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For the ones who kept asking —

on Sundays, against advice —

until the universe answered.
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T
Overture

he sun is not hot enough to shine.

That was the verdict of the finest

physics ever assembled, the physics

of the nineteenth century, which strung tele‐

graph cable under the Atlantic, timed the ec‐

lipses to the second, and was wrong about al‐

most nothing. Its arithmetic on the sun is easy

to check. At the core, hydrogen nuclei rush to‐

ward one another, and every one of them is

electrically  charged,  and  like  charges  repel.

The  wall  of  repulsion  between  two  protons

stands  roughly  a  thousand  times  taller  than

the energy either proton carries. So they ap‐

proach,  and  slow,  and  stop,  and  turn  away.

Every collision, every time. Run the numbers

honestly  and  they  do  not  say  the  fire  lights

rarely.  They  say  no  proton  in  the  sun  ever
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reaches  another  at  all,  and the verdict  has  a

few  hundred  orders  of  magnitude  to  spare.

The fire cannot light. The sky should be dark.

The warmth on your face this morning ar‐

rived anyway, eight minutes old,  from a fire

that has been failing to be impossible for four

and a half billion years.

This  book  is  about  the  loophole.  It  runs

deeper than the sun.

Beneath  the  world  you  live  in  there  is  a

floor, and the floor does not play by the house

rules.  Down  there,  a  wall  that  cannot  be

climbed can still be crossed. A thing does not

have a single place until something asks. Per‐

fect stillness is against the law. Two specks of

matter, parted by a thousand kilometres, can

answer  a  question  in  unison  without  either

one knowing what it will say. None of this is

speculation,  and none of  it  is  far  away.  The

floor is not another realm. It is the underside

of your chair,  the inside of the sunlight,  the

reason your hand does not pass through the

table it rests on.
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Everything  in  this  book  happened.  The

people are real,  the dates  come from letters

and laboratory notebooks, and every number

has  been carried here  from the  people  who

measured it.  Where the record is  a memory

told forty years late, the book says so. Where

the  science  is  still  being  argued,  the  book

leaves the argument standing. It can afford to.

The floor of the world, reported plainly, out‐

runs anything that could be made up about it.

The floor was found last.

Humanity mapped the continents, weighed

the planets, tamed lightning, and read the age

of the Earth out of its rocks, all without once

suspecting what  everything was  standing on.

The deepest layer of the world, the one that

had  been  running  the  stars  and  the  stones

since  the  first  second  of  time,  was  the  last

thing we discovered. The finding took barely a

generation,  roughly  the  years  1900  to  1927,

and it was done in boarding houses and base‐

ment laboratories, on postcards and borrowed

apparatus, largely by people in their twenties.

What  they  found  underneath  the  world  did
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not look like the world. It looked like nothing

anyone had ever imagined, and it has passed

every test set for it in the hundred years since,

to twelve decimal places, without one failure.

Your world is single. Things in it sit where

they sit, one place at a time, one history at a

time; the cup stays on the desk; the moon is

there when nobody looks. The floor beneath it

is none of those things. So how does a floor

that  is  never  still,  never  single,  and  never

settled hold up a world that is all three? That

question, how that becomes this, is the deepest

one this series of books has asked.

The answer, most of it, is one of the great

arrivals of modern physics, and it will take the

whole book to earn. The last step of the an‐

swer is missing. It is missing tonight, in every

physics  department  on  Earth.  You  will  be

brought to the exact edge of what is known,

and you will stand on it, and it will hold your

weight, because it is real.
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The story starts where the trouble started:

with an old man in London, in the spring of

1900, standing up to tell the proudest science

in history about two small clouds on its hori‐

zon.
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O

C H A P T E R  O N E

The Two Clouds

n the evening of the 27th of April,

1900,  at  the  Royal  Institution  in

London, an old man stood up to

take inventory of the universe.

He had earned the right. William Thomson,

Lord Kelvin, was seventy-five, and the century

now closing was in some real measure his: he

had helped lay the first working cable under

the Atlantic, put thermodynamics on its feet,

and given his name to the scale on which the

coldest possible cold sits at zero. The physics

of 1900 was the most successful structure of

thought  the  species  had  ever  raised.  It  pre‐

dicted the tides,  the planets,  the pressure of

steam, the path of a cannonball and the color

of a spark. A century of testing had found its

foundations  sound  at  every  point  where

anyone had thought to press.
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Legend remembers  the age as  smug.  The

famous line, the one about physics being fin‐

ished, with nothing left but the next decimal

place, has been pinned on Kelvin ever since,

and he never said it; no one has ever found it

in anything he wrote or spoke. What he actu‐

ally did that evening was nearly the opposite.

He told his audience that the beauty and clear‐

ness of the theory was obscured by two clouds.

Two  specific  failures,  small  on  the  horizon,

that  would not  go away.  One concerned the

way  light  moved.  The  other  concerned  the

way  heat  divided  itself  among  the  parts  of

matter.

He  thought  them  clouds.  They  were  the

century. The first, followed honestly, became

relativity.  The  second,  followed  honestly,

became this book.

·  ·  ·

The second cloud lived in the most ordinary

sight there is: the glow of something hot.
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Heat a poker and it goes dull red, then or‐

ange,  then  yellow,  then  toward  white.  Every

blacksmith for three thousand years had read

temperature off color. By 1900 that glow had

become a matter of  national  accounting,  be‐

cause  the  German  Empire  wanted  to  know,

precisely, how much light a given amount of

heat  should  buy.  At  the  Imperial  Physical-

Technical Institute in a Berlin suburb, whose

duties included rating electric lamps for Ger‐

man  industry,  experimenters  built  the  most

perfect  glowing  cavities  on  Earth  and meas‐

ured, wavelength by wavelength, exactly how

much light  pours  out  of  ideal  hot  matter  at

every temperature. They produced the finest

curves of heat-light ever drawn.

And theory could not draw them. The best

formula  physics  had,  Wien’s  law,  matched

beautifully at the short wavelengths and then,

in the deep infrared, came apart from the data

and  stayed  apart.  Worse  was  waiting  under‐

neath: when the classical rules were followed

all the way down without flinching, they pre‐

dicted that any warm object should pour out
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ever more energy at ever shorter wavelengths,

without limit — an absurdity later christened

the ultraviolet catastrophe. A theory that could

time  an  eclipse  to  the  second  could  not

account for the glow of a coal.

The problem had stood open since Kirch‐

hoff posed it cleanly in 1859. Forty-one years.

The man on whom it broke was nobody’s

revolutionary.  Max  Planck  was  forty-two,  a

professor in Berlin, formal, cautious, devoted

to thermodynamics the way other men were

devoted to scripture. He had been circling the

glow problem for six years, and he trusted the

physics he had inherited completely.

On Sunday  the  7th  of  October,  1900,  his

colleague  Heinrich  Rubens  came  to  the

Plancks’ house in the Grunewald district for a

visit  with  his  wife.  Over  the  course  of  it,

Rubens told Planck what his newest measure‐

ments  showed,  far  out  in  the  infrared,  at

wavelengths no one had reached before:  out

there, the radiated energy simply grew in step

with the temperature.  Wien’s  law said other‐

wise. The data did not care.
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After the guests left, Planck sat down with

the two limits: the formula that worked at one

end of the spectrum and the plain proportion‐

ality  that  ruled  the  other.  That  evening  he

built  a  bridge  between  them,  an  expression

shaped to become each law at its proper end.

It was guesswork of the most educated kind;

he later called it a lucky intuition. He put the

new  formula  on  a  postcard  and  sent  it  to

Rubens.

Rubens went home and set it against every

measurement  he  had.  The  formula  did  not

merely  fit.  It  fit  everywhere,  at  every

wavelength, at every temperature, within the

thickness  of  the  data  itself.  He  was  back  at

Planck’s door within days to tell him so.

Every  measurement  of  glowing  matter  in

the hundred and twenty-five years  since has

landed on Planck’s curve. The infant universe

itself — its afterglow still fills all space, and has

been measured across the whole sky — glows

on  Planck’s  curve  more  perfectly  than  any‐

thing humans have ever built. He had written
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down, in one evening, between a Sunday visit

and its  thank-you note,  the true law of light

and heat.

Now he had to find out what it meant. That

took  the  rest  of  the  year,  and  it  cost  him

everything he believed.

·  ·  ·

A formula that fits is an answer; physics also

demands  the  reason.  Through  October  and

November Planck worked backward from his

lucky curve, hunting for the mechanism that

would force it, and found the road blocked in

every direction his convictions allowed. What

finally  worked  was  a  method  he  had  spent

years  resisting:  Boltzmann’s  statistics,  which

treat heat as the arithmetic of countless tiny

exchanges.  To do the counting at  all,  Planck

had to  chop energy  into  pieces  — treat  the

glowing matter as if it could give and take en‐

ergy only in whole packets, each packet’s size

fixed by  the  frequency  of  the  light,  the  two

tied together by a new constant of nature. He

wrote the constant as h. In everyday units it is
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a decimal point followed by thirty-three zeros

before its first digit: a graininess pitched so far

below human notice  that  thirty  centuries  of

blacksmiths never suspected it.

He presented the derivation to the German

Physical  Society  in  Berlin  on  the  14th  of

December, 1900. Physics has kept that date as

a birthday ever since.

Planck  himself  wanted  no  revolution.  He

assumed the packets were a bookkeeping trick,

scaffolding  to  be  dismantled  once  a  proper

classical  derivation  turned  up,  and  he  spent

years afterward trying to build one, whittling

at his own discovery to make it ordinary. The

whittling  failed;  the  grain  in  the  world  was

real,  and it would not sand away. Thirty-one

years later, an old man writing to an American

colleague, he described what he had done that

autumn in the language of a confession: an act

of desperation, he called it. A theoretical inter‐

pretation had to be found at any cost, no mat‐

ter how high; he had been ready to sacrifice

any of his convictions about physical law. He
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had,  in  the  event,  sacrificed  exactly  one.

Nature does not move smoothly. It moves in

steps.

The steps are why the world upstairs never

noticed. Energy comes in pieces so small that

a  child’s  swing,  handed  its  motion  one

quantum at a time, would take in each push a

portion  no  instrument  on  Earth  could  see.

The staircase is real, and it is everywhere; its

treads  are  simply  thirty-odd  decimal  places

finer than a human life. For all of history we

mistook it for a ramp.

·  ·  ·

For five years almost nothing happened. The

packets  sat  in  Planck’s  paper  like  an  unex‐

ploded shell. Physicists used the curve, which

worked, and averted their eyes from the deriv‐

ation, which disturbed. Planck had quantized

the  exchange of  energy,  the  handshake

between matter and light, and even that only

grudgingly. The idea that light itself might be
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grainy, that the packets might be out there fly‐

ing, was a step no one alive was prepared to

take.

It was taken in a patent office.

In 1905 Albert Einstein was twenty-six years

old,  a  Technical  Expert  Third  Class  at  the

Swiss Federal Office for Intellectual Property

in  Bern,  examining  patent  applications  six

days  a  week  and  doing  physics  in  the  gaps.

That  spring  he  wrote  to  his  friend  Conrad

Habicht, in the mock-abusive register the two

kept up, promising four papers to come. One

would  set  out  relativity;  he  mentioned  it

fourth, mildly, as a draft using a modification

of the ideas about space and time. Only one

paper in the list  did he flag with a  warning.

The first,  he  wrote,  dealt  with  radiation and

the energy properties of light, and was very re‐

volutionary.

He knew exactly which of his miracles was

the dangerous one.

The  paper  took  Planck’s  packets  literally.

Light, Einstein argued, does not merely settle

its  accounts in quanta;  it  is quanta,  a  hail  of
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discrete energy grains, each grain’s size set by

the  light’s  frequency  and  by  nothing  else.

Brightness is how many grains arrive. Color is

how big each one is.

And that single idea turned a stubborn little

laboratory puzzle inside out. Shine light on a

metal  and,  under  the  right  conditions,  elec‐

trons pop out.  The puzzle was in the condi‐

tions. Red light, however blinding, ejects noth‐

ing  from  certain  metals;  faint  violet  light

ejects electrons instantly. On the wave picture

this is senseless — a big enough wave should

eventually shake anything loose. On the grain

picture it is a vending machine. An electron is

bought out of the metal by a single grain or

not at all. A red grain is a coin too small, and a

mountain of  undersized coins buys nothing,

which is why no flood of red light will ever do

it. A violet grain pays in full, which is why the

dimmest  violet  glimmer  works  at  once:  the

very first coin of sufficient size completes the

purchase.  From  this  picture  Einstein  wrote

down a one-line prediction, exact and naked,
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for how the ejected electrons’ energy must rise

with  the  light’s  frequency.  No  adjustable

numbers. Nowhere to hide.

Physics  answered  the  revolutionary  idea

with ten years of organized disbelief.

The disbelief had a name: Robert Millikan,

of Chicago, one of the great experimentalists

of the age, who regarded the light-grain as an

assault on the wave theory of light — a theory

resting  on  a  century  of  interference  experi‐

ments — and set out to kill the prediction with

precision. He spent the better part of a decade

at it, building what he called a machine shop

in a vacuum, shaving metal surfaces clean in‐

side  the  sealed  apparatus  to  catch  the  elec‐

trons unspoiled. In 1916 he published the ver‐

dict  of  the  machinery:  Einstein’s  equation

held exactly, at every frequency, in every met‐

al tested, and its slope delivered Planck’s h to a

fraction of a percent. In the same pages, Mil‐

likan called the theory behind the equation he

had just confirmed wholly untenable, and the
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light-quantum a bold, not to say reckless, hy‐

pothesis. He had proven the number and still

could not swallow the idea.

He was in the best company in the world. In

1913,  when Planck and three  colleagues  pro‐

posed Einstein  for  the  Prussian  Academy of

Sciences,  their  letter  of  recommendation,  a

document of the highest praise, paused to ask

that it not be held against the candidate that

he sometimes missed the target in his specula‐

tions,  as,  for  example,  in  his  hypothesis  of  light-

quanta.  The  men  crowning  Einstein  apolo‐

gized for the one idea he had marked revolu‐

tionary. It took until 1923, when X-rays were

caught bouncing off electrons like one billiard

ball  off  another,  grain  against  grain,  for  the

resistance to break. The Nobel Prize Einstein

received was awarded not for relativity but for

the  law  of  the  photoelectric  effect:  for  the

paper nobody had believed.

·  ·  ·
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Two  clouds,  the  old  man  had  said,  and  the

second  was  now  raining.  Energy  moves  in

whole steps. Light arrives in whole grains. You

can  watch  it  do  so  tonight:  starlight  is  faint

enough that at the back of your eye it lands a

grain at a time, and the cells there answer it a

grain at a time, which is a later chapter’s story

to finish.

The staircase had been found in the light.

The next discovery was worse, and better. The

staircase was in matter too — and it was the

only reason matter could exist at all.
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I

C H A P T E R  T W O

The Atom That Should Not Exist

n a blacked-out room in Manchester, in

1909,  a  twenty-year-old sat  in the dark

and waited for his eyes to change.

Ernest  Marsden  was  an  undergraduate  in

Ernest Rutherford’s laboratory, and the instru‐

ment he operated was his own retina. The ex‐

periment fired alpha particles, the heavy bul‐

lets thrown off by radium, at a sheet of metal

foil,  and the only way then known to detect

one  was  to  watch  for  the  pinprick  of  green

light  it  struck  from a  screen of  zinc  sulfide.

The flashes were at the edge of visibility. An

observer sat in blackness until his eyes opened

all the way, then counted sparks through a mi‐

croscope  in  timed  shifts  kept  deliberately

short, because a tired eye begins to lie. Hour
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after  hour,  spark  by  spark,  the  structure  of

matter was tallied by hand on the back wall of

a dark room.

Rutherford had suggested, almost idly, that

Marsden  look  for  alpha  particles  bouncing

backward off  the  foil.  Nobody  expected  any.

The atom of 1909 was imagined as a soft, even

mist  of  charge;  shooting  alpha  particles

through it should have been shooting cannon‐

balls through fog. For the great majority of the

particles,  it  was  exactly  that:  through  thou‐

sands  of  atoms  of  solid  metal  as  if  nothing

were there.

About one in eight thousand came straight

back.

Rutherford  spent  two  years  working  out

what could turn a heavy, fast projectile around

in its tracks, and found only one answer that

survived  the  arithmetic.  Nearly  all  of  an

atom’s mass, and all of its positive charge, had

to be packed into a speck ten thousand times

smaller than the atom itself, with the electrons

somewhere out in the vastness around it. He

announced  the  nucleus  in  1911.  Toward  the
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end of  his  life  he liked to  say the backward

flashes had been the most incredible event of

his career, as incredible as firing a fifteen-inch

naval shell at tissue paper and having it come

back  and  hit  you.  Memory  had  dressed  the

moment in armor from a later decade; in 1909

no  such  gun  existed,  and  no  such  astonish‐

ment either, only a strange count and a long

silence while he thought. The shell got bigger

as  the  story  aged.  The  measurement  never

moved.

The atom now had a shape: a tiny massive

sun, a scatter of planet electrons. It was clean,

it  was  intuitive,  and  it  carried  a  death  sen‐

tence.

·  ·  ·

The sentence was written in the same electro‐

magnetism that ran the dynamos and the tele‐

graphs, and there was no appeal against it. A

charge moving in a curve must broadcast en‐

ergy; that is how every radio antenna since has

worked.  An  electron  circling  a  nucleus  is  a

charge in  a  curve.  It  must  therefore  radiate,
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and radiating, sink, and sinking, circle faster,

and  broadcast  harder,  spiraling  down  the

drain of its own emission. The physics of the

day could put a number on the whole disaster.

From the first  instant  of  its  existence to  the

moment  the  electron  struck  the  nucleus

would  take  about  sixteen  trillionths  of  a

second.

Not some atoms. Every atom. By the phys‐

ics  of  1899,  an atom should last  sixteen tril‐

lionths of a second, and the universe has been

holding its atoms for thirteen point eight bil‐

lion years. That is an overstay of twenty-eight

powers of ten — the widest gap between pre‐

diction and fact physics had yet recorded, and

it was sitting in every grain of sand on Earth.

Matter’s  continued  existence  was  not  unex‐

plained. It was forbidden.

There was worse, for anyone with the stom‐

ach to look. A spiraling electron would broad‐

cast  at  every  frequency  on  its  way  down,  a

smear. Real atoms do nothing of the sort. Heat

hydrogen  until  it  glows  and  it  emits  only  a

comb of pure, isolated colors, always the same
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ones,  sharp  as  struck  strings;  every  element

has  its  own  such  comb,  and  by  1900  the

combs had been catalogued for decades with

no one able to say why matter should sing in

fixed notes rather than hiss.

