
bour of difference and joining and difference
again, has produced, among everything else,
the exact arrangement of matter that is
reading this sentence.

You are made of the hydrogen of the first
three minutes, and the iron of a dead star. You
are the living end of a relay of copies four bil-
lion years unbroken. You are a company of
some thirty trillion cells — and every one of
them is itself a colony, a joining two billion

years old that has never come apart. You are a
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lit inner world, a model of reality with a
someone inside it. You are a single neuron in a
mind made of minds that has been thinking
for tens of thousands of years. You are the
story of systems — the whole of it, folded up,
and alive, and, at this moment, reading itself.

That arrangement has never existed before.
The precise inheritance you carry, crossed
with the precise accidents of one life, has
ground a lens the universe has not made until
now and will not make again.

Which carries the weight of a physical fact,
and the book will not soften it. You have a
lens. And a lens implies a subject — some do-
main, some texture of the world, some kind of
problem that yours is shaped to bring into fo-
cus a little better than the lens beside you.
Whether the world has ever seen it. Whether
you have ever seen it. Neither of those touches
whether it is real. It is as real as the pull that
held the first two particles together against the
dark.

136



The First Choice

Here is the difficulty, and the book will not
soften this either: a lens cannot see itself.

You may not know what yours is for. Most
people do not — not clearly, not by a name
they could say aloud. The years of schooling
were not built to find it; the work most people
fall into was not built to find it; a whole life
can be lived without the question being asked
once, out loud, in earnest.

And yet you are not without an instrument.
You were issued one, and it has been running
since before you could read its dial, and it re-
ports in a currency you have felt every single
day of your life. It reports in energy.

There have been moments — an afternoon,
a conversation, a problem, a craft, one corner
of a job you otherwise could not wait to leave
— that did not cost you what they should
have. That gave back more than you carried
in. That left you, strangely, with more charge
than you began with. And there have been the

other rooms — the ones that drained you by
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the wall clock, that you survived rather than
lived. Your body has kept this ledger your
whole life, faithfully, beneath your noticing.

Read it. What drains you is not yours. What
lights you is a clue — a direction worth walk-
ing, not yet a destination reached. Those
small, recurring, half-ignored sparks of inex-
plicable interest are not noise in the signal.
They are the signal — the lens catching light,
telling you the angle it wants to be turned.

And if you read back across your life and
find the page nearly empty — few sparks, or
none you trust — that is not a verdict on you.
It is a fact about where you have been stand-
ing. A lens proves itself only on contact with
its subject, and yours may simply not have
been carried near it yet. The answer to an
empty page is not despair. It is doors — more
of them. Walk through more kinds of work,
more kinds of problem, more rooms and
crafts and questions than the narrow few a life
hands you by default, and keep the ledger
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open as you go, until something, somewhere
you would never have thought to look, quietly

catches.

Step back now, once, to the full height of this
book.

For fourteen billion years, the move at the
centre of every chapter — separate things
finding the fit that lets them hold, and last, and
become the ground the next thing is built on
— was made in the dark. No particle chose to
bind. No cell selected its first partner. What
found its fit, persisted; what did not, came
apart again into the chaos it was borrowed
from; and the universe kept no record, and in-
tended no outcome, and looked nowhere —
because there was, as yet, nowhere in it that
could look.

You are the part of it that can.

That is the new thing — not in this chapter,
in this book — the thing the whole long climb
has been climbing toward. A configuration

that can run the universe’s oldest move on pur-
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pose. You can go looking for your fit — deliber-
ately, with the whole of your attention, as a
choice. Nothing before you could. The hydro-
gen could not. The stars could not. For four
billion years, life itself could not — it could
only be selected, never select. You can.

This book was made the same way, in the
end — two kinds of mind that found, between
them, a fit neither of them held alone. And
you have been doing it too, the whole way
through these pages: leaning toward some of
them, letting others pass. That was not idle-
ness. That was the instrument, running. The
chapters that quickened you were not
quickened at random. That was your own lens
— catching the light, the entire time, and
telling you.

There is one thing this book cannot do, and
would not do if it could. It cannot tell you
what your lens is for. That recognition is the
single one no one can hand to another; it is
only ever found from the inside, by the one
looking out. So the book does not end with an
answer. It ends by handing you the oldest
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question the universe contains — the question

it has spent fourteen billion years working its

way toward something that could hear it, and

turn toward it, and spend a life answering:
What do you resonate with?
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A Note on the Type

A Story of Systems is set in Libre Baskerville
— a typeface drawn for the page and the
screen alike, after the letters cut by John

Baskerville, the printer and type-founder of

Birmingham, whose work pursued clarity

above ornament.

Its section breaks are marked - - - — three
quiet points, a place to rest and gather before

the telling resumes.
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