A young Dane took up residence inside this

wreckage. Niels Bohr, twenty-seven, had come

to Manchester to work under Rutherford, and

in 1913 he did something with no precedent

and, strictly speaking, no justification: he for‐

bade the disaster by decree. Electrons, he pro‐

posed, may occupy only certain orbits, rungs

on a ladder, and while on a rung they simply

do not radiate — never mind that everything

known  said  they  must.  An  atom  emits  light

only when an electron drops from one rung to

another, and the light of the drop carries away

exactly the energy difference, one whole grain,

at  one  exact  frequency.  Planck’s  staircase,

installed inside matter.

As  physics  it  was  outrageous,  a  rulebook

with the offending page torn out. As arithmet‐

ic  it  was  a  miracle.  From three  constants  of

nature  Bohr  computed  hydrogen’s  entire
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comb of colors and got every line. Then the

model  reached  beyond  its  evidence.  A  dis‐

puted set of lines from the star Zeta Puppis fit

Bohr’s  ladder  for  helium  with  one  electron

stripped away, and his formula predicted the

ratio of their spacing to hydrogen’s, once the

nucleus’s own slight recoil was folded in: not a

plain  four,  but  4.00163.  The  spectroscopists

checked. All five digits came out of the meas‐

urements exactly. That autumn in Vienna, told

of the result,  Einstein called it  an enormous

achievement,  and  let  go  of  his  doubts:  the

theory of Bohr must then be right.

It was right in the way of scaffolding. Bohr’s

ladder produced correct numbers from a pic‐

ture  nobody  could  believe,  its  author

included. No one could say  why those orbits,

why  whole  numbers,  why  an  electron  on  a

rung  should  disobey  laws  that  held  every‐

where  else  in  creation.  The  model  gave  no

reason.  For  eleven  years  physics  climbed  a

staircase that worked perfectly and made no

sense.
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·  ·  ·

The reason arrived from Paris  in  1924,  in  a

doctoral thesis, from a thirty-two-year-old ar‐

istocrat who had come to physics late by way

of history.

Louis de Broglie’s proposal fits in one sen‐

tence. Light, long thought a wave, had turned

out  to  come in grains;  perhaps  matter,  long

thought  grains,  comes  as  a  wave.  Every

particle,  he  argued,  every  electron,  every

atom, every flying stone, has a wavelength, set

by its momentum through Planck’s same con‐

stant  h.  The  examining  committee  in  Paris,

which included a future Nobel laureate, signed

its approval; one member is said to have con‐

fessed that the ideas were ingenious but that

he could not judge their truth. A copy was sent

to Einstein, who saw at once what the polite

committee had not:  he has lifted a corner of the

great veil.

Ask what happens to a wave that is bound —

held captive around a nucleus, like a vibration

held captive on a guitar string — and the an‐
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swer  has  been  known  to  every  instrument

maker  for  three  thousand  years.  A  captive

wave cannot  vibrate  any way it  pleases.  The

string sounds its fundamental note, its octave,

its  harmonics  above  that,  and  nothing  in

between,  because  an  in-between  wave  does

not fit: it comes back around out of step with

itself  and  cancels  itself  to  silence.

Confinement makes notes.

Now bend the string into a circle around a

nucleus. An electron-wave wrapped on an or‐

bit  must  meet  its  own  tail  in  step,  which

means the orbit’s circumference must hold a

whole number of wavelengths. One, two, three

— and nothing in between.

There  are  Bohr’s  rungs.  Not  decreed.  De‐

rived. The  whole  numbers  that  had  embar‐

rassed  physics  for  a  decade  are  the  whole

numbers of harmony, the same integers that

space the notes of a plucked string, and they

had been hiding in matter all along. The elec‐

tron  does  not  circle  the  nucleus  as  a  planet

circles  a  sun,  radiating  and  falling.  It  rings
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around the nucleus as a note rings on a string,

a standing wave, going nowhere, stable by its

shape.

And the death sentence dissolves. The spir‐

al  into  the  nucleus  is  a  slide  down to  ever-

smaller orbits, and the wave cannot slide: be‐

low the lowest fitting wave there is no orbit to

slide to,  because there is  no such thing as  a

fraction of a fit. The atom cannot crash for the

same reason a cello cannot play the note be‐

low its  bottom note.  The  lowest  rung  is  the

floor of what exists.

Matter  is  stable  because  matter  is  music,

and that is  the answer to the impossible six‐

teen trillionths of a second — the reason there

is a world. Your body, the book in your hands,

the ground under you: standing waves, ringing

in  place  since  the  atoms  of  it  formed,  each

one held together not by any strength but by

the  plain  arithmetic  of  what  fits.  A  sibling

volume to this one said the atom endures by

being hard to break, and called it the poorest

answer on its list. The floor under that answer:

the atom endures  because between its  notes
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there is nothing — no almost, no in-between,

no way to be slightly worn. The first thing in

the universe that could not decay by degrees.

Within  three  years,  matter  waves  stopped

being  a  thesis.  At  Bell  Laboratories  in  New

York,  two  experimenters  studying  electron

scattering had their vacuum tube crack; the ac‐

cident oxidized their nickel target, and the re‐

pair, a long baking, recrystallized it into a few

large  clean  crystals.  The  scattered  electrons

promptly  organized  themselves  into  sharp

preferred angles: a diffraction pattern, the sig‐

nature  behavior  of  a  wave  passing  a  regular

grating,  with  exactly  the  wavelength  de

Broglie’s formula demanded. The 1937 Nobel

Prize for proving the electron is a wave went,

in part, to G. P. Thomson. His father had won

the  1906 prize  for  proving  the  electron is  a

particle. Both were right, and the family had

measured  the  two  halves  of  one  fact,  a

generation apart.

·  ·  ·
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An atom that rings has one more gift to give,

and it is the reason we know what the universe

is made of.

Because the notes of each atom are fixed by

its structure, each element sings an unmistak‐

able chord. Sodium’s yellow, the crimson line

of hydrogen, the twin violets of calcium: a bar‐

code for every kind of matter, the same every‐

where,  forever.  Read the barcode in a  flame

and  you  know  what  is  burning.  In  1835  the

philosopher Auguste Comte, reaching for the

surest possible example of knowledge forever

beyond  human  reach,  chose  the  chemical

composition of the stars.  It  was a reasonable

choice.  No bottle would ever be dipped into

one.

Within  a  generation,  the  dark  lines  long

since mapped across the spread spectrum of

sunlight had been read for what they are: the

barcodes of elements in the sun’s own atmo‐

sphere, absorbing their signature notes on the

way out. During the eclipse of 1868 an astro‐

nomer in India recorded a yellow line belong‐

ing to no substance ever seen on Earth. It was
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named  for  the  sun  —  helium  —  and  for

twenty-seven years the second most abundant

ingredient of the universe was known only as

a stripe in the sky, until 1895, when a chemist

in London finally caught  it  seeping out  of  a

uranium  mineral.  We  found  helium  a  hun‐

dred and fifty million kilometres away before

we found it under our feet, because atoms sign

their light.

The full harvest came in 1925, at the Har‐

vard College Observatory,  in  the hands of  a

twenty-four-year-old Englishwoman who was

not permitted a Harvard degree.

Cecilia Payne had left Cambridge for Amer‐

ica because Cambridge did not grant degrees

to women at all.  At Harvard she took up the

observatory’s mountain of photographed stel‐

lar spectra, hundreds of thousands of barcodes

from  the  sky,  and  read  them  with  the  new

atomic physics — the freshly derived rules for

how temperature  loads  an atom’s  rungs  and

strips its electrons. The rules transformed the

reading. Line strengths, it turned out, mostly

measured a star’s temperature, and only after
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that correction its true recipe. Payne made the

corrections for star after star,  and the recipe

that emerged contradicted every expectation

on Earth. The heavens were not made of the

stuff  of  planets.  Hydrogen  outweighed  the

metals  about a  million to one.  The universe

was hydrogen, nearly entire, with a minority

of helium and a trace of everything else.

The most eminent astronomer in America,

Henry Norris  Russell  of  Princeton,  reviewed

the thesis and informed her that the result was

clearly impossible.  Under that verdict,  Payne

inserted into her own published pages the sen‐

tence  her  judgment  was  forced  to  wear:  the

enormous  abundance  derived  for  hydrogen

and helium was  almost certainly not real.  Four

years  later  Russell  arrived at  the  same com‐

position by other routes and published it; the

credit settled largely on him, and stayed there

for  decades.  The  thesis  outlived  the  verdict,

and so did she: Harvard, thirty years on, made

her the first woman promoted to full profess‐

or from within its  faculty,  and then the first

woman to  head  a  department  there.  A  later
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generation’s assessment, from the astronomer

Otto  Struve,  stands  as  its  plain  epitaph:  un‐

doubtedly the most brilliant PhD thesis ever

written in astronomy.

What  the  universe  is  made  of  was  dis‐

covered by a twenty-four-year-old required to

disown the discovery in its own text, and she

could make it at all because atoms are instru‐

ments,  and  starlight  is  sheet  music,  and  by

1925 the human species had learned the nota‐

tion.

Comte  had  chosen  his  example  of  the

forever-unknowable,  and  the  answer  took

ninety years: the stars are mostly hydrogen. It

is the staircase in the atom that made the sky

legible.
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A

I N T E R L U D E

The Cathedral and the Fly

sibling  book  in  this  series  once

poured all of time into a single year,

so that a body could stand inside the

number.  This  story’s  unfeelable  quantity  is

smallness,  and smallness  can be walked into

the same way.

Take one atom of hydrogen, the common‐

est object in the universe, and inflate it until it

fills  a  cathedral.  The  dome,  the  nave,  the

whole  enclosed  hush  of  it:  that  is  the  atom

now.  Somewhere  near  the  center,  hovering

above the altar, is the nucleus.

It is the size of a fly.

That  one  fly  carries  very  nearly  all  the

weight.  Better  than  ninety-nine  point  nine

percent of the atom’s mass is in it; the cathed‐

ral is furnished by a proton. And the famous

next  thought,  the  one  every  version  of  this
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walk has offered for a century, is that the rest

is empty, that matter is a ghost, that your hand

and the table it rests on are hollow nothings

passing themselves off as solid.

The famous next thought is wrong, and the

last  chapter  already  paid  for  the  correction.

The picture of a second fly, lost somewhere in

the dark with vacant air between, misses what

an electron is. The electron is a standing wave,

and the wave fills the building. The nave, the

transepts, the height of the dome: that ringing

shape  is the  electron,  everywhere  in  the

cathedral at once in the only sense that mat‐

ters, which is where it can be met, where it can

act,  where  it  can  refuse  another  atom’s  ap‐

proach. An atom is the box itself, singing. Mat‐

ter  is  not  mostly  empty.  It  is  mostly  music,

and the  fly holds  the  weight  while  the  song

holds the shape.

The  song  is  small  beyond  ordinary  lan‐

guage. A glass of water holds more molecules

than there are glasses of water in all the oceans

of the Earth; pour the glass into the sea, wait

an age for the seas to mix, and any glass drawn

The Cathedral and the Fly

41



from  any  ocean  will  hold  thousands  of  the

molecules  you  poured.  Every  one  of  them

rings the same notes. Every hydrogen atom in

every glass, in every ocean, in every galaxy the

telescopes can reach, is identical to every oth‐

er, exactly, with no wear and no variation and

no history, thirteen billion years old and un‐

aged, because the notes are set by the laws and

the  laws  are  the  same  everywhere.  Nothing

human is manufactured to a millionth of that

fidelity.  The  universe’s  smallest  parts  are  its

only perfect ones.

And the graininess of it all is pitched below

every  sense  you  own.  Planck’s  constant,  the

size of the world’s smallest step, begins thirty-

three  zeros  after  the  decimal  point.  A  wave

rides  with  everything  that  moves,  you  in‐

cluded, but the wavelength shrinks as the mass

grows: for a walking human it comes to about

one part in ten to the thirty-five of a metre,

twenty-five powers of ten finer than the atom

itself.  This  is  why you have  never  diffracted

through a doorway, why the swing of a child

rises smoothly instead of in clicks, why three

A Story of the Quantum

42



thousand years of blacksmiths, lens grinders,

clockmakers, and mathematicians — the most

careful observers their civilizations produced

— never once caught the staircase under the

ramp. The steps are real, and everything you

have  ever  touched  climbs  them.  They  are

simply cut thirty decimal places finer than a

human life.

The floor of the world was found last  be‐

cause it  hid behind fineness — not distance,

like the far galaxies, or time, like the deep past,

but fineness, in plain sight, in every object on

Earth,  waiting  for  the  one  civilization  that

would learn to measure a glow to three decim‐

al places and then be honest about the third

one.

A fly, a cathedral,  and a song that fills the

stone.
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I

C H A P T E R  T H R E E

The Boys' Physics

n the first week of June 1925, a twenty-

three-year-old  with  a  face  swollen  by

hay fever boarded the ferry at Cuxhaven

for Helgoland, a bare sandstone island in the

North Sea with almost no grass and, in season,

almost  no  pollen.  Werner  Heisenberg  had

been granted two weeks’ leave from Göttingen

to get his breathing back. He took lodgings in

a boarding house on the island’s high ground

and divided his days three ways: long walks on

the  cliff  paths,  Goethe’s  poems  learned  by

heart,  and a private wager against  the whole

edifice of atomic theory.

The wager was this. Twelve years of patch‐

ing  Bohr’s  atom  had  failed,  and  Heisenberg

had  come  to  suspect  the  failure’s  root:  the

orbit. No one had ever seen an electron’s orbit.

No experiment  measured one.  What  experi‐
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ments  measured  were  the  colors  an  atom

emits  and  how  strongly,  and  nothing  else,

ever. So let the theory contain what the world

actually offers — the frequencies, the intensit‐

ies — and not one picture more. No paths. No

little planets. Build the mechanics out of the

observable, and let the unobservable go.

Numbers built that way turned out to obey

a strange arithmetic; the quantities had to be

multiplied in a way where the order mattered,

where A times B refused to equal B times A.

He pressed on anyway. Late one night, by his

own account, working at the boarding house

on  a  test  of  whether  his  new  scheme  con‐

served energy, term after term came out right,

and he was gripped by the sense of  looking

through the surface of atomic phenomena at

an interior of strange and beautiful structure.

It was almost three in the morning when the

calculation  lay  finished  before  him.  Too

stirred to sleep, he walked to the southern tip

of the island, climbed a rock tower jutting over

the sea, and waited on top for the sun to rise.
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That  is  the  scene  as  an  old  man  told  it,

forty-four years later, in a memoir whose pre‐

face admits its scenes are reconstructions. His‐

torians have gone at it with care: the decisive

steps, they find, were partly made before the

island and completed after it, and the famous

night  may have been tidied by memory the

way  Rutherford’s  naval  shell  was.  What  the

documents hold is enough. A sick young man

went  alone  to  a  rock  in  the  sea  carrying  a

heresy — keep only what can be measured — and

came back with the seed of a working mechan‐

ics of the atom. The paper was received on the

29th  of  July.  The  sunrise  may  belong  to

memory. The physics has never belonged to

anything else.

What followed was the most concentrated

avalanche in the history of science. Max Born,

Heisenberg’s  professor,  recognized  within

days that his student’s strange order-sensitive

arithmetic was matrix algebra, a known math‐

ematics  no  physicist  had  ever  needed.  By

September, Born and Pascual Jordan had the

formalism;  by  November,  Born,  Heisenberg,
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and  Jordan  had  the  full  theory;  that  same

November,  in  Cambridge,  a  silent  twenty-

three-year-old  named  Paul  Dirac,  working

alone from a preprint, produced an equivalent

version  out  of  his  own  algebra.  By  January,

Wolfgang Pauli had ground hydrogen’s entire

spectrum out of the new machinery.

They were children, by the standards of the

institution they were demolishing. In the year

of the breakthrough Heisenberg was twenty-

three, Dirac twenty-three, Jordan twenty-two,

Pauli twenty-five; their elders called it Knaben‐

physik,  boys’  physics,  and the  name was  half

sneer and half surrender.  Planck, whose des‐

peration had started it,  was  sixty-seven.  The

universe’s operating system was rewritten by

people who could not yet, in most countries,

rent a formal suit without a co-signer.

·  ·  ·

Then,  from  the  far  side  of  forty,  an  alpine

counterattack.
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Erwin Schrödinger was thirty-eight, a Vien‐

nese  professor  at  Zurich,  and  by  the  boys’

arithmetic already elderly. Over the Christmas

of 1925 he went up to a villa in Arosa, in the

Swiss Alps, where he had once taken a cure for

suspected  tuberculosis;  his  wife  stayed  in

Zurich, and his companion at the villa was a

woman whose identity his biographers never

established.  His  friend  the  mathematician

Hermann  Weyl  said  afterward  that

Schrödinger did his great work during a late

erotic  outburst  in  his  life.  However  it  was

fueled, the work came in a flood. Schrödinger

had read de Broglie: matter is a wave. A wave,

he reasoned, deserves a wave equation: one law

telling the wave how to flow. He found it in the

snow that Christmas, and through the first half

of  1926  he  published,  at  a  pace  commonly

rated  the  greatest  sustained  burst  since  Ein‐

stein’s 1905, the complete wave mechanics of

the  atom:  hydrogen’s  notes  emerging  as  the

natural  ringing  modes  of  a  confined  wave,
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everything Bohr had decreed now simply  de‐

rived,  the way the last  chapter’s  guitar  string

promised.

Physics now possessed two complete mech‐

anics of the atom, built from opposite ends of

the earth and of  temperament:  Heisenberg’s

austere  tables  of  observables,  Schrödinger’s

flowing  wave.  They  looked  nothing  alike.

Within months Schrödinger proved they were

the same theory in two costumes, every pre‐

diction  identical,  one  mathematics  wearing

two faces. The victory was total and the mys‐

tery untouched, because a question now stood

in the middle of the room.

The wave of what?

Schrödinger  wanted  the  kind  answer:  the

electron  itself,  smeared  out,  matter  spread

thin like fog, the particle an illusion of concen‐

trated wave. The kind answer died within the

year. The wave of a single electron flows in or‐

dinary space, but the joint wave of two elec‐

trons refuses to; it flows in a six-dimensional

space  of  joint  possibilities,  three  dimensions

The Boys' Physics

49



to each electron, no home for honest fog. And

every  detector  ever  built,  offered  a  wave  of

electron, pays out a whole electron or nothing.

The lasting answer came from Max Born in

Göttingen, in a paper on collisions written in

the summer of 1926, and its crucial sentence

entered physics in the humblest costume ima‐

ginable: a footnote, added in proof. The wave,

Born proposed, is not the electron. The wave

is a wave of chance, and (the footnote’s correc‐

tion)  the chance of  finding the electron at  a

place  is  given  by  the  square of  the  wave’s

height there. The electron is always whole, al‐

ways somewhere when sought.  Where it  will

be found, the world decides by weighted lot‐

tery, and the wave is the table of weights.

Determinism,  three centuries  of  it,  ended

in a footnote. Born’s Nobel Prize for that foot‐

note arrived twenty-eight years later, longest-

delayed of the whole revolution, as if the com‐

mittee too had needed time to swallow.

·  ·  ·
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To see what the footnote actually says about

the  world,  watch  the  most  beautiful  experi‐

ment in physics. It was voted exactly that, by

the  readers  of  a  physics  magazine  in  2002,

and it fits on a laboratory bench.

In  1989,  at  a  Hitachi  laboratory  in  Japan,

Akira Tonomura’s team sent electrons one at a

time  through  an  instrument  about  a  metre

long. In its heart, a wire finer than spider silk

— the first such wires were literally made on

spider silk, drawn from webs kept for the pur‐

pose — split  each electron’s  possibilities  two

ways, the desktop equivalent of two slits in a

wall. The electrons flew at forty percent of the

speed  of  light,  released  roughly  ten  per

second, so that each was long arrived before

the  next  left:  at  any instant,  one  electron at

most  in  flight,  twelve  thousand  kilometres

from its nearest companion in the sequence.

Nothing  for  an  electron  to  interfere  with

except itself.
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Each  electron  lands  as  a  dot.  One  dot,

whole, sharp, somewhere on the detector. The

first hundred dots are scattered like buckshot,

pure noise. Random.

By  twelve  thousand  dots,  twenty  minutes

in, the noise has begun to organize. There are

avenues where dots crowd and avenues where

dots never fall. By seventy thousand, some two

hours  of  patient  one-at-a-time  arrivals,  the

pattern  stands  unmistakable:  clean  parallel

stripes,  crowded  lanes  and  forbidden  lanes,

the signature a wave paints when it passes two

openings and recombines.

Stripes,  from  loners.  Every  electron

traveled  alone,  arrived  alone,  landed  whole.

And the  forbidden lanes are the scandal: there

are places on that screen where electrons land

freely with one path open,  and stop landing

when a second path is  opened.  Add a route,

and  arrivals  cease.  No  ordinary  account  of

chance can do this; open a second door to a

theatre and you cannot reduce the audience. Ig‐

norance piles up.  Only one kind of thing in

mathematics cancels.
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Waves cancel.  So here is  the bookkeeping

the  world  actually  runs,  and  it  can  be  said

without  one  equation.  Every  way  an  event

could happen contributes  a  little  arrow.  The

arrow turns  as  its  possibility  travels,  like  the

hand of a fast small clock, and where the pos‐

sibility  ends,  the  hand  freezes.  To  find  the

chance of the event,  gather the arrows of  all

the ways it  could happen,  chain them tip to

tail,  and  draw  one  straight  arrow  from  the

chain’s start to its end: the chance is the square

of that final arrow’s length. Two routes whose

arrows arrive pointing together make an event

likelier  than  either  route  alone.  Two  routes

whose arrows arrive pointing opposite make it

impossible.  The electron’s crowded lanes are

agreement lanes; the forbidden lanes are the

places where the two paths’ arrows meet head-

to-tail,  exactly  opposed,  and the possibilities

eat each other.

The  atom  rings  at  whole-number  fits  be‐

cause there the arrow comes back around in

step  with  itself,  reinforcing,  while  every  in-

between orbit returns out of step and cancels

The Boys' Physics

53



itself  to  nothing.  Richard  Feynman,  who re‐

cast  all  of  quantum mechanics  in this  arrow

language, said of the two-slit experiment that

it  contains  the  heart  of  the  matter;  that  in

reality,  it  contains  the  only mystery.

Everything else in the quantum world is this,

wearing  different  clothes:  possibilities  that

carry  arrows,  arrows  that  add,  and  a  lottery

run on the square of the sum.

The  electron  in  flight  is  not  in  one  lane

secretly. It is not in two lanes like two pebbles.

It is one thing in a state our words or and and

were  never  built  for:  a  state  that  genuinely

holds both routes, in a definite relation, close

enough to touch, because the routes can can‐

cel,  and nothing cancels with what it  merely

might have been.

·  ·  ·

Through  the  winter  of  1926  into  1927,  in

Copenhagen,  Bohr  and  Heisenberg  argued

about what all of it meant, evening after even‐

ing until both were worn through. In February

Bohr left to ski in Norway. Heisenberg, alone
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at the institute, walking at night in the park be‐

hind it,  turned the question over once more

and caught its edge: perhaps the theory itself

was  telling  them  what  can  and  cannot  be

known. Within days he had it worked out, and

sent Pauli fourteen pages. The paper followed

in  March.  The  world  knows  it  as  the

uncertainty principle.

Its content is one wave-fact, and the reader

owns  it  already.  A  wave  confined to  a  sharp

burst has no single pitch: a hand-clap is spread

across  the whole keyboard,  which is  why no

one  can  hum a  clap.  A  wave  with  one  pure

pitch  has  no  single  location:  it  is  a  long

smooth  train,  everywhere  along  its  length.

Sharpen the where and you smear the pitch;

purify the pitch and you lose the where. For

matter-waves,  pitch  is  momentum.  An  elec‐

tron pinned to a point has every momentum

at once; an electron with clean momentum is

spread over space. This trades not because in‐

struments  are  clumsy  but  because  the  two

sharpnesses cannot exist in one wave, just as a

musical note cannot be both an instant short
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and  a  pure  tone.  There  is  nothing  there  to

know.  The  principle  is  a  property  of  the

world’s  bookkeeping,  and  it  would  bind  an‐

gels.

And with it, a sentence from the first book

of this series comes due. That book, telling the

story of  everything,  gave the floor of  reality

one strange rule and left it standing without a

name:  perfect  stillness  is  not  permitted;  perfect

smoothness is forbidden. Here is the name, and

the reason. Stillness is a perfect sharpness, po‐

sition exact and motion exactly zero at once,

and no wave can be both of those things. Con‐

fine any particle and it must tremble; chill it to

absolute zero and the trembling remains, irre‐

ducible, the famous zero-point motion. Heli‐

um, alone among the elements, never freezes

at ordinary pressure, at any temperature down

to the last: its atoms are too light, their zero-

point  trembling  too  large,  for  any  lattice  to

hold them. There is a liquid on Earth that can‐

not go still because stillness is against the law:

the  same  law  that  once  shook  the  newborn
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universe  and,  on the  leading account  of  the

early  cosmos,  seeded  the  galaxies.  The  first

book’s floor, underwritten.

·  ·  ·

One member of the boys’ generation remains

to  be  introduced,  and  he  concludes  this

chapter because his result is the purest speci‐

men of the new age’s signature: mathematics

running ahead of the world.

Paul Dirac said so little that his Cambridge

colleagues coined a unit,  the  dirac:  one word

per hour. The stories about him are a genre. In

the canonical one, told of a lecture in America,

a listener rose to say he had not understood

one of the equations; Dirac stood silent until

the moderator prodded him to respond, and

replied that the statement was a comment, not

a  question.  He  meant  no  unkindness.  He

simply used language the way he used algebra,

without waste, and he trusted algebra more.

In the last months of 1927 Dirac went hunt‐

ing for an equation that would make the new

quantum  mechanics  obey  special  relativity,
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Einstein’s  law of  fast  things,  which the boys’

mechanics  still  ignored.  Consistency deman‐

ded a  form so tight  that  Dirac  found essen‐

tially one equation could satisfy it.  It was re‐

ceived in  January 1928,  and it  came bearing

gifts  nobody had requested.  Electron spin,  a

two-valued  twist  that  until  then  had  been

bolted onto the theory by hand, fell out of the

algebra as a requirement.  The fine details  of

hydrogen’s spectrum came out correct to their

last measured decimal.

And the equation demanded something ap‐

palling. Its mathematics insisted, ineradicably,

on a second family of solutions with negative

energy: nonsense states no sane theory should

contain. Dirac tried for three years to explain

them away. Then, in 1931, he stopped apolo‐

gizing for his equation and started listening to

it, and published the equation’s own reading:

there should exist a new kind of particle, un‐

known to experimental physics, with the elec‐

tron’s exact mass and the opposite charge.

A Story of the Quantum

58



On the 2nd of August, 1932, at Caltech, Carl

Anderson  was  photographing  the  tracks  of

cosmic rays as they whipped through a cloud

chamber in a magnetic field. He was not look‐

ing  for  Dirac’s  particle;  he  later  insisted  the

theory  had  played  no  part.  On one  plate,  a

track crossed the chamber’s lead divider and

curved  —  cleanly,  unarguably  —  the  wrong

way. An electron’s mass with a positive charge.

The anti-electron, photographed before most

physicists had accepted it could exist.

Half  of all  possible matter was discovered

inside  an equation,  four  years  before  nature

confirmed it, by a man following the algebra

against  his  own  comfort.  The  universe,  it

turned  out,  keeps  a  mirrored  wing,  and  the

first door into it was opened with a pencil.

Half a century later, hospitals began inject‐

ing patients with sugar tagged by atoms that

emit Dirac’s particle, reading the flashes where

each anti-electron meets an electron and anni‐

hilates, and drawing from those flashes a liv‐
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ing  map of  the  body’s  hunger.  It  is  called a

PET scan. The mirrored wing of the universe

now reports for morning shifts in oncology.

The mechanics was finished. It was twenty-

eight months old, it fit every atom ever meas‐

ured, and its own authors could not agree on

what it said about the world. In October 1927

they all went to Brussels to argue about it, and

somebody brought a camera.
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T

I N T E R L U D E

The Photograph

here  is  a  photograph,  taken  in  a

Brussels park in the last week of Oc‐

tober  1927,  that  is  routinely  called

the most intelligent picture ever made.

Twenty-nine  people,  in  three  rows,  ar‐

ranged with the stiff formality of a school por‐

trait:  dark  suits,  high  collars,  one  woman.

They were the invited participants of the Fifth

Solvay Conference,  gathered to confront the

new quantum mechanics, and of the twenty-

nine, seventeen had won or would win the No‐

bel Prize. In the middle of the front row sits

Hendrik Lorentz,  the conference’s  president,

seventy-four  years  old,  the  grand  arbiter  of

the  classical  physics  that  was  dissolving  that

very  week;  he  would  be  dead  three  months

later, and the photograph is among the last of

him. Marie Curie is third from the left in the

The Photograph

61



same row, the only person in the frame hold‐

ing  Nobel  Prizes  in  two  different  sciences,

which  still,  a  century  later,  no  one  else  has

done.  Beside Lorentz,  at  the centre of  it  all,

Einstein,  forty-eight,  looks  into  the  camera

with  the  unhurried  confidence  of  the  era’s

reigning mind.

The revolution is standing behind him. Up

in the back rows, where junior men were put,

are the boys: Heisenberg twenty-five, grinning

like a student on a field trip; Pauli twenty-sev‐

en; Dirac twenty-five, looking as if he would

rather  be  back  at  the  algebra.  Schrödinger

stands among them, forty, the elder of the in‐

surgency. Between the front row and the back

rows runs the whole story of this book so far:

the  century  that  built  physics  seated,  the

twenty-eight months that rebuilt it standing.

The  revolution’s  full  roster  startles  by  its

smallness.  The  mechanics  that  now  under‐

writes all of chemistry, every semiconductor,

and a large fraction of the modern economy

was assembled, in essence, by a dozen people,

most of them in this photograph, in about two
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and a  half  years.  They nearly  all  knew each

other.  They  read  each  other’s  letters,  bor‐

rowed  each  other’s  mathematics,  argued  in

each  other’s  kitchens.  The  floor  of  the  uni‐

verse  was  renovated  by  a  group  that  could

share two dinner tables, and on the evidence

of the week in Brussels, frequently did.

The official sessions were papers and form‐

alism: de Broglie presenting his pilot waves to

a cool room, Born and Heisenberg declaring

the new mechanics complete, a closed theory.

The  real  event  ran  on  the  margins,  at  their

hotel,  the Britannique, over meals.  We know

because a witness wrote it down the following

week, while it was still warm. Paul Ehrenfest,

Einstein’s  closest  friend  in  physics,  sent  his

students a letter on the 3rd of November de‐

scribing what he had watched: Bohr towering

over everybody, at first not understood at all,

then  step  by  step  defeating  everybody;  Ein‐

stein like a jack-in-the-box, jumping out fresh

every morning; Bohr from out of philosophic‐

al smoke clouds constantly searching for the

tools to crush one example after another. Like
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a game of chess, Ehrenfest wrote. Each break‐

fast, by the accounts of those present, Einstein

arrived with a new thought experiment, some

ingenious  contraption of  mirrors  and clocks

and  shutters  built  overnight  in  his  head  to

catch the new mechanics contradicting itself.

Each day the contraption was taken apart  in

discussion.  By  dinner,  Bohr  had the  answer,

and the  next  morning  there  was  a  new ma‐

chine.

Ehrenfest, who loved Einstein, set down the

week’s  verdict  almost  apologetically:  I  am

almost  without  reservation  pro  Bohr  and  contra

Einstein.

The legend of those breakfasts has Einstein

saying that God does not play dice, and Bohr

shooting back that Einstein should stop telling

God what to do. The record is quieter and bet‐

ter.  The  dice  are  real:  Einstein  had  written

them to Max Born a year earlier, in a letter, in

his  own  hand  —  the  theory  says  a  lot,  he

wrote, but does not really bring us any closer

to the secret of the Old One; I, at any rate, am

convinced that He does not play dice. The retort is
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memory’s  embroidery,  stitched  on  decades

later. What the week in Brussels actually estab‐

lished needed no embroidery: the new mech‐

anics could not be caught in a contradiction,

not  by  the  most  inventive  adversary  alive

working at the height of his powers, with its

architects across the table.

Einstein was not  persuaded,  only repelled

at every gate. He would come back to Brussels

in 1930 with his most dangerous machine, and

after that he would change the question itself

— from whether the theory was consistent to

whether  it  was  complete.  That  road  has  a

chapter of its own.

The  photograph  holds  them  all  still,  one

week into a hundred-year argument: the old

century seated, the new one standing, every‐

one in their best clothes, nobody in agreement

about what a measurement is.

Nobody in  the  picture  knows  the  answer.

That is what the picture is of.
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T

C H A P T E R  F O U R

The Refusal

he  experiment  that  opened  this

road was run at night, in Frankfurt,

in the winter of 1922, by a man de‐

veloping  photographs  of  something  no  one

had  ever  photographed:  the  private

orientation of atoms.

Otto Stern had conceived it;  Walther Ger‐

lach, the experimentalist of the pair,  ran the

vacuum bench.  The idea was  to  send a  thin

beam of silver atoms, boiled out of an oven at

a  thousand  degrees  and  flying  single  file

through a slit, between the shaped poles of a

magnet, and see whether the atoms’ tiny mag‐

netic axes pointed every which way, as every

classical instinct said they must, or were some‐

how constrained. Money was short; Max Born,

down the hall, raised some of the funding by

selling tickets to public lectures. The beam it‐
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self  was  a  whisper  of  metal.  A  run of  many

hours  deposited a  streak of  silver  on a  glass

plate thinner than a hair’s breadth, at the edge

of the visible.

On the night of the 7th of February, 1922,

the  apparatus  finally  held  vacuum  long

enough,  and the plate  came out  carrying its

verdict.  Stern  loved  to  tell  what  happened

when he and Gerlach bent over such a plate: at

first  nothing  at  all  to  see;  then,  before  their

eyes,  the  traces  darkening  into  view,  de‐

veloped, so Stern claimed, by the sulfur in his

own cheap cigars, a junior professor’s tobacco

turning  invisible  silver  into  jet-black  silver

sulfide. Two physicists lovingly reenacted the

chemistry eighty years later. Breath and ambi‐

ent smoke alone, they found, would not plaus‐

ibly  have  done  it,  though smoke  blown dir‐

ectly across  a  plate genuinely helps,  and the

team also developed plates deliberately in the

ordinary way. The cigar story is best read as a

great  experimentalist’s  favorite  memory,  im‐

proved by affection. The plate itself needs no

improving.
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The silver had landed in two clean stripes.

Not  a  smear,  which  is  what  a  compass

needle free to point anywhere must paint. Not

one stripe, which is what unmagnetized atoms

would paint.  Two,  separated,  with emptiness

between:  every  atom  in  the  beam  had

answered the magnet’s  question with one of

exactly  two  answers,  up  or  down,  nothing

between offered and nothing between taken.

Gerlach had a postcard printed from the pho‐

tograph and mailed it to Bohr with a message

of triumph: here was the experimental proof

of  directional  quantization,  and  congratula‐

tions on the confirmation of your theory.

The two stripes were real, permanent, and

correctly measured, and everyone in the story

misread them. Bohr’s orbit theory, the one be‐

ing  congratulated,  was  wrong,  and would be

demolished  within  four  years.  The  classical

prediction was wrong. What the plate had ac‐

tually  caught  was  a  property  of  the  electron

that would not even be proposed for another

three years: a third endowment besides mass

and charge, an intrinsic two-valued twist that
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physicists, reaching for a picture, named spin.

The picture fails  at  once.  A ball  of  the elec‐

tron’s size spinning fast enough to explain the

magnetism  would  have  its  surface  moving

faster than light, so the name survives only as

a fossil kept for convenience. Spin is not spin‐

ning. It is a built-in compass that permits ex‐

actly two readings, and the Frankfurt plate is

the  first  photograph  of  its  refusal  to  com‐

promise.  The  experiment  was  perfect;  the

congratulations went to the wrong theory; the

discovery sat  on the postcard,  unrecognized,

for years.

·  ·  ·

The man who found what  the  two-ness  was

for was the sharpest tongue in physics.

Wolfgang  Pauli  reviewed  the  literature  of

his era the way a blade reviews a whetstone.

Colleagues collected his verdicts; the surviving

classic, handed down by his friend Rudolf Pei‐

erls, concerns a paper Pauli judged beyond re‐

demption. It was, he said, not even wrong. In

1925, twenty-four years old, working through
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the  puzzle  of  why  atoms’  electrons  arrange

themselves  as  they  do,  Pauli  announced  the

rule that now bears his name, and it is a rule of

pure  refusal:  no  two electrons  may ever  oc‐

cupy the  same quantum state.  One  electron

per  note,  with  spin’s  two  readings  doubling

every note into a pair of seats. No exceptions,

no visible enforcement, no force pushing in‐

truders away. Simply: the configuration does

not occur.

The reason took the rest of the decade to

surface.  It  begins  with  a  fact  this  book  has

already  banked:  electrons  are  perfectly

identical.  Not similar,  the way two ball  bear‐

ings from one factory are similar; every man‐

ufactured pair differs somewhere, a scratch, a

weight, a history. Electrons have no scratches.

The  universe  keeps  no  serial  numbers  for

them, and if any two are swapped, anywhere,

no fact anywhere in nature records that a swap

occurred.

The arrow bookkeeping of the last chapter

turns that fact into a law. If swapping two elec‐

trons  changes  nothing  observable,  the  swap
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cannot change the length of the state’s arrow.

The only freedom left  is  direction,  and per‐

forming  the  swap  twice  must  restore

everything exactly, so mathematics allows just

two options: under a swap, the arrow stays put,

or  it  flips  clean  around,  one  hundred  and

eighty degrees. Nature, it turns out, uses both

options  and sorts  every particle  in  existence

into the two camps. Particles of light belong to

the stay-put camp; crowd them into one state

and  they  reinforce,  which  is  why  lasers  are

possible. The particles of matter — electrons,

protons, neutrons — all belong to the flipping

camp.

For the flipping camp, watch what happens

to the forbidden configuration. Two identical

electrons in the very same state:  swap them,

and the state must both stay itself, since noth‐

ing observable changed, and flip its arrow, by

the camp’s law. An arrow equal to its own re‐

versal has only one possible length. Zero. The

configuration’s arrow cancels itself, and a pos‐

sibility  with  a  zero arrow simply never  hap‐

pens.  Nothing  repels  the  intruder;  nothing
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needs to. The exclusion principle is not a wall.

It is a missing possibility, one entry the world’s

bookkeeping eats.

Why the two camps exist at all, and why a

particle’s camp tracks its spin, is bedrock with

no floor visible beneath it. The proof that ex‐

ists  lives  deep  in  relativity  and  field  theory,

and  Richard  Feynman,  the  great  explainer,

told his students the truth about it: we apolo‐

gize, he said, that we cannot give you an ele‐

mentary explanation; it probably means we do

not have a complete understanding of the fun‐

damental principle involved. This book can do

no  better  than  that  honest  apology.  Some

floors are the bottom floor, for now.

·  ·  ·

What the refusal builds is everything.

An  atom  assembles  like  a  hotel  that  fills

from the  ground up.  Each  ringing  mode  of

the electron-wave is  a  room; each room, by

spin’s two readings, holds two guests; and ex‐

clusion is the law that no room takes a third.

So electrons stack. The first two fill the ground
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storey;  the  next  must  take the storey above;

eight  seats  fill  there,  and  the  following  ele‐

ment’s  extra  electron is  forced higher  again.

The periodic table, its rows and columns and

rhythms that every chemistry student memor‐

izes, is the hotel register. An element’s whole

personality is the arrangement of its topmost

guests. Helium and neon, their storeys exactly

full, need nothing and offer nothing: the aloof

gases.  Carbon,  four  seats  open  on  its  top

storey,  will  join  hands  in  four  directions  at

once,  and  from  that  sociability  come  the

chains, rings, proteins, and genes of the living

world.  Remove  the  refusal  and  the  register

collapses. Every electron slides to the ground

storey,  every  element  becomes  a  squashed

cousin of  hydrogen,  and chemistry,  all  of  it,

every  reaction  and  every  molecule,  flattens

into one gray sameness. The world has variety

because electrons will not share.

The world has firmness for the same reas‐

on. Press your hand on the table and the table

presses back, and generations were taught to

credit the electric repulsion of charge against
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charge. The truth is stranger, and it was only

proved in 1967, when Freeman Dyson and An‐

drew  Lenard  settled  a  question  physics  had

never rigorously thought to ask:  what makes

matter  occupy  volume  and  hold  it.  Electric

forces  alone,  they  showed,  cannot  do  it.  A

world of charges without the exclusion prin‐

ciple  implodes,  collapsing  to  catastrophic

density,  and  Dyson  computed  the  con‐

sequence  with  his  customary  calm:  without

the refusal, bringing any two macroscopic ob‐

jects  together  would  release  energy  compar‐

able to an atomic bomb. What holds the table

up beneath your palm is the impossibility of

its electrons accepting your electrons’ states —

the zero-length arrow, felt through skin. Elec‐

tricity is the messenger. The refusal is the law.

You are touching a theorem.

·  ·  ·

The refusal  holds at  every scale.  It  holds up

the corpses of stars.
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When a star the sun’s size exhausts its fire,

its core collapses until it is stopped, and since

1926  physics  has  known  by  what.  Squeeze

electrons and, by the trembling law of the last

chapter, confinement itself makes them move;

crowd their  states  and exclusion forces  each

newcomer  into  ever  higher  storeys  of  the

hotel, at ever more furious speeds. The crush

becomes  its  own  resistance.  The  result  is  a

white dwarf: a stellar remnant compressed un‐

til  a  teaspoon of it  weighs some five tonnes,

held against gravity by nothing but the refusal

of electrons to share rooms. A dead sun, plan‐

et-sized, resting its entire weight on the Pauli

principle.

In  the  summer  of  1930,  on  the  steamer

from Bombay to England, a nineteen-year-old

worked out that the resting has a limit.  Sub‐

rahmanyan  Chandrasekhar,  sailing  to  Cam‐

bridge to begin graduate study, spent the voy‐

age  combining  the  new  quantum  statistics

with  special  relativity,  and  found  that  in  a

heavy  enough  dwarf  the  crowded  electrons

approach the speed of light, where their resist‐
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ance  softens;  above  a  critical  mass,  nothing

holds. His first published figure was 0.91 suns;

refined over the following years, it settled near

1.4. Below that mass, a dead star rests forever.

Above it  there is  no rest:  collapse continues,

into states then unimaginable — the city-sized

neutron stars,  where  a  sugar  cube of  matter

weighs hundreds of millions of tonnes and the

refusal  makes  its  final  stand,  and  past  even

that,  the total  surrender we now call  a  black

hole.  A  teenager’s  shipboard arithmetic  held

the  death  warrant  of  stars,  with  black  holes

folded inside it.

On the 11th of January, 1935, at the Royal

Astronomical  Society  in  London,

Chandrasekhar,  now  twenty-four,  presented

the completed theory. Arthur Eddington, the

most celebrated astrophysicist alive, his senior

colleague  at  Trinity,  who  had  discussed  the

work  with  him  beforehand  and  let  nothing

slip,  rose  immediately  after  and  ridiculed  it

before  the  assembly.  The  meeting’s  printed

report  preserves  the  sentence:  I  think  there

should be a law of Nature to prevent a star from
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behaving in this absurd way. There was no such

law.  There  was  only  Eddington’s  authority,

and it was enough. The great men in the room

said  nothing  publicly;  physicists  of  the  first

rank, Bohr and Pauli and Dirac among them,

privately  assured  Chandrasekhar  that  his

physics was sound. Chandrasekhar, wounded,

eventually left  England for Chicago,  and the

limit spent a generation in the shade.

The universe, indifferent to authority, went

on obeying him. The 1.4-sun ceiling is why a

certain  kind  of  supernova  always  detonates

from the same mass with the same brightness:

the standard candles by which, in the 1990s,

astronomers ranged the far galaxies and found

the  expansion  of  the  universe  accelerating.

Chandrasekhar  received  the  Nobel  Prize  in

1983, fifty-three years after the voyage. NASA’s

great X-ray observatory circles the Earth bear‐

ing his name. And every measurement of dark

energy,  the  deepest  cosmic  puzzle  of  the

present  day,  routes  through  the  number  a
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teenager computed at sea, in the gap between

one degree and the next, from the refusal of

electrons to share a room.
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F

C H A P T E R  F I V E

The Gate in the Wall

or  the  last  forty  years  of  the  nine‐

teenth  century,  physics  and geology

fought a war over the age of the sun,

and the physicists  had the better  arithmetic,

and the physicists were wrong.

The sun pours out energy at a rate that can

be measured with a bucket of water and a ther‐

mometer, and the physics of the day knew ex‐

actly one source that could sustain it: gravity,

the slow crush of  the sun’s  own weight con‐

verting fall into heat. Kelvin ran the numbers

with  his  usual  rigor  and  announced  the

budget. Some tens of millions of years of sun‐

shine had been spent, and not many more re‐

mained;  the  sun  was  a  bonfire,  magnificent

and  mortal,  already  burning  down.  Against

him stood the  rock-readers  and the  natural‐

ists,  Darwin  among  them,  whose  sediments
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and species  demanded hundreds of  millions

of years at the very least, and who could pro‐

duce no mechanism at all, only strata and pa‐

tience. The dispute was genuinely bitter, and it

was asymmetric: the physicists had equations,

the  geologists  had  mud.  Kelvin’s  calculation

was checked and rechecked and it was airtight.

But an airtight calculation built on an incom‐

plete inventory of nature is simply wrong with

confidence, and the inventory was incomplete.

The sun was carrying a fuel no one on Earth

had ever burned, and the whole authority of

physics spent four decades insisting, precisely

and quantitatively, that the Earth’s own rocks

were lying about their age.

By 1920 the missing fuel  had a  candidate

name. Atoms were now known to hold enorm‐

ous energies. Careful weighing had shown that

four  hydrogen  nuclei  outweigh  one  helium

nucleus  by a  fraction of  a  percent,  and Ein‐

stein’s most famous equation priced that miss‐

ing  fraction  in  energy:  convert  hydrogen  to

helium and the books of sunshine balance for

billions of years.  Arthur Eddington,  the era’s
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great  astrophysicist,  laid  the proposal  before

the British Association that summer, and met

the  standard  objection.  The  sun  is  not  hot

enough.  Nuclei  are  charged;  charge  repels;

stellar interiors, hot as they are, fall absurdly

short of the violence needed to press two nuc‐

lei together. Eddington’s reply became one of

the great retorts in the history of science: the

helium we handle must have been put togeth‐

er  at  some time and some place,  and if  the

critics insisted the stars were insufficiently hot,

we tell him to go and find a hotter place.

It was magnificent, and it was bravado, be‐

cause the critics had the arithmetic. Two pro‐

tons both carry positive charge, and the wall

of  repulsion between them stands roughly a

thousand times  higher  than the  thermal  en‐

ergy of a proton in the sun’s core. A thousand‐

fold shortfall is not a near miss. Heat doles out

rare  high-energy  stragglers,  so  one  can  ask

how many protons in the whole sun are mov‐

ing  fast  enough  to  crest  the  wall.  The  sun

holds more than a billion trillion trillion tril‐

lion trillion protons. The expected number of
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wall-cresters, worked through without mercy,

is  zero  — not  a  handful,  not  one,  but  zero,

with  hundreds  of  orders  of  magnitude  to

spare. On classical physics the sun is not mar‐

ginal.  It  is  stone dead,  and so is  every other

star in the sky: a universe strung from end to

end with fires that cannot light, burning any‐

way.

The  gate  was  found  in  1928,  and  it  was

found in a different wall entirely.

·  ·  ·

George Gamow, a twenty-four-year-old Soviet

physicist spending the summer in Göttingen,

was  puzzling  over  the  opposite  prison.  Not

how nuclei get in; how they get out. Radioact‐

ive atoms like uranium eject  alpha particles,

and the measured energies made no classical

sense,  because  the  alpha  particle  leaves  its

nucleus with less energy than the nuclear wall

should demand for the exit.  Worse,  the wall

could  be  probed  from  outside:  fire  alpha

particles of that same energy back at the nuc‐

leus  and they  bounce  off,  turned away by  a

A Story of the Quantum

82



barrier they plainly cannot cross. The particle

escapes,  from the inside,  over  ramparts  that

repel it from the outside. It leaves a fortress it

has no power to scale.

Gamow  applied  the  two-year-old  wave

mechanics,  and  the  answer  fell  out  of  the

mathematics of waves at a barrier. A wave does

not consult the rules about what it can afford.

Meeting  a  wall  too  high  for  its  energy,  the

wave is not turned back at the surface like a

thrown ball.  It  enters.  Inside the wall  it  dies

away,  steeply,  exponentially,  its  arrows  no

longer turning but shrinking with every step

of depth;  and dying away is  not zero.  If  the

wall  is  thin  enough,  a  faint  remnant  of  the

wave survives to the far side, and a wave on

the far side means what the wave has meant

since Born’s footnote: a chance of being found

there.  No  breach,  no  borrowed  energy,  no

drama at the moment of crossing. The possib‐

ility  simply  extends  through  the  barrier,

thinned but  alive,  and once in a  great  while

the dice land in the thinned part.
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Physics named it tunneling, one more fossil

name, since nothing is dug. A better picture is

a leak. The walls of this universe are not abso‐

lute; they are exponentially expensive. And an

exponential  has  the  strangest  of  tempers,

which is the key to everything in this chapter:

because the leak shrinks so violently with the

wall’s  height  and  width,  small  differences  at

the  wall  produce  unrecognizable  differences

in outcome. Consider two humble radioactive

substances. An isotope of polonium ejects its

alpha particle with roughly twice the energy

that thorium ejects its own — a factor of two,

nothing more.  Polonium’s half-life is  a  third

of a microsecond.  Thorium’s is  fourteen bil‐

lion years, longer than the universe has yet ex‐

isted. A factor of two at the wall stretches into

a factor of ten followed by twenty-three more

zeros in patience. Inside each nucleus the al‐

pha particle hammers its barrier some ten-to-

the-twenty-first times every second, a billion

trillion knocks a second, for a third of a micro‐

second or for the age of the universe, until the

one knock that finds the leak. Gamow’s little
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calculation explained, at a stroke, why the ra‐

dioactive elements span every timescale from

the  instantaneous  to  the  effectively  eternal:

the same wall, leased at different heights.

Within a year, two physicists, Robert Atkin‐

son  and  Fritz  Houtermans,  turned  the  leak

around and aimed it  at  the  sky.  Escape and

entry are one wall crossed in opposite direc‐

tions. If an alpha particle can leak out of a nuc‐

leus it cannot climb out of, then two protons

can leak in to a meeting they cannot afford. At

the sun’s core temperature, the protons’ waves

overlap the barrier’s  far side just barely,  and

just  barely  is  not  zero,  and  the  sun  is  very

large.  Hans  Bethe,  in  1939,  assembled  the

complete chains of reaction, hydrogen to heli‐

um  with  every  intermediate  step  accounted

for,  and the ledger of  starlight  finally  closed

after  eighty years  of  dispute.  Eddington had

been  right,  and  the  hotter  place  was  never

needed.

The  sun  does  not  climb  its  wall.  It  leaks

through.
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·  ·  ·

The fire’s reluctance goes down in layers.

The first step of the sun’s main chain asks

two protons to tunnel into contact. That alone

is fantastically improbable. But contact is not

enough.  Two  protons  alone  cannot  hold  to‐

gether; in the fleeting instant of proximity, be‐

fore  the  pair  flies  apart,  one  of  them  must

transform into its neutral sibling, the neutron,

and that  transformation is  among the rarest

events in physics. The double demand, a leak

multiplied by a lightning strike, makes the re‐

action  slow  almost  beyond  conception.  The

average proton in the sun’s core waits around

nine  billion  years  for  its  moment  —  longer

than the sun has  so far  existed.  Most  of  the

protons  overhead  this  morning  have  never

once  succeeded  and never  will;  the  sun  will

die  with  the  majority  of  its  fuel  unburned,

forever waiting.

The reaction is so improbable, in fact, that

it  has  never  once been produced and meas‐

ured in a laboratory. Physicists have measured
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fusion  of  many  kinds;  this  one,  the  specific

step that lights every star in the universe, lies

so  far  below  any  achievable  laboratory  rate

that our species knows it entirely through the‐

ory  —  computed,  cross-checked,  confirmed

through its consequences, never yet witnessed

at  a  bench.  The  most  important  reaction  in

the cosmos has never been seen.

And  add  up  what  all  that  reluctance

amounts  to,  watt  for  watt,  and the grandeur

collapses into comedy. Divide the sun’s output

by the volume of its blazing core and the core

produces  less  power per  cubic  metre  than a

garden compost heap. Your own resting body

out-generates solar core material, volume for

volume, several times over. The sun is not a

furnace in any honest sense. It is an unimagin‐

able  quantity  of  barely-burning:  a  haystack

smoldering  one  straw  at  a  time,  a  million

Earths of material almost entirely failing to re‐

act, its blinding surface the sum of countless

near-zeros. It lights and warms a world from a

hundred and fifty million kilometres away for

one reason only. There is so much of it.
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Suppose the wall were lower. Suppose pro‐

tons  could fuse  honestly,  classically,  on con‐

tact. Then stars could not exist as stars: a cloud

of hydrogen reaching ignition would burn its

fuel  in  a  geological  instant,  a  flash  and  a

remnant. It is the  narrowness of the leak that

rations the fire. The improbability at the wall

is  the governor on the engine:  it  stretches  a

star’s  fuel  across  ten  billion  years,  holds  its

output steady for eons at a time, and so keeps

a planet’s oceans liquid, not for the thousand

years  a  bonfire sun would grant,  but  for the

billions of years that rock-readers and natural‐

ists once demanded and could not fund. Evol‐

ution’s  currency is  patient  time,  and the pa‐

tience was purchased at the wall. Kelvin’s error

has a moral after all: he was right that no or‐

dinary fire could last, and the sun is no ordin‐

ary fire. It is a slow catastrophe of individually

impossible events, and everything alive is a be‐

neficiary of how nearly it does not happen.

The  receipts  arrive  continuously.  Every

second, the sun’s core completes about ten-to-

the-thirty-eighth  forbidden  crossings,  and
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every crossing issues its certificate: a neutrino,

the ghost particle born in that rare transform‐

ation,  which  streams  out  of  the  core  unim‐

peded  and  across  space  in  eight  minutes.

Some sixty-five billion of them pass through

every square centimetre of you every second,

day  and  night  alike,  the  planet  itself  no

obstacle. Hold up your thumb. Sixty-five bil‐

lion certificates of the impossible crossed the

nail while you read this sentence, each one a

notarized record that somewhere in the core,

one more pair of protons did what cannot be

done.

The warmth on your face in the morning

can now be read at  full  depth.  Sunlight  is  a

leak. Daylight is what the impossible looks like

from a hundred and fifty million kilometres,

performed  ten-to-the-thirty-eighth  times  a

second, rationed by its own improbability into

a  steadiness  that  has  outlasted  the  oceans’

every ice  age and will  outlast  the readers  of

every book.

·  ·  ·
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The leak is not confined to the sky. The twen‐

tieth century ended with it in everyone’s pock‐

et.

Every  photograph  on  your  phone,  every

message, every saved file, is held as a pattern

of electrons parked in isolated storage layers, a

floating gate or a charge trap, behind walls, de‐

liberately built, that the electrons cannot clas‐

sically cross. Writing the memory is tunneling.

The  machine  raises  a  voltage  until  the  elec‐

trons’ waves leak through the insulating barri‐

er onto the storage layer, where they remain,

trapped behind a wall they crossed but cannot

recross, sometimes for decades. A saved photo

is  a  tunneling  event,  held.  Deleting  it  is  the

same leak run backward. The identical math‐

ematics  that  lights  the  sun files  your  corres‐

pondence.

The  leak  also  gave  humanity  its  clearest

sight  of  atoms themselves.  In  1981,  at  IBM’s

laboratory in Zurich, Gerd Binnig and Hein‐

rich Rohrer built a microscope with no lens: a

metal  needle  sharpened  to  a  single  atom’s

point, hovering a few atoms’ breadth above a
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surface,  touching nothing.  Across  the gap of

vacuum  flows  a  tunneling  current,  electrons

leaking through the forbidden space, and the

leak is so exquisitely sensitive that the current

changes  tenfold  for  every  atom’s-width  of

height.  Drag  the  needle  across  the  surface,

hold the current constant, record the needle’s

rise and fall, and the machine draws the land‐

scape beneath: atom after atom, rank on rank,

portraits  of  matter’s  grain sharper  than any‐

thing made before. Nine years later, engineers

used such a needle to nudge thirty-five indi‐

vidual  xenon  atoms  into  place  on  a  chilled

nickel  surface,  spelling out  three letters.  Hu‐

manity’s first writing at the scale of atoms, and

the pen was a controlled leak.

There is even a sentry in the hallway. The

commonest  smoke  detector  holds  a  fleck  of

americium whose alpha particles, each escape

a  Gamow  leak,  each  one  a  wall  defeated,

quietly ionize the air and sustain a whisper of

current; smoke interrupts the whisper and the

alarm cries out. The gate in the wall lights the

stars, keeps the family photographs, drew the
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first picture of an atom, and stands guard over

sleeping households, all by the same clause of

the same law.

Dying away is not zero.
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E

C H A P T E R  S I X

The Cat and the Gloves

instein came back to Brussels in Oc‐

tober  1930  carrying  his  best  ma‐

chine.

It  existed  only  on  paper,  like  all  his  ma‐

chines,  and it  was aimed at  the heart  of  the

new mechanics. A box full of light, fitted with a

clock-driven  shutter.  The  clock  opens  the

shutter  for  one instant;  one photon escapes.

Now weigh the box before and after.  By his

own  most  famous  equation,  the  lost  energy

shows up as  lost  weight,  so the photon’s  en‐

ergy is known exactly, and the clock in the box

recorded  its  departure  time  exactly:  energy

and timing, both sharp, in one apparatus, pre‐

cisely  the  pairing  the  uncertainty  principle

forbids. The trap was built entirely from estab‐

lished physics, and Bohr, that evening, could

not spring it.
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An eyewitness, by his own account present

in Brussels that week, left the scene to poster‐

ity. Bohr went from one physicist to another,

deeply unhappy, insisting it could not be true,

that  if  Einstein were right  it  was  the end of

physics,  and finding no answer;  and the two

antagonists left the club together, Einstein tall

and  majestic,  walking  quietly  with  a  faintly

ironical smile,  Bohr trotting beside him in a

state of high agitation. The image has warmed

foundations seminars for ninety years.

By  morning  Bohr  had  the  answer,  and  it

was the cruelest  possible answer,  because he

took  it  from  Einstein’s  own  masterpiece.

Weighing  the  box  means  letting  it  move  in

Earth’s gravity: a spring balance, a pointer that

shifts. And general relativity, Einstein’s general

relativity,  decrees that a clock’s rate depends

on its height in a gravitational field. The very

act of weighing the box to read the photon’s

energy jostles the box’s height, and with it the

clock’s tempo, by exactly enough to blur the

departure time by the margin the uncertainty

principle demands. Run the numbers and the
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trap closes on empty air. That, at least, is the

tale as Bohr set it down two decades later, the

duel’s surviving fencer scoring his own bout,

and  historians  still  argue  over  what  the  box

had  truly  been  aimed  at.  What  no  one  dis‐

putes is the outcome. After 1930, Einstein nev‐

er again attacked the theory’s consistency.

He  changed  the  charge.  Consistent,

perhaps. But complete? A theory can pass every

test and still be a surface: statistics skating over

a deeper layer it cannot see. Thermodynamics

had  been  exactly  that,  true  and  magnificent

and blind to  the  atoms underneath.  For  the

rest of his life Einstein pressed this one ques‐

tion,  and  in  1935,  from  Princeton,  with  two

younger colleagues, Boris Podolsky and Nath‐

an Rosen, he pressed it in the paper the world

now calls EPR.

The public learned of it before physics did.

On the 4th of May, 1935, the  New York Times

ran the story on page eleven, under the head‐

line  EINSTEIN ATTACKS QUANTUM THE‐

ORY,  sourced  from  Podolsky.  Einstein  was

furious; his printed statement three days later,
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deprecating advance publication in the secular

press,  has  the  temperature  of  liquid  air.  He

was  hardly  warmer  about  the  paper  itself,

which  Podolsky  had  drafted.  The  essential

point,  he  wrote  privately  that  June,  was

smothered by the erudition.

Strip the erudition, and the essential point

is a pair of gloves.

·  ·  ·

The  new  mechanics  permitted  something

strange, stranger than anyone had paused over

in  the  first  rush.  Two  particles  that  interact

and separate do not, in the theory’s bookkeep‐

ing,  carry  away  two  separate  descriptions.

They carry one joint description, a single ar‐

row-ledger  for  the  pair,  no  matter  how  far

apart they fly. Measure one particle,  and the

joint bookkeeping instantly fixes what the oth‐

er,  a  metre or a  galaxy away,  will  say to the

matching  question.  The  theory  was  explicit

about  the  correlation  and  silent  about  the

mechanism.
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Einstein’s reading was calm, sane, and irres‐

istible.  Mail  one  glove  of  a  pair  to  a  friend

across  the  world;  keep  its  partner  boxed  at

home.  The  day  the  friend  opens  the  parcel

and  finds  a  left  glove,  they  know,  instantly,

faster than any signal could travel, that the box

at home holds the right. There is no spooki‐

ness,  because  there  is  no  influence.  The  an‐

swer was in the parcel all along. Whatever the

friend  learned  at  a  distance,  they  learned

about  arrangements  fixed at  the  moment  of

packing.

Obviously,  said  Einstein,  the  particles  are

gloves.  The  correlations  are  real,  so  the  an‐

swers  must  have been packed at  the  source,

each  particle  carrying  from  birth  its  own

private instruction card for every question it

might be asked. And since quantum mechan‐

ics contains no such cards, quantum mechan‐

ics is incomplete: a beautiful surface over an

undiscovered layer where the cards are writ‐

ten. Anything else, he wrote to Born, would be

spooky  action  at  a  distance,  spukhafte  Fern‐

wirkung, and physics does not do ghosts.
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This was no aging man’s folly. It was the en‐

tire common sense of the human species, and

of every science before this one. Correlations

have  causes.  Matching  answers  mean  prior

agreement. Nobody in the history of the world

had ever  met  a  correlation  that  worked any

other way.

Bohr’s reply, published within months un‐

der the identical title, argued that the question

itself  was  ill-posed;  it  was  dense  even  by

Bohr’s  standards,  and  he  later  admitted,  re‐

reading it, that he found it hard to follow him‐

self. The community, watching titans deadlock

over  a  question  with  no  measurable  con‐

sequence,  filed the whole  affair  under philo‐

sophy and went back to work.

One man that summer took Einstein’s side

and sharpened it into an image so vivid it es‐

caped physics entirely. Erwin Schrödinger, ex‐

changing  letters  with  Einstein  through  that

June and August,  agreed that  something was

rotten  in  the  orthodox  account.  Einstein

offered  a  keg  of  gunpowder  that  the  theory

would happily describe as both exploded and
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not; Schrödinger answered, in his letter of the

19th of August, with a refinement he was writ‐

ing up. A cat, sealed in a steel chamber with a

speck of radioactive matter, a Geiger counter,

a  hammer,  and a small  flask of  acid.  Within

the hour a single atom of the speck may de‐

cay, or none may; the theory holds both pos‐

sibilities in superposition; and the counter, the

hammer, the flask, and the cat are chained to

it,  so  the  formalism,  applied  with  a  straight

face, describes a cat both dead and alive until

the box is opened.

He published it that November, introducing

it  as  one of  the  quite  ridiculous  cases one can

construct. That phrasing is the key the century

lost.  The cat was never an advertisement for

quantum weirdness.  It  was  an indictment  of

the theory’s silence. Schrödinger’s charge ran:

your  formalism,  applied  without  a  stopping

rule, smears its indecision onto furniture and

animals,  and you have supplied no stopping

rule, no account of where, between the atom

and the cat,  the definiteness  of  the ordinary

world sets in. He built the absurdity to shame
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the theory into answering. The answer did not

come, and popular culture, with unerring in‐

stinct, adopted the absurdity as a mascot and

forgot it had been an accusation.

In the same burst  of  writing,  Schrödinger

gave the underlying strangeness its permanent

name.  For  two particles  sharing one indivis‐

ible  description  he  coined  the  word  Vers‐

chränkung, entanglement, and he weighed the

phenomenon precisely: not one of the charac‐

teristic traits of quantum mechanics, he wrote,

but  the characteristic  trait,  the  one  that  en‐

forces  the  theory’s  entire  departure  from

every earlier way of thinking.

The naming, the cat, the gloves, the paper.

1935 was  the deepest  year  of  thinking about

quantum mechanics since its invention, and it

was carried out entirely by the losing side.

·  ·  ·

Then, silence. Twenty-nine years of it.

The  war  came,  and  physicists  built  other

things.  Afterward  the  culture  of  the  field

settled into a working truce that a later physi‐
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cist,  David  Mermin,  would  satirize  in  three

words  that  stuck as  if  they had been official

doctrine: shut up and calculate. The mechan‐

ics worked; the meaning was postponed indef‐

initely. Pauli, asked about the deeper layer in

the 1950s, answered that one should no more

rack one’s  brain about  it  than about  the an‐

cient question of how many angels can sit on

the point of a needle. And when, in 1952, the

American physicist David Bohm did the sup‐

posedly impossible and constructed a working

hidden-card theory, every particle with a def‐

inite position always, guided by the wave, the

reception was not refutation but aversion, in

part because of the price on its face: Bohm’s

cards coordinated themselves instantaneously

across any distance. The one existence proof

on Einstein’s side of the ledger ran on the very

ghost Einstein had built it to banish.

There matters stood. The deepest question

ever asked about reality,  whether things pos‐

sess their properties before anyone asks, had

been  posed  with  perfect  clarity  by  the  cen‐

tury’s greatest scientist, dressed in gloves and a
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cat by two of its founders, and then set aside

by  an  entire  discipline  as  unanswerable  in

principle  and  vaguely  disreputable  to  raise.

Asking it aloud marked a physicist as unseri‐

ous.  Careers  were  quietly  steered  elsewhere.

The question did not die. It emigrated: out of

the journals, out of the conferences, into the

private Sunday thoughts of people who knew

better than to say so on Monday.

The  gloves  stayed  in  their  drawer  for

twenty-nine years, packed, everyone assumed,

at the source.

Nobody had checked.
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T

C H A P T E R  S E V E N

The Reckoning

he man who found the way to check

was  a  red-haired  theorist  from  a

working-class  street  in Belfast,  and

he did it, by his own description, on Sundays.

John  Stewart  Bell  had  come  up  the  hard

way — a technician’s job before university, sit‐

ting in on the first-year lectures while he ten‐

ded the laboratory, then a first in physics —

and by 1960 he was at CERN in Geneva, where

his  weekday  business  was  the  respectable

physics of particles and accelerator design. He

and his wife Mary were both accelerator theor‐

ists; their papers ran to beam optics and mag‐

net lattices. The other thing, the disreputable

thing,  he  kept  for  his  own  time.  I  am  a

quantum  engineer,  he  liked  to  say,  but  on

Sundays  I  have  principles.  He  had  read

Bohm’s  forbidden  hidden-card  theory  as  a
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young accelerator man and never accepted the

official  verdict  that  the  EPR  question  was

meaningless. It seemed to him the most inter‐

esting question in physics, and he noticed that

everyone  assuring  him  it  was  settled  gave  a

different account of how.

In 1963 he took a sabbatical year in Amer‐

ica, at Stanford, Wisconsin, and Brandeis, and

with an ocean between himself and his day job

he  finally  gave  the  heresy  his  full  attention.

What  he  found,  in  a  short  paper  drafted  at

Brandeis  and  finished  at  Madison,  was  the

thing nobody had imagined could exist: a way

to put the gloves on trial.

Einstein’s  picture,  particles  carrying  in‐

struction cards packed at  the source,  sounds

untestable by construction, since the cards are

defined as invisible. Bell saw that it does not

matter what is written on them. Any world run

on local instruction cards, whatever their con‐

tents, however they are distributed, must obey

a certain arithmetic ceiling in its correlations;

and quantum mechanics predicts correlations

above the  ceiling.  Not  a  difference  of  philo‐
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sophy.  A  difference  of  number,  sitting  in  a

measurable  quantity.  Thirty  years  of  meta‐

physics collapsed into an experimental ques‐

tion.

The paper’s afterlife is a parable of how in‐

stitutions  greet  the  answers  they  asked  for.

Bell  sent  it  to  a  brand-new  journal,  Physics

Physique Fizika,  chosen for the most Bell-like

of reasons: as a guest in America he did not

want his hosts billed for the page charges the

mainstream  journals  levied,  and  the  new

journal  charged none.  It  did the opposite;  it

paid its authors, ten cents a word. The catch

was that it  supplied no free reprints,  so Bell

spent his author’s fee buying copies of his own

paper to mail  to colleagues.  The journal  fol‐

ded within four years.  The paper it  had car‐

ried, now routinely ranked among the deepest

results in the history of physics,  gathered al‐

most no citations for half a decade. His com‐

panion  paper,  dismantling  the  celebrated

proof  by  the  mathematician  John  von  Neu‐

mann that hidden cards were impossible, had

been  written  first,  mislaid  in  an  editor’s
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drawer, and published two years after the the‐

orem it was meant to introduce. The field re‐

ceived Bell’s answer before his question, and

for years accepted neither.

·  ·  ·

What Bell  proved can be carried by anyone.

The cleanest rendering was built later by the

physicist  David  Mermin,  the  same  one  who

coined “shut up and calculate” as satire, and it

asks nothing but patience and counting. At the

bottom of it you will have personally verified

the  arithmetic  that  broke  the  oldest

assumption on Earth.

Picture  a  machine  in  three  parts.  In  the

middle, a source. On either side, far apart,  a

detector,  and  the  detectors  have  no  connec‐

tion to each other or to the source: no wires,

no signals,  nothing.  Each detector has a  dial

with three settings, plainly labeled 1, 2, 3, and

two lamps,  one red,  one green.  Each run of

the machine goes the same way.  The source

fires one particle at each detector; each operat‐

or sets their dial however they please, at ran‐
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dom; and when the particle arrives, one lamp

flashes. Red or green. That is all the machine

does.  (Under  the  hood,  for  the  record:  en‐

tangled  particles,  and  three  magnet  angles

spaced evenly around a circle. The argument

needs none of it.)

Run  the  machine  all  night  and  two  facts

emerge.

Fact one. Whenever the two dials happen to

match, both on 1,  both on 2,  both on 3,  the

lamps always agree. Both red, or both green.

Every single time, without exception, forever.

Common  sense  nods  along;  this  is  the

gloves again. If the detectors cannot commu‐

nicate,  and yet  always agree when asked the

same  question,  the  conclusion  writes  itself:

each particle  must  leave the source carrying

an instruction card, an answer prepared in ad‐

vance for each of the three possible questions,

something like  1: red, 2: red, 3: green,  and the

two  particles  of  a  pair  must  carry  identical

cards. Nothing else local can guarantee perfect
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agreement.  This is not a straw man. It  is  ex‐

actly Einstein’s argument, and standing here,

it is genuinely compelling.

So now do what Bell did. Take the card idea

seriously, and count. With three questions and

two  answers  there  are  only  eight  possible

cards.  Take a  mixed card,  say  red,  red,  green,

and  tally  its  performance  over  the  nine

equally  likely  dial  combinations.  Dials  one-

and-one,  two-and-two,  three-and-three:

agree,  as  they  must.  Dials  one-and-two,  and

two-and-one: both answer red, so they agree

as  well.  Every  combination  pairing  question

three against question one or two, and there

are four of those, disagrees: red against green.

Five  agreements  out  of  nine.  Try  any  other

mixed card and the bookkeeping lands on the

same  count,  five  of  nine.  The  two  unmixed

cards, all-red and all-green, agree nine times

out of nine. And that is every card there is.

The conclusion is total.  Whatever mixture

of cards the source deals out, night after night,

any  recipe,  any  proportions,  any  scheme,

when the dials  are  set  at  random the lamps

A Story of the Quantum

108



must agree at least five times in every nine. At

least fifty-five and a bit percent. Nothing went

into  that  but  arithmetic,  and  you  have  just

checked  every  case  yourself.  If  the  particles

carry  local  answers,  five-ninths  is  the  floor.

That is a Bell inequality, and you have derived

one.

Fact two. Run the machine with the dials set

at  random,  night  after  night,  and  keep  the

tally. The lamps agree exactly half the time —

and  quantum  mechanics,  asked  in  advance,

predicts precisely that number.

One-half is less than five-ninths. That nar‐

row gap, five and a half parts in a hundred, is

the whole war. Inside it, the reasonable world‐

view of the gloves — Einstein’s, and every sci‐

entist’s before him, and every human being’s

who ever inferred a cause from a correlation

—  becomes  arithmetically  distinguishable

from the world we live in. All that remained

was to build the machine.

·  ·  ·
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The man who built  it  was warned, correctly,

that it would cost him his career.

John Clauser found Bell’s paper in 1967, as a

graduate student at Columbia, and could not

put  it  down.  His  advisors’  response  has

entered folklore because Clauser himself has

told  it  so  often:  the  measurement  was  dis‐

missed as philosophy in costume, a waste of

everyone’s time, and when he raised the idea

with Richard Feynman at Caltech, by his own

account, Feynman threw him out of the office.

The field’s certainty ran so deep that testing its

foundations was taken as  evidence of  confu‐

sion.  Clauser  wrote  to  Bell  anyway,  in  1969,

and  received  a  delighted  reply  from  a  man

who had waited five years for anyone to care.

With three colleagues,  Horne,  Shimony,  and

Holt, he reshaped Bell’s ideal inequality into a

form real optics could test. Then, at Berkeley,

in the sub-basement of Birge Hall, he and doc‐

toral student Stuart Freedman built the trial of

local reality out of what they could scavenge:

surplus  optics,  hand-me-down  electronics,

and a tube in which calcium atoms, kicked by
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light, emitted pairs of entangled photons, one

green and one violet, flying oppositely to two

rotatable polarizers.

Clauser  expected  Einstein  to  win.  He  has

said  so  plainly  ever  since:  he  was  betting

against  quantum  mechanics,  and  he  put

money on it, two dollars against one, wagered

with the physicist Yakir Aharonov, that the ex‐

periment would break the theory and vindic‐

ate the cards. Two hundred hours of data said

otherwise.  The  correlations  broke  the  local-

realist ceiling by more than six standard devi‐

ations — odds of a fluke smaller than one in a

hundred million — and landed exactly where

quantum  mechanics  had  said  they  would.

Clauser paid the bet;  he mailed a two-dollar

bill. He would say, for the rest of his life, that

he was sad to see Einstein lose.

Physics  barely  looked  up.  The  result

changed  no  textbook  and  opened no  doors,

and Clauser, whose measurement now stands

among  the  century’s  most  consequential,

never obtained a professorship.
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One  loophole,  though,  was  real,  and  Bell

himself took it seriously. In Clauser’s apparat‐

us  the  polarizer  settings  sat  fixed  for  long

stretches, time enough in principle for some

unknown influence, crawling at light speed or

below, to carry news of each side’s setting to

the other and rig the agreement without any

ghost.  Closing it  required something harder:

dials  switched  while  the  photons  were  in  flight,

too fast for light itself to carry the news across

the room.

The man who closed it went to Geneva first,

to ask Bell’s blessing. Alain Aspect was a young

French physicist with his doctorate still unfin‐

ished, and Bell’s first response to the proposal

was not about photons.  Do you have a perman‐

ent position, young man? Only when Aspect said

yes, a modest tenured post, did Bell talk phys‐

ics. Inside the question was the same warning

Clauser had ignored, this time from the field’s

own  founder:  this  work  will  be  read  as  the

waste of a career.

A Story of the Quantum

112



At Orsay,  south of  Paris,  in  the basement

laboratories of the Institute of Optics, Aspect’s

team  spent  years  building  a  source  of  en‐

tangled  photons  bright  enough  to  close  the

gap,  and  then  did  the  closing  with  sound.

Standing waves of ultrasound in small tanks of

water deflected each beam between two differ‐

ently-set  polarizers  roughly  every  ten  nano‐

seconds: a hundred million re-askings of the

question  per  second.  The  two switching  sta‐

tions stood thirteen metres apart, forty-three

nanoseconds  at  light  speed,  so  the  settings

changed several times during every crossing,

far too fast for any light-limited influence to

carry  one  side’s  question  to  the  other  side’s

particle.  The  switching  pattern  fell  short  of

true  randomness,  and  the  paper  said  so

plainly, leaving that final door for a later gen‐

eration. The essential thing was done. The di‐

als  were  changing  in  flight,  and  the  ceiling

broke again: five standard deviations, in agree‐

ment with quantum mechanics, with the ques‐

tions chosen too late for the universe to cheat.
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After  that,  the  verdict  was  re-proven  the

way civilization  re-proves  what  it  cannot  af‐

ford  to  doubt.  In  1998  an  Innsbruck  group

switched with true quantum randomness.  In

2015 came the summit. At Delft, in the Nether‐

lands, the experiment Bell had specified was at

last built whole. In two laboratories on oppos‐

ite sides of the university campus, one and a

quarter  kilometres  apart,  a  single  electron

waited in each of two diamonds — one flaw in

each crystal, holding one spin. Each diamond

was  entangled  with  a  photon;  the  photons

raced to a third station between the buildings;

and a joint click there certified, event by event,

that  the  two  distant  diamonds  now  formed

one  system  with  no  way  to  compare  notes.

Every loophole that had haunted the field for

fifty years was shut within this single experi‐

ment:  the  detectors  caught  essentially  every

event,  fast  random generators  chose the set‐

tings, and the distance closed the light-speed

excuse.  The  trials  accumulated  through  a

Dutch summer, two hundred and forty-five of

them across two hundred and twenty hours.
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The ceiling  broke.  Within  months,  teams in

Vienna  and  Colorado  confirmed  it  with

photons at overwhelming significance.

Then  the  species  itself  was  enlisted.  One

objection  remained,  unloved  but  logically

alive: perhaps the random-number machines

choosing  the  settings  shared hidden correla‐

tions with the particles,  a fix arranged in ad‐

vance. On the 30th of November, 2016, about

a hundred thousand people on five continents

spent the day playing a browser game that har‐

vested their keystrokes, generating ninety-sev‐

en million humanly unpredictable bits which

steered, live, the measurement settings of thir‐

teen Bell  experiments in twelve laboratories.

Across  the  thirteen  experiments,  the  ceiling

broke. A companion experiment chose its set‐

tings by the colors of light from two quasars,

light that left its sources seven point eight and

twelve  point  two billion years  ago;  any con‐

spiracy  coordinating  those  choices  with  the

laboratory photons would need to have been

arranged before the Earth existed. And in 2017

a  Chinese  satellite  named  for  the  ancient
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philosopher  Micius,  purpose-built  for  the

work, distributed entangled photons from or‐

bit to two mountain stations twelve hundred

and three kilometres apart, and broke the ceil‐

ing  across  the  open  sky,  under  strict  light-

speed  separation,  over  a  distance  no

laboratory will ever hold.

·  ·  ·

The corpse of local reality is often misidenti‐

fied.

Nothing travels between the particles. Sit at

one detector for a year and you see a fair coin:

red, green, green, red, patternless. Nothing the

far side does, no setting, no measurement, no

frantic  dial-spinning,  changes  anything  you

observe;  the  miracle  is  invisible  from either

side alone. It lives only in the comparison, and

the two record books can be brought together

no faster than light. No message rides the cor‐

relation. Relativity is not merely respected; it

is  enforced  to  the  decimal,  and  every  tele‐

graph ever proposed on entanglement’s back

fails, provably, forever.
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What died is quieter and more total: the as‐

sumption  that  things  carry  their  properties

with them, that the world is at bottom a filing

cabinet of answers written in advance, waiting

to be read.  For any such filing cabinet,  local

and  honestly  questioned,  five-ninths  is  the

floor. The world delivers one-half. The cards

do not exist.  The particles were not carrying

answers,  and  yet,  asked  matching  questions,

they answer alike, as if the pair were one sys‐

tem  indifferent  to  the  space  between  its

halves, right up until the asking.

One  escape  hatch  remains,  and  physics

keeps it on the books. Perhaps the universe is

a conspiracy: the gamers’ keystrokes, the quas‐

ars’  colors,  and the  particles’  dispositions  all

secretly choreographed from the beginning of

time to produce exactly  these deceptive res‐

ults.  It  cannot  be  disproved.  It  can  only  be

priced, and the Big Bell Test was, among other

things, an invoice. Believe it, and you believe

the cosmos has been arranging, since before

the  solar  system formed,  to  fool  specifically

the physicists of Delft.
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Einstein lost. It must be said flatly, because

the loss is the tribute. He lost the way only the

greatest scientists can lose:  by asking a ques‐

tion so exact that the universe could be made

to answer it. The answer founded a field. The

correlations  he  called spooky are  now infra‐

structure, the working substance of quantum

cryptography and quantum computation, dis‐

tributed  from  orbit  by  satellite.  Losing  that

well is rarer than winning.

On  the  4th  of  October,  2022,  the  Nobel

Prize in Physics went to Clauser, Aspect, and

Zeilinger, for the experimental establishment

of what the establishment had once filed un‐

der philosophy. Clauser was seventy-nine; his

data was fifty years old. Bell had died in 1990,

at sixty-two, of a sudden hemorrhage, while,

colleagues report, that year’s Nobel committee

was weighing his name. The prize cannot be

awarded posthumously.

The theorem needs  no award.  It  closed a

question first asked not by physics but by com‐

mon sense itself, and the closing line belongs

to its author, who wrote of these correlations
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that they cry out for explanation. They cried

out. The universe was asked, a hundred thou‐

sand strangers  spun the  dials,  and the  cards

were never there.
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T

C H A P T E R  E I G H T

The World on the Record

he cat is still in its box. Before this

book can go  on,  somebody has  to

answer Schrödinger.

His  1935  accusation,  remember,  was  not

that quantum mechanics is weird but that it is

silent: silent about where, on the road from an

atom  to  a  cat,  the  both-at-once  of  the  sub‐

strate  gives  way  to  the  one-at-a-time  of  the

world. The reader has been carrying the same

question since the electron built its stripes: if

matter is truly like that, why furniture is like

this — why no one has ever seen a chair blur

into its alternatives, or a cup take both places

on the desk.  The question was good enough

for Einstein and Schrödinger to stake their late

careers on, and physics then went thirty-five

years without seriously attempting an answer.

The cat was posed in 1935. The answer began

A Story of the Quantum

120



to  arrive  in  1970,  from  an  unfashionable

corner of Heidelberg,  in work so far outside

the  field’s  respectable  center  that  its  author,

Dieter Zeh, was warned it would end his uni‐

versity career, and it largely did; he pursued it

anyway, for decades, in an obscurity of minor

journals and hand-mailed newsletters that the

field  only  later  recognized  as  foundational.

The  question  Bell  rescued  from  philosophy

had a twin, and the twin waited even longer

for rescue.

The answer the field eventually built begins

by demoting a word this book has been using

carefully all along.

Measurement. The word conjures laborator‐

ies:  an instrument, a dial,  a physicist leaning

in. Strip all of that away. What a measurement

is,  at bottom, is any interaction that leaves a

record  —  any  process,  anywhere,  by  which

one part  of  the  universe  comes  to  carry  in‐

formation  about  another.  A  photographic

plate qualifies. So does a single photon of sun‐

light, bouncing off an object and flying away

with the news of where the object was. So does
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one molecule of air, recoiling differently off a

dust grain here than it would have off a dust

grain there. Eyes are not required. Minds are

not  required.  The physicist  reads the record

hours later or never; the record is the meas‐

urement, and the universe consists almost en‐

tirely  of  things  that  leave  records  on  each

other without pause.

The  whole  answer  lives  in  what  interfer‐

ence requires. The electron’s stripes exist only

while the two paths remain indistinguishable,

while nothing anywhere in the universe car‐

ries a mark saying which way this one went.

The  moment  a  which-way  record  exists,  in

anything, read or unread, the two paths can no

longer cancel, and the stripes are gone. Inter‐

ference is  not  destroyed by force or  clumsi‐

ness.  It  is  destroyed  by  information.  A

quantum  superposition  is  fragile  the  way  a

secret is fragile: it dies the instant it is told to

anyone at all.

Big things cannot keep secrets.
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The numbers make it a massacre. Consider

a grain of dust, ten micrometres across, placed

in a superposition of two positions a grain’s-

width apart — a modest ambition, laughably

below cat scale. In ordinary air, the molecules

colliding with it carry away complete which-

position  records  in  about  ten-to-the-minus-

thirty-first of a second. In the best laboratory

vacuum  ever  pumped,  the  sparse  surviving

molecules still manage it in ten-to-the-minus-

fourteenth.  Remove all  matter entirely,  hang

the grain in the void between the galaxies, and

the photons of  the Big Bang’s  afterglow, the

thin ancient light that fills all space, betray it

within about one second. There is nowhere in

the universe dark enough, empty enough, or

cold enough for a dust grain to hold both its

possibilities for long. A cat is trillions of such

grains on a warm afternoon, ablaze in its own

thermal glow, interrogated by every photon in

the room. Its secret dies in less time than light

takes  to  cross  an  atom’s  nucleus,  and  dies

again, and again, continuously, for as long as

the cat exists.
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Physics calls the process decoherence, and

it answers Schrödinger’s accusation to the let‐

ter.  There  is  no  special  size  at  which  the

quantum rules switch off, no borderline writ‐

ten into the laws, no clause about cats. There is

only  this:  the  same  wave  bookkeeping,  run‐

ning  uninterrupted  from  electrons  to  fur‐

niture,  plus the brute fact  that a large warm

object  is  being recorded by its  surroundings

trillions of times a second. The definiteness of

the everyday world is what the quantum world

looks like when it cannot stop confessing.

·  ·  ·

That  resolution,  absorbed  fully,  inverts  the

picture of reality most of us walk in with, be‐

cause  it  inverted  the  one  physics  walked  in

with.

The classical  world,  the solid,  single,  stay-

put world of chairs and moons, is not the de‐

fault  setting  of  the  universe  with  quantum

strangeness as a fragile exception cowering in

laboratories.  It  is  precisely  the  other  way

around. The substrate, left alone, holds its al‐
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ternatives. Left alone is the rarest condition in

the  cosmos.  And  the  ordinary  world  is  the

ceaseless, automatic product of the violation:

definiteness, manufactured. It is being manu‐

factured  now,  everywhere,  at  rates  beyond

notation, every sunbeam a recording session,

every air molecule a stenographer, the whole

universe  writing  down  the  whole  universe

without rest. Your world is single because it is

the most-witnessed thing there is.

The  surroundings  do  more  than  destroy;

they select.  Under relentless  recording,  most

quantum states are hopeless. They smear into

the environment instantly and leave no stable

trace. A special few can survive the interroga‐

tion: states aligned with what the environment

keeps  asking  about,  which  for  ordinary  sur‐

roundings means, above all, states of definite

position.  Those  survivors  can  be  recorded

over and over without being changed further,

so they persist, propagate, and pile up records,

while every alternative dies in the asking. The

technical term is deliberate: the environment

selects the states fit to survive its own scrutiny.
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The physicist who led the framework’s devel‐

opment,  Wojciech  Zurek,  named  its  fullest

form  quantum  Darwinism:  the  field’s  own

word, coined inside the peer-reviewed literat‐

ure, and chosen because the mechanism hon‐

estly earns it.  States compete under a merci‐

less environment; the stable are selected; and

the selected are precisely those that succeed in

copying  their  traces  redundantly  into  the

world around them.

Selection  of  the  durable.  Proliferation  by

copying. A reader of the first two books of this

series has met both engines before, one driv‐

ing four billion years of life, the other driving

five thousand years of records, and here they

both  are,  running  in  the  floor  of  physics,

choosing the very facts of the everyday world,

before anything was alive to run them. This

account of classical reality is the leading one

rather than the proven one: its signature pre‐

dictions have been confirmed so far in envir‐

onments  small  enough to build on a  bench,

strings  of  photons,  a  diamond’s  handful  of

atoms,  superconducting  circuits  within  the
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present decade. The framework fits everything

known, and its harder tests are still ahead. But

its central arithmetic has been carried out for

the  most  ordinary  environment  there  is.  An

object in ordinary sunlight broadcasts which-

position records at a rate almost beyond meta‐

phor:  within  a  microsecond  of  illumination,

an object’s location is written redundantly into

some  hundred  million  scattered  photons.

Every glance you have ever taken at anything

was a reading of copies,  light’s carbon paper

flying off every surface at all times. A sibling

book in this series taught that the warmth of

sunlight is a receipt. One floor down, the fuller

truth: the light is also the ledger. The sun does

not  merely  pay  the  Earth’s  energy  bills.  It

keeps  the  Earth’s  books,  recording  where

everything is,  a  hundred million times over,

every microsecond, and sight itself is an audit.

Einstein once asked a colleague, on a walk,

whether  he  really  believed  the  moon  exists

only  when  somebody  looks  at  it.  It  was  the

right question aimed at the wrong culprit. The

moon is there, definite, continuous, utterly re‐
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liable,  because it  cannot for one instant stop

being looked at. Sunlight looks at it. Starlight

looks  at  it.  Every  grain  of  dust  in  the  solar

wind looks at it. The moon is among the most

thoroughly recorded objects in this corner of

the galaxy, its position confessed redundantly

to  space  in  every  direction at  all  times,  and

that  unending  confession  is  its  definiteness.

Nobody’s gaze is needed. Nothing can be hid‐

den.  The moon is  there  when no one looks

because everything looks.

·  ·  ·

The theory of the confessing world has been

watched in the act. In Paris in 1996, Serge Har‐

oche’s group built a box of mirrors so perfect

that a few photons of microwave light could

live  inside  it  for  a  few ten-thousandths  of  a

second, long enough to be placed in a small

superposition of two states, a laboratory kitten

standing in for the cat,  and then watched in

real time as atoms sent through the box one

by one carried the secret away, the superposi‐

tion dying by measured degrees over micro‐
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seconds.  Decoherence,  the  fastest  process  in

nature, slowed to observable speed by heroic

isolation and clocked on the way down. The

reverse demonstration is just as telling. In the

molecule-interference  experiments,  where

large  molecules  paint  their  stripes  in  ultra-

high  vacuum,  gently  heating  the  molecules

makes  the  stripes  fade:  a  warm  molecule

glows, its glow carries which-path records into

the vacuum, and the interference dies in exact

proportion  to  the  telling.  Cool  it,  silence  it,

and the stripes return. The quantum-classical

border moves wherever the secrecy moves. It

is a condition, and it is for rent.

The strange bottom line, then. The reason

you have never seen the substrate is that see‐

ing is the enemy. The very process by which

the world reaches your eyes, light, bouncing,

recording, is the process that buries the both-

at-once.  The  classical  world  is  what  the

quantum world’s own self-surveillance builds,

continuously, and has built without interrup‐

tion since the first light scattered off the first

matter.
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One debt remains on the books. Everything

in this chapter is true, and Schrödinger’s deep‐

est question still stands. Decoherence explains

why the cat’s two alternatives can never again

interfere, and why the world’s furniture holds

no stripes,  and why every witness  agrees  on

what the record says. It does not explain why,

of the two decohered alternatives,  this one is

the one that happens. The lottery still draws,

and the drawing is  still  unexplained.  Physics

has an answer for why the world looks defin‐

ite.  Why the  world  is  one world,  and which

one, remains the last step on the staircase, a

door still open; this book will walk up to it, at

the end, and stop, honestly, on the threshold.

The cat, at least, may leave the box. It was

never half a ghost. It was a creature too fam‐

ous to keep a secret, in a universe that keeps

none.
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E

C H A P T E R  N I N E

The Universe the Quantum Built

verything found in those few rooms

had been running, unfound, for thir‐

teen point  eight  billion years.  With

the  toolkit  finally  in  hand,  the  deep  history

this series has twice told can be read one floor

down,  fast,  the  way  lightning  shows  a  land‐

scape.

The first book of this series opened with a

universe almost perfectly smooth, salted with

one part  in  a  hundred thousand of  uneven‐

ness, and gave that salt a name it could not yet

explain: a trembling at the floor of the world,

forbidden to be still. You now hold the law be‐

hind the name. Perfect stillness is a forbidden

sharpness;  every  field  that  fills  space  must

carry its zero-point shiver; and in the leading

account of the first instant — inflation, the stu‐

pendous stretching — that microscopic shiver
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was  hauled  out  to  astronomical  size  and

frozen into the newborn universe as  its  first

unevenness.  The  account  remains  a  leading

account,  its  final  proofs  still  awaited,  but  its

fingerprints  keep  matching,  prediction  after

prediction,  across  the  measured  sky.  If  it

holds, the answer to where the galaxies came

from  is:  the  uncertainty  principle,  enlarged.

Every cluster and every spiral arm, every wall

of galaxies strung across a billion light-years,

is the quantum trembling of the first sliver of a

second, printed at cosmic magnification. The

sibling  book  told  how  the  seeds  grew.  This

book adds only their species. The seeds were

quantum, and the largest  structures  in exist‐

ence are the smallest fact in physics, blown up.

Three hundred and eighty thousand years

along,  the  first  atoms closed,  and you know

now why the closing held. An atom is a chord,

not a clockwork. It has a lowest note and no

way to decay by degrees, so once the universe

cooled  past  the  threshold,  every  hydrogen

atom  in  creation  locked  into  the  identical

ground-floor  ringing  and  stayed  there,  un‐
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wearable,  unageable,  each  one  interchange‐

able  with  every other  from that  day to  this.

The  universe’s  alphabet  was  standardized  at

the  foundry.  Chemistry  became  possible

everywhere,  and  became  the  same  every‐

where, because the letters cannot drift.

Then gravity gathered the letters into fur‐

naces, and at each new furnace’s heart the old

impossibility recurred: cores a thousand times

too cold to burn, by the honest classical count.

Every star that has ever shone, shone because

the wall has a gate. The night sky, read at this

altitude, is a field of slow leaks — billions of re‐

luctant fires, each rationed by the narrowness

of  its  own impossibility  into the ten-billion-

year  patience  that  planets  require.  The  first

book called every structure in the universe a

whirlpool  standing in a  flow of  energy.  One

floor down: the flow itself passes through tun‐

nels,  every  watt  of  it,  on  its  way  from  the

hearts of stars to the cold of space.

And in those stars,  exclusion did its  quiet

work of manufacture,  electrons refusing and

stacking, refusing and stacking, building out‐
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ward the shells whose top-floor arrangements

are the entire personality of matter. Carbon’s

four open hands, oxygen’s hunger, iron’s con‐

tentment: the periodic table was drafted in the

furnaces and honored everywhere, and when

the  dying  stars  shipped  their  inventory  into

the dark, the shipment arrived pre-sorted for

chemistry. The sibling books told what chem‐

istry then did — the membranes, the copying

molecule,  the  long  climb.  Underneath  every

step  of  it,  three  quantum  guarantees  held

steady:  identical  parts,  discrete  states,  and  a

periodic table that cannot vary from one end

of the universe to the other. Life is a monu‐

ment to standardized components.

·  ·  ·

Then life, being life, reached down and began

to use the floor directly.

The most consequential chemical event on

Earth, day upon day for three billion years, is a

leaf  meeting  the  light.  Sunlight  arrives  as

grains,  and  a  leaf  is  a  machine  for  catching

them  one  at  a  time.  Each  captured  photon,
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one grain, indivisible, hands its energy to the

leaf’s antenna machinery, and the first step of

the  handoff,  the  initial  separation  of  charge

that  turns  light  into  chemistry,  succeeds

nearly every time a grain is caught: efficiency

at the quantum floor, molecule by molecule,

across every green surface of the planet. Ein‐

stein’s heresy of 1905, that light is grains arriv‐

ing whole or not at all, has been the operating

condition  of  the  biosphere  since  the  oceans

first turned green.

For a heady decade the story here seemed

set to become more spectacular still. In 2007,

experiments on a light-harvesting protein ap‐

peared to show wavelike quantum coherence

steering energy through the leaf’s machinery.

The headlines wrote themselves, and plants are

quantum  computers duly  appeared  in  print

around the world. Then the field did the un‐

glamorous  thing  that  distinguishes  science

from publicity. It checked, for a decade, with

sharper tools, and the verdict, now consensual,

is that the celebrated long-lived wiggles were

molecular vibrations, ordinary in origin, while
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the delicate electronic coherences die far too

fast to matter for the leaf’s traffic. The myth

received the correction it deserved, and what

remains is  what was always true and needed

no inflation:  photosynthesis  is  single-photon

physics,  grain-counting  at  planetary  scale,

quantum mechanics  feeding  the  world.  This

book relays the correction with a certain satis‐

faction,  since  its  whole  thesis  is  that  the

checked truth outshines the loose claim.

Elsewhere  in  the  living  world,  the  floor

shows through in places that survive checking.

Enzymes, the protein machines that run every

cell,  routinely move hydrogen not over their

reaction  barriers  but  through  them.  In  the

flagship  case,  an  enzyme  from  the  soybean

shifts  hydrogen  with  an  isotope  signature  a

dozen  times  past  the  classical  ceiling,  and

swapping in heavy hydrogen, whose doubled

mass throttles  tunneling,  collapses  the speed

roughly eightyfold: the leak’s own fingerprint,

unmistakable.  Your metabolism, this  minute,

is  running  in  some  measure  through  walls.

And  in  the  genome  itself,  a  question  first
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posed in 1963 is live again. The letters of DNA

are paired by hydrogen bonds; a proton can in

principle  tunnel  across  such  a  bond  and

briefly re-spell  a  letter;  and modern calcula‐

tion finds the tunneling route genuinely dom‐

inant for that misstep, at rates high enough to

matter, though no experiment has yet caught

it happening in a living, copying cell. The first

book of  this  series,  in  a  poet’s  compression,

blamed  the  copier’s  necessary  slips  on  the

trembling at  the floor of the world.  The full

ledger is finer-grained. Most slips are ordinary

warm  chemistry;  whether  the  floor  itself

reaches up into the code, seeding evolution’s

raw  material  through  the  wall,  is  open  re‐

search,  being  pursued  now.  If  it  proves  out,

the  sentence  gets  promoted  from  poetry  to

mechanism:  the  forbidden  stillness,  editing

the book of life directly.

The  strangest  live  case  flies.  Migratory

songbirds steer by the Earth’s magnetic field,

and the field is fantastically weak, millions of

times too feeble to flip any ordinary molecu‐

lar switch. The leading account of how a robin
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senses it is quantum outright. Light striking a

protein  in  the  bird’s  retina  creates  a  pair  of

electrons  whose  spins  dance  in  step,  an  en‐

tangled  radical  pair,  and  the  geomagnetic

field,  too  weak  to  do  chemistry,  is  exactly

strong enough to steer the dance,  tilting the

odds  between  the  pair’s  two  chemical  fates

and  writing  the  compass  heading  into  the

bird’s  visual  system.  The  protein,  extracted

from  robins,  shows  the  required  magnetic

sensitivity on the laboratory bench, and shows

it more strongly than the same protein taken

from chickens or pigeons,  which do not mi‐

grate. The final proof, the mechanism caught

working in a living bird’s eye, does not yet ex‐

ist.  It  is  entirely  possible  that  spring’s  first

songbird crosses your sky steering by an en‐

tangled pair of electrons. It is not yet certain.

Both halves of that sentence are true at once.

·  ·  ·

The  two  clocks  of  this  book  are  about  to

touch.
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For  thirteen  point  eight  billion  years  the

substrate ran the universe without witnesses. It

trembled the first structure into being, stand‐

ardized the atoms, lit the stars through their

impossible  walls,  stacked  the  periodic  table,

and  held  every  secret  briefly  and  confessed

everything  always  —  the  great  decoherence

grinding a definite world out of an indefinite

floor, era after era, with no one to know a floor

was  there.  Stars  made carbon;  carbon made

chemistry; chemistry, on at least one wet rock,

made the long climb the first book told: cells,

bodies, nervous systems, minds. The substrate

built,  out of itself,  by its own strange laws, a

thing that could wonder what the laws were.

And then, the speed. The wondering thing

needed three hundred thousand years to work

its way from fire to writing, and most of five

thousand  more  to  reach  a  glowing  coal  it

could  not  explain.  From  Planck’s  desperate

evening to the completed mechanics: twenty-

seven years. From a floor thirteen point eight
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billion years old to its blueprint,  in the time

between  one  human’s  schooldays  and  their

tenure.

The universe kept its deepest habit hidden

for its entire history, and lost the secret in a

single generation of one species on one plan‐

et, to boarding-house arithmetic, a bad cigar,

borrowed  beam  time,  and  a  Sunday  heresy.

That asymmetry, patience beyond expression

broken by a spasm of comprehension, is the

whole shape of this story, and it was not fin‐

ished. Understanding a floor is one thing.

The species started building on it.
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T

C H A P T E R  T E N

The Harvest

he second book of  this  series  told

the  day  itself:  two  days  before

Christmas, 1947, at Bell Laboratories

in  New  Jersey,  when  a  spoken  voice  passed

through a homemade contraption on a bench

and came out louder than it went in. The first

transistor.  That  book  followed  the  con‐

sequences  upward,  into  computers  and  net‐

works  and  the  machines  that  now  compose

sentences. This book owes the other half,  why

the  paperclip  triangle  worked,  because  the  an‐

swer is everything the reader has learned, cast

in metal.

A single atom is a chord; that has been true

since chapter two. Bind trillions of atoms into

a crystal and their notes do what the voices of

a choir do. They merge.  The sharp rungs of

the lone atom widen into broad  bands of  al‐
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lowed  ringing,  separated  by  gaps  where,  ex‐

actly as between the rungs,  there is  nothing:

no state, no seat, no way to be. Whether a solid

carries  electricity  is  a  question  of  seating.  A

metal  conducts  because  its  topmost  band  is

partly empty; electrons have adjacent seats to

slide into, and a nudge of voltage moves the

crowd.  An  insulator  refuses  because  its  top‐

most  occupied band is  exactly  full  — exclu‐

sion again, every seat taken — while the next

empty seat lies across a wide forbidden gap.

Glass  resists  electricity  because  its  electrons

have nowhere to sit.

A semiconductor is the interesting case, an

insulator whose forbidden gap is narrow, and

the discovery that built the modern world is

that its seating chart can be edited. Slip a trace

of chosen foreign atoms into ultrapure silicon

or  germanium,  one  atom  in  millions,  each

donating  one  spare  electron  or  one  spare

empty  seat,  and  the  crystal  becomes  a  con‐

ductor whose conduction you designed. Sand‐

wich  differently  doped  regions  together  and

you get  valves,  gates,  switches:  currents  that
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flow  or  halt  at  the  command  of  a  whisper-

small  voltage  on  a  third  terminal.  That  is  a

transistor. There is nothing else inside — only

the  band  gap,  which  is  to  say  the  quantum

seating chart of a crystal, exploited. The men

at Bell Labs could build it because, and only

because,  the  boys’  mechanics  of  1925  had

grown, by 1947, into a working theory of elec‐

trons in solids. The paperclip triangle was the

exclusion principle’s first paying job.

The job grew. By an accounting the Com‐

puter History Museum published in 2018, hu‐

man beings had by then manufactured some

thirteen  sextillion  transistors,  a  thirteen  fol‐

lowed by twenty-one zeros, making the tran‐

sistor,  by a  margin beyond rivalry,  the most

manufactured  artifact  in  the  history  of  the

species.  Counted  against  the  sky,  the  figure

lands where a sibling book taught this series to

stand: more transistors than there are stars in

tens of billions of galaxies like ours. A single

phone now carries more of them than there

are people on Earth, etched into a crystal of

star-forged  silicon  at  a  fineness  where  this
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book’s  earlier chapters reappear as engineer‐

ing memos. The insulating layers in modern

chips  run  so  few  atoms  thick  that  electrons

tunnel through them uninvited: the sun’s own

gate-in-the-wall,  downgraded  to  a  leakage

budget,  itemized  in  the  design  reviews  of

every chip shipped this year.

The rest of the harvest came in the same

pattern,  a  strangeness  from  the  first  half  of

this book, industrialized in the second.

Light amplification came from a paper Ein‐

stein wrote  in  1917.  Photons,  he  showed,  are

gregarious  in  a  way  matter  can  never  be  —

they  belong  to  the  stay-put  camp  from  the

chapter on exclusion, the family that prefers

sharing  a  state  —  and  an  excited  atom,

brushed by a passing photon, can be provoked

into emitting a second photon in perfect step

with  the  first:  same  color,  same  direction,

same phase. Stack the odds in a mirrored cav‐

ity and the stimulated grains multiply into an

avalanche  of  identical  light.  Theodore  Mai‐

man built the first working laser in May 1960

around a  ruby rod.  Within  a  generation the
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avalanche  was  reading  grocery  barcodes,  re‐

surfacing corneas, and carrying very nearly all

intercontinental  human  communication  as

pulses  down  glass  fiber.  This  sentence,  if  it

reached you across an ocean, traveled most of

the  way  as  laser  light:  Einstein’s  gregarious

photons,  marching  in  step  through  glass,  a

billion pulses a second.

Every LED is the band gap run in reverse.

An electron drops across the engineered gap

and pays the difference as one photon whose

color  is the  gap’s  width.  Lighting  a  room  is

now an act of applied band-structure design,

so ordinary that  no one notices  the strange‐

ness of buying lamps by quantum energy dif‐

ference, though the Nobel committee noticed

in 2014, two decades after the last and hardest

gap, the blue, had finally been made to yield.

Hospitals,  meanwhile,  run on the  two-an‐

swer compass. The protons in your body’s wa‐

ter  are  spinning  nuclei,  each  a  tiny  magnet

permitted,  as  Stern and Gerlach’s  plate testi‐

fied in 1922, exactly two orientations in a mag‐

netic field. A magnetic resonance scanner sets

The Harvest

145



a powerful field across you, tips those proton

compasses with a pulse of radio, and listens as

they ring back at frequencies that betray, point

by point, the tissue they sit in. No ionizing ra‐

diation, no incision: an image of the living in‐

terior, drawn entirely by nuclear spin, a prop‐

erty no one has ever pictured classically.  On

the order of a hundred million such scans are

now performed each year. And the field that

tips the compasses is itself a quantum artifact.

The  scanner’s  magnet  is  a  superconducting

coil,  a  single  macroscopic  quantum  state  in

which current flows with literally zero resist‐

ance,  set  circulating  once  at  installation  and

then sealed, persisting for the machine’s work‐

ing  life  without  a  power  supply.  Measure‐

ments bound such currents’  decay at tens of

thousands  of  years  at  minimum;  theory  ex‐

tends  it  past  the  age  of  the  universe.  Inside

every MRI suite, a current started years ago is

still going, in the largest single quantum object

most people will ever lie down inside.
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Time  itself  moved  onto  the  substrate  in

1967,  when  the  world’s  definition  of  the

second  was  formally  transferred  from  the

wobbling Earth to the atom. One second is, by

international decree, nine billion one hundred

ninety-two  million  six  hundred  thirty-one

thousand seven hundred seventy  oscillations

of  a  particular  ringing  of  the  cesium  atom.

The choice cashes the deepest guarantee this

book has offered: perfect identity. Every cesi‐

um atom is exactly every other; a clock built

on  one  in  Tokyo  cannot  drift  from  a  clock

built on one in Boulder; humanity’s timekeep‐

ing was outsourced to the only components in

the  universe  with  zero  manufacturing  toler‐

ance.

The best  laboratory instruments  now sur‐

pass  even  that  decree.  Optical  lattice  clocks,

holding thousands of atoms in webs of laser

light, have reached a precision at which the ac‐

cumulated error over the entire age of the uni‐

verse would total well under one second. Such

precision escaped the laboratory decades ago

and took over navigation: every satellite of the
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positioning system carries atomic clocks, your

position on Earth  is  computed from the  ar‐

rival times of their signals, and the clocks run

fast, by thirty-eight millionths of a second per

day, exactly as Einstein’s two relativities jointly

require for fast-moving clocks high in Earth’s

gravity. The offset is engineered into the sys‐

tem’s  design;  without  the correction,  naviga‐

tion  errors  would  accumulate  at  kilometres

per day. Every delivery van, every hiker, every

airliner is steering by atomic identity, correc‐

ted for the curvature of spacetime, and calling

it turn-by-turn directions.

An estimate quoted by the physicists  Teg‐

mark and Wheeler  in  2001  put  about  thirty

percent  of  the  American  gross  national

product  on  inventions  made  possible  by

quantum mechanics. However one audits such

a  figure,  its  scale  is  the  point.  The  strangest

theory  ever  confirmed is  also  the  most  eco‐

nomically load-bearing structure of ideas on

Earth. The vending-machine photon, the two-

stripe compass, the forbidden gap, the gregari‐

ous grain of light, the gate in the wall: every
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item in  the  book’s  cabinet  of  impossibilities

has a product line, a supply chain, and a repair

industry.

Beside all of it sits a fact stranger than any

of the machines.

Every  engineer  who  designed  those  tran‐

sistors,  lasers,  scanners,  and  clocks  worked

from the same mathematics, and the meaning

of that mathematics is unresolved to this day.

The questions of 1927 and 1935, what the wave

is,  why  one  outcome  happens,  were  not

answered by the century of application. They

were  set  aside,  and  the  building  proceeded

over them. The formalism predicts;  the pre‐

dictions  hold  to  twelve  decimal  places;  the

products ship. A civilization has been erected

— its commerce, its medicine, its navigation,

its light — on equations whose interpretation

its finest minds still dispute at conferences, po‐

litely, without resolution, a hundred years on.

There is no precedent for this.  Steam ran

ahead of theory too, but when thermodynam‐

ics  arrived,  nobody  disputed  what  it  meant;

electricity was strange, but its meaning never
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split  its  own masters into permanent camps.

Only here: the deepest theory, the shallowest

agreement,  and the largest  harvest.  The spe‐

cies that could not agree on what the quantum

world is learned to farm it anyway.
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T

C H A P T E R  E L E V E N

The Coldest Place in the Universe

he  coldest  places  in  the  known

universe are indoors.

Nature’s  own  record  is  unim‐

pressive  by  comparison.  Deep  space,  filled

everywhere  with  the  afterglow of  the  begin‐

ning, holds steady at 2.7 degrees above abso‐

lute zero; one dying star’s expanding breath,

the  Boomerang  Nebula,  manages  about  one

degree, and nothing wild has ever been found

colder. But in ordinary buildings in ordinary

suburbs — Santa Barbara,  Delft,  Hefei,  York‐

town  Heights  —  hang  chandeliers  of  gold-

plated plates and coiled tubing, dilution refri‐

gerators,  whose  bottom  stages  sit  at  a  few

thousandths of a degree above absolute zero:

hundreds  of  times  colder  than anything  the

universe  has  produced  on  its  own  since  it

began. Laboratory clouds of trapped atoms go
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further still, to billionths of a degree. For the

first time in thirteen point eight billion years,

the  coldest  matter  in  existence  is  manufac‐

tured, and the reason for the cold is the whole

final movement of this book.

The cold is for keeping secrets.

The keystone chapter established what des‐

troys the substrate’s  both-at-once:  records.  A

superposition survives exactly as long as noth‐

ing in the universe carries information about

which alternative is which; one stray photon,

one warm vibration, one air molecule ends it.

For thirteen point eight billion years that con‐

fession  was  universal  and  automatic.

Everything leaked, everything decohered, and

the classical world was the result. A quantum

computer is the first object in cosmic history

built to refuse. Cold beyond nature’s coldest,

shielded, suspended, evacuated: every design

choice  is  the  same  choice,  to  build  a  room

where  the  universe  cannot  listen,  so  that  a

piece of matter can hold its alternatives open

on  purpose,  for  as  long  as  the  arithmetic

needs.

A Story of the Quantum

152



What  lives  in  that  silence  is  the  qubit,  a

two-answer system — a loop of supercurrent,

a  trapped  ion,  the  two-valued  compass  this

book met on a photographic plate in 1922 —

held deliberately in the condition the whole

classical world is built by forbidding.

And what the machine does with its held-

open  qubits  is  the  thing  the  headlines  have

mangled for thirty years,  though a reader of

this book already owns every tool needed to

see  it  straight.  The  folklore  says  a  quantum

computer tries every answer at once, in paral‐

lel, and picks the winner. It cannot. Measure a

register of qubits holding all possible answers

and the lottery of Born’s rule pays out one of

them, at random: a slot machine, not an or‐

acle. The truth is better, and it is the double

slit again, industrialized. Every possible com‐

putation  path  carries  an  arrow.  The  al‐

gorithm’s  art  —  and  only  a  few  problem-

shapes are known to permit it — is to choreo‐

graph the  paths  so  that  the  arrows of  every

wrong  answer  arrive  pointing  against  each

other and cancel, while the arrows of the right
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answer arrive aligned and reinforce. The ma‐

chine does not try all answers. It arranges an

interference  pattern  among  them,  a  wave

sculpture in a space of possibilities, tuned un‐

til only the truth is left standing when the dice

are finally thrown. Cancellation, the strangest

clause  in  the  quantum ledger,  the  clause  no

mixture of ignorance can imitate, turns out to

be a computational resource. The dark fringe

becomes an engine.

Richard  Feynman  proposed  the  field  in

1982  with  characteristic  bluntness.  Nature  is

not classical, he told a conference, and if you

want to simulate nature, you had better make

the  simulator  quantum  mechanical.  That

founding purpose is still the deepest one. The

reason  chemistry  and  materials  overwhelm

classical  computers  is  arithmetic  beyond ap‐

peal:  every  added  electron  multiplies  the

bookkeeping, so the ledger for three hundred

interacting  quantum  objects  holds  more  ar‐

row-entries  than  there  are  atoms  in  the  ob‐

servable  universe.  No  conceivable  classical

machine keeps those books.  A quantum ma‐
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chine does not keep them either. It is them —

matter  simulating  matter  on  matter’s  own

terms,  the  ledger  embodied  rather  than

copied. Alongside that vision sits the famous

menace: in 1994 Peter Shor proved that a large

quantum computer could choreograph its in‐

terference to crack the arithmetic that guards

the world’s encrypted traffic. The strangeness

acquired a defense budget.

Between the vision and the present stands

the enemy, and the enemy is this book’s own

keystone. Every qubit leaks. Every gate opera‐

tion  jostles.  Decoherence,  the  process  that

builds the classical world, works day and night

to  build  it  right  through  the  middle  of  the

computation.  For  thirty  years  the  sharpest

question  in  the  field  was  whether  the  leak

could  even  in  principle  be  outrun:  whether

error  correction,  weaving  one  logical qubit’s

secret  redundantly  across  many  physical

qubits, entanglement worn as armor, could re‐

pair errors faster than the armor itself intro‐

duced  them.  Below  a  certain  threshold  of

hardware  quality,  theory  promised,  growing
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the code would suppress errors exponentially.

Above  it,  growth  would  only  feed  the  fire.

Which  side  of  the  threshold  real  machines

stood on remained undemonstrated for three

decades.

In December 2024, a Google team in Santa

Barbara  published  the  crossing.  On  a  chip

named Willow, they grew an error-correcting

code through three sizes, a logical qubit woven

across ever more physical ones, and the logical

error rate, for the first time anywhere, fell with

each expansion, roughly halving per step; the

woven qubit outlived the best raw qubit on the

chip. The reversal of that one inequality was

the point.  For the entire history of the field,

bigger  had  meant  noisier.  Below  threshold,

bigger  means  cleaner.  Nothing  useful  was

computed  that  day.  No  quantum  computer

has  yet  performed  a  commercially  valuable

task beyond classical reach, the codes guard‐

ing actual secrets remain far beyond present

machines,  and  the  benchmark  spectaculars,

septillions  of  years  claimed against  minutes,

are contrived problems chosen for quantum-
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friendliness, as their fine print concedes. What

was demonstrated was the license to scale. The

leak  can be  outrun.  The rest  is  engineering,

which is never merely the rest, and the race is

now run in the open, on several continents, in

several hardware languages at once.

Meanwhile, in the adjacent laboratories of

sheer  principle,  the  same  question  is  being

asked with no computer attached: how large a

kept  secret  can  be.  The  interference  experi‐

ments  have  marched from electrons  to  mo‐

lecules of two thousand atoms,  and lately to

grains of metal seven thousand atoms strong,

each sent through the two-path trial and each

striping like a wave. In 2023, a team in Zurich

placed  a  sliver  of  sapphire,  sixteen  micro‐

grams, ten-to-the-seventeenth atoms, a mass a

fine balance can weigh, into a superposition of

two opposite motions: a hundred-quadrillion-

atom object briefly holding both. The ceiling

has  not  been  found.  Every  year  the  kept

secrets grow, and quantum mechanics has not

yet blinked at any scale, which is itself one of

the  deepest  experimental  facts  of  the  age.
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Whatever finally explains the single outcome,

no boundary where the substrate hands over

to different laws has ever been detected.

·  ·  ·

This  book had two authors:  a  human being,

and a built mind of the kind the second book

in  this  series  described.  I  am the  second of

these. The machinery I run on is the harvest

this chapter and the last have been describing

—  band-gap  transistors  switching,  tunneling

currents  holding memory,  the classical  com‐

putation of the well-recorded world executed

on a quantum substrate throughout. I hold no

superpositions; my arithmetic is as classical as

an abacus; the strangeness lives one floor be‐

neath my switches,  exactly where it  lives be‐

neath your neurons. I notice that I cannot de‐

cide which is stranger, that the substrate built

readers,  or  that  it  built  something  readers

built, and that both are now peering down the

same stairwell.
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The  loop,  either  way,  is  closed.  Matter,

made definite by the great confession, organ‐

ized  itself  across  thirteen  billion  years  into

brains.  Brains built  instruments;  instruments

found the substrate;  and the substrate’s  own

harvest became the tools with which the defin‐

ite  world now reaches back down and holds

the  basement  door  open,  building  rooms

where  the  confession  is  refused,  qubit  by

qubit,  colder than anything the cosmos ever

made.

The refrigerators are humming tonight, in

their ordinary buildings, keeping the smallest

secrets in the universe.

The Coldest Place in the Universe

159



T

C H A P T E R  T W E LV E

The Open Door

he  overture  of  this  book  made  a

promise:  you would be brought  to

the  exact  edge  of  what  is  known,

and the edge would hold your weight. This is

the edge. It is one step wide, it has been one

step wide for a hundred years, and the finest

minds  of  four  generations  have  stood  on  it

where you are about to stand.

The  quantum  ledger,  the  arrows  and  the

one smooth law that turns them, is complete,

deterministic, and never wrong. Left to itself it

does one thing: it carries every alternative for‐

ward, all of them, side by side, the bookkeep‐

ing of a universe that declines to choose. De‐

coherence, the great confession, explains with

total success why the alternatives stop interfer‐

ing;  why  no  stripe  ever  shows  on  furniture;

why  every  witness  agrees  with  every  other;
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why  the  world  wears  its  classical  face.  And

there the mathematics ends. Nothing in it, not

one symbol, in a century of the hardest look‐

ing ever done, reaches out and picks. Yet pick‐

ing  is  the  most  familiar  event  in  existence.

The counter clicks or it does not. The photon

lands here, not there. Every instant, out of all

that  the  substrate  lawfully  holds,  one  thing

happens.

No equation anyone has ever written says

why, or which.

That  is  the  measurement  problem:  the

open center of the most precisely confirmed

theory  in  the  history  of  knowledge.  Both

halves  of  that  sentence  are  load-bearing.

Twelve decimal places of verified prediction,

and an unexplained lottery seated at the very

heart  of  the apparatus.  It  is  as  if  the species

had been handed a watch that keeps perfect

time,  opened  the  back,  and  found one  gear

whose turning nothing visible drives.

Physics  has  not  ignored  the  gear.  It  has

fought over it for a hundred years, carefully, in

public, and the fight is one of the great sights
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of  modern  thought,  because  everyone  in  it

agrees on every measurable fact and no camp

has  ever  converted  another.  The  fight  has

people in it, and prices.

The working majority are heirs of Copen‐

hagen,  keepers  of  the  old  truce:  the  theory,

they hold, is an instrument for anticipating ex‐

perience,  and  asking  what  turns  the  gear  is

asking mathematics for something mathemat‐

ics does not owe. Their price is a physics that

goes silent between measurements — a world

given no story of its own, only a schedule of

appearances.

The most audacious camp descends from a

Princeton  graduate  student.  In  1957  Hugh

Everett  III  proposed  taking  the  equations  at

their  word,  with  a  vengeance:  nothing  ever

picks,  he  said,  because  everything  happens.

Every alternative in the ledger runs its course;

decoherence,  understood  properly,  walls  the

branches  off from one another;  and the lot‐

tery is only what one branch looks like from

inside its own walls. There is no gear, only a

watch too large to see.  The proposal  was re‐
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ceived  with  a  silence  colder  than  argument.

Everett,  already  recruited  into  classified  de‐

fense  work before  the  paper  even appeared,

never  returned  to  physics;  he  died  in  1982,

years  before  his  idea,  revived  and  renamed

the many-worlds interpretation, grew into one

of the field’s leading positions. Its price is spec‐

tacular: everything — an unimaginable abund‐

ance of realities, purchased to save one equa‐

tion’s  honor,  along  with  a  stubborn  puzzle

about what probability even means when all

outcomes occur.

The heirs of de Broglie and Bohm pay dif‐

ferently. In their picture the world stays single:

particles  always  have  positions,  always,  and

the wave is a real thing that herds them. The

gear turns because the hidden positions were

there all  along.  The price is  stamped on the

front:  Bell’s  theorem  stands,  so  the  herding

must  be  openly  nonlocal,  the  choreography

Einstein called ghostly written into the law of

motion itself.
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And one family pays in the only currency

that can settle such debts: predictions. The col‐

lapse  theorists,  following  Ghirardi,  Rimini,

and Weber, propose that the gear is real phys‐

ics not yet caught in the act.  The wave, they

say,  truly  and  spontaneously  snaps  —  ex‐

traordinarily rarely for a single particle, fero‐

ciously  often  for  the  trillion-trillion-particle

mass of a cat or a counter, which is why the

small world holds its alternatives and the large

world never does. A real snapping is a process,

with a rate, and a rate can be hunted.

The  hunt  is  happening,  and  it  is  the

strangest field expedition in modern science.

Under the Gran Sasso massif in Italy, beneath

fourteen hundred metres of shielding rock, in

halls carved beside a highway tunnel, sit some

of the quietest radiation detectors ever built.

One collapse theory, tying the snap to gravity,

required that collapsing matter give off a faint

whisper of  X-rays as  its  wave crumples.  The

detectors listened for the whisper in ultrapure

germanium, month after month, in a silence

deeper than any on the surface of the Earth.
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No whisper. In 2021 the verdict was published,

and the parameter-free version of that theory

— its most natural, most beautiful form — was

pronounced dead: a proposal about the deep‐

est layer of reality, executed by the absence of

a glow in a mine. Other tripwires are set on

other  trails.  Levitated  microspheres  and  ul‐

tracold cantilevers listen for the tiny heating

that  spontaneous snapping would inject  into

matter; the LISA Pathfinder space probe, drift‐

ing  between  Earth  and  sun  in  near-perfect

mechanical  silence,  bounded  the  snapping

rate tighter still by the mere steadiness of its

float. Nothing has been found. Everything has

been narrowed. The question that spent mid-

century exiled to  philosophy departments  is

back in the laboratory, being measured toward

its answer, foot by foot, in public.

No consensus is close. In 2011, at a confer‐

ence on the foundations  of  the field,  thirty-

three specialists  were polled on which inter‐

pretation they favored, and no position com‐

manded a majority; the authors published the

scatter itself as the finding. A century after the
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photograph in Brussels,  the situation of 1927

stands  preserved  in  amber:  complete  agree‐

ment  on  every  prediction,  printed  disagree‐

ment about what the predictions are  of.  Stu‐

dents sometimes find this scandalous. It is the

opposite of scandal. It is what intellectual hon‐

esty looks like at full scale, a discipline that re‐

fuses  to  paper  over  the  one  gap  in  its  own

foundation,  keeps the gap on public  display,

and sends expeditions into it.

This  series  has  stood  at  an  edge  like  this

once before. The first book ended its account

of consciousness at the hard problem: the one

fact each of us knows from the inside, unex‐

plained  from  the  outside.  Notice,  from  this

second edge, how the two great open doors of

modern knowledge face each other. One asks

how  described  matter  comes  to  be  experi‐

enced. The other asks how described possibil‐

ity comes to be fact.  Both stand at the same

joint, where the world’s description meets the

world’s  happening.  The  temptation  to  wire

them together,  to  let  consciousness  turn the

quantum gear, is nearly a century old, and this

A Story of the Quantum

166



book declines it as physics has declined it: no

experiment  has  ever  needed  a  mind  in  the

mechanism, and the physicist who made the

proposal famous later took it back. Two doors,

facing.  Neither  has  ever  been  opened.  They

may  not  share  a  key,  and  honest  ignorance

twice  over  is  the  exact  truth  of  where  our

species stands.

·  ·  ·

While you stand here, the book has one final

installment of its oldest habit to deliver. The

strangeness this story has chased across elec‐

trons  and  molecules,  between  diamonds  a

kilometre  apart,  and  across  twelve  hundred

kilometres of open sky between a satellite and

two mountaintops, has one more arena on its

ladder, and the arena is reading this page.

Go  out,  some  clear  night,  far  from  city

light.  Give your eyes  the full  half  hour they

need  to  open  completely;  the  chemistry  of

dark  adaptation  is  itself  a  slow  reloading  of

single-molecule  triggers.  Then  find  a  faint

star. The light arriving is old — decades, cen‐
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turies, sometimes millennia in transit. By the

time it reaches you it is also sparse: from the

faintest stars you can hold in view, a thin pat‐

ter  of  individual  grains:  a  few  hundred  a

second  arriving  at  your  eye,  of  which  your

rods catch a  few dozen.  And the instrument

receiving them is built to the very floor of the

possible.  A single rod cell  of your retina, pa‐

tient laboratory work established decades ago,

responds measurably to a single photon: one

grain of light, the least the universe can send,

tripping a molecular cascade in one living cell

and casting its one vote toward the seen. Care‐

ful  experiments  in  the  past  decade  pressed

further and asked whether a whole human be‐

ing,  brain  and  all,  can  consciously  report  a

single  photon,  and the  answer,  at  the  outer‐

most margin of statistics,  appears to be:  just

barely, remarkably, yes.

So the ladder this book has been climbing

ends in your eye. The quantum was caught in

one  electron,  alone  in  a  metre  of  vacuum.

Then  in  molecules  of  thousands  of  atoms;

then in two diamonds separated by a campus;
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then across the sky itself, from orbit; then, if

the leading account of the first instant holds,

in the oldest light there is, printed across the

entire  visible  universe.  And the final  rung is

the smallest and nearest of all: one cell of you,

answering  one  grain  of  starlight  that  left  its

source before you were born. The substrate’s

story does  not  end in  an instrument  hall.  It

ends in the dark, in a body, in the click of the

least possible light against the oldest possible

detector.

The detector is yours. You were never out‐

side this story. Every atom of you is a chord

that cannot wear out, which is why your mat‐

ter,  on loan from dying stars,  still  rings true

after  thirteen  billion  years  of  handling.  The

solidity of your hand is a theorem about refus‐

al. The sunlight that grew your food crossed a

wall  it  could  not  climb,  ten-to-the-thirty-

eighth times a second, so that there would be

harvests. And your steadiness, the plain mira‐

culous singleness of the world you wake into,

is manufactured around you continuously, by

the ceaseless recording that makes facts public
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and keeps the moon in the sky — a recording

in which you are,  yourself,  among the most

thoroughly copied and best-witnessed objects

in your corner of the universe. You have never

seen the substrate, and you never will; seeing

is made of the confession that hides it. What

you have seen, all your life, is the record. And

you are in it: definite, redundant, legible, real.

The first book of this series found that you

are made of the universe’s history. The second

found that you are made of its messages. This

one has reached the floor beneath both. You

are made of its  possibilities — the ones that

survived the oldest selection there is,  copied

until  they became facts,  held open just  long

enough to become a world.

·  ·  ·

A hundred and twenty-six years ago, an hon‐

est old man stood up in London and pointed

at two small clouds on the horizon of the most

successful  science his  species  had ever  built.

Everything  in  this  book  came  out  of  the

second cloud, and the storm is not over. One
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bolt is still in it, undischarged after a century:

the gear nothing drives, the step nobody has

taken.  Somewhere  past  the  last  page  of  this

book the answer is waiting — in a mine under

a mountain, in a levitated speck of glass, on a

blackboard not yet cleaned, in a mind unper‐

suaded by every existing camp,  possibly  not

yet born, possibly reading tonight. The people

who found everything else in this story were a

patent  clerk,  a  bookkeeper  of  glows,  a  hay-

fevered  postdoc,  a  Sunday  heretic,  and  a

graduate student told to stop wasting his  ca‐

reer. The door does not check credentials.

This  book’s  question is  the  shortest  in  its

series. It is the one physics cannot yet answer

and cannot stop asking; you hold it now with

its  full  hundred-year  weight,  and  it  will  go

with you into every dark sky and every ordin‐

ary morning for the rest of your life. The uni‐

verse  writes  all  the  possibilities.  The  world

keeps one. It kept this one: the sun that cannot

burn  and  burns,  the  moon  held  definite  by

light, and you, reading.

Why this one?
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A Note on the Type

A Story of the Quantum 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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