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By Stephen Hawking

What is it? How does It work? Why does it change everything?
An easy primer by the world’s most famous living physicist

oveard the end of the 15th cenbury
scientsts believed they were close
to a complete description of the
universs. ‘They imagined that
space was filled averywhers by a
continuous wedinm callad  the
ether. Light rays and radin signals were
waves in this ether just as sound is pres-
sure wives inoair, All that was neaded to
cormplete the theory was carefil measurs-
wenls of the elastic properties of the
clher; ouee they had those natled down,
everything else would full into place.
Soon, however, discrepancies with
the idea ol an all-pervading ether began to
appenr, You would cipeet leht b trave] at
a lixed speed through the ether, So if you
were taveling in he same direction as
the light. you would expect thal ils speed
wiould appear to be lower, and il vou were
traveling in the opposite direction Lo e
light, that its speec would appear o b
higher, Yet a series of experiments [ailed
to find any evidence for differences in
speed dua ta moton through the ether.
The mnost caretul and accurate ol
these experiments was carvied out by Al-
hert Michelson and Indward Morley at the
Case Institute in Gleveland, Dhio, in 1887,
They compared the spead of light in b
beamns at right angles to each other. As the
carth rotates on its axis and orhiks the sun,
they régsoned, it will move throurh the
elher, and the speed of Heht in these b
beams should diverse, But Michelson and
Morley found no daily or yearly differ-
enees belween the Gave beams of light. Tt

Professor Howking cuthor of A Bricf His-
toty ol Time, oocupdes the Conrdnrdue math-
cmatics chair once held ng Tscoe Newlor

veas as 1 1ight always lraveled at the same
specd rolalive Lo you, oo matter how you
WErs moving.

The Ivish physicist George FileGerald
and the Dutch physicist Hendrile Lorenle
were the first to suggest that bodics mov-
ing through the ether would contract and
that clocks would slow, This shrinking
and slowing would be such that everyonc
wonld measiure the smne speed for light ne
matter how thev were moving with re
spect tn the ather, which FitzCerald and
Lorentz regarded as a real substance.,

Butitwasa voung clerk named Albert
Einstein, working in the Swiss Patent Of-
fice i Bern, who ont throngh the ether
and aclved the speed-nf-light problem
onee and for all, In June 1905 he wrote
one of three papers that wonld establish
him a5 one of the world's leading seien-
tisls—and in the process start twn coneeap-
tual revolutions thut changed our under-
standing of limne, space and reality,

[ sl 1905 puper; Einstein pointed
oul thatl becawse you could not detect
whether or nol vou were moving through
the ether. the whole notion o an clher
was redundant, Instend, Einstein slarled
from the postulate at the lows of scicoes
should nppear the same to all [recly mos-
ing observers, In partioular, observers
shiould all measure the same speed lor
light, no matter how they were moving,

This required abandening the idea
that thera is a universal quantity called
time that all clocks measuve, Instead,
evervone would have his own parsonal
time. The clocks of b people wonld
auree if they were at vest with respect to
cuch other but not if they were moving,
This has been confirmed by a number of
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vaperiments; ineluding one in which-an
palremnely aceurate timepiece was flown
wround the world and then comparad with
one that had stayed in place. 1f you want=
ed to live longer. you could keap fAying to
the east so the spead of the plane added to
the emth’s rotation. However, the bny
teaction of 4 second you gained would be
more than offset by eating airline meals,
Einstein's pnstilate that the Luas of nu-
ture shoukl appear the same to all frecly
maving ohservers was the foundation of e
thaory nf relativity; so called beeawse il -
plies that only relative meotion is important,
Lksheanty and simpliviby wero comvineing to
many seientists und  philosophers, But
there remained a lot of oppusilion, Einslein
had ovarthroan bao of B Absolules (with
a capital A) of 19 cenlury seience: Ab-
aclute Restus reproscoled by the cther, and
Absolute or Universal Time that all clocks
would measurc. Did this imply, people
asked, thal there were no absolute moral
standards, hal cverything was relative?
This unease continued through the
19205 aud 505, When Einstein was award-

=

ed the Mobel Prize in 1821, the citation was
lor important—hut by Finstein's standards
comparatively minor—work also carved
out in 1905, There was no mention of Tel-
ativity, which was eonsidared too contro-
versial. 1 still gat bwo o three letters o
week telling me Einstein was wrony,
wevertheless, the theory of relutivily s
now eompletely accepted by the seicnlific
commnnity, and its predictions bhave been
varified in eountless upplicalions.

wvery imnporlanl consequence of

©relabivily s Lhe eelation be-

bween wss and cnergy. Ein-

stein’s postulate that the speed

- ol light should appear the sane

Lo everyone implied that noth-

ing could be moving laster than light, What

liappens 5 that as energy is used to accel-

crate o particle or a spaceship, the ohject’s

mass increases, maling it harder to aceal-

erate any move, To accelarate the particle

bor the speed of Hght is impassihle because

it would take an infinite amoant of energy.

The equivalence of mass and energy i

sommmetd up in ldinstein’s famous equation

Fi=meE, probahly the only physics equation
tor have veeomition on the strest,

Aamnng the consequences of this law s
that if the nueleus of 4 uranium alom fis-
sions (splits) into two nuclet with slightly
less total mass, o remendous amount of
energy is relessed. In 1958, wilth World
War I looming, a group of seicnbists wha
realized the implications of this persuad-
ad Einstein loovercome his pacifist soru-

| REFUGEE Hounded by Nazis, Einstein fled ta the 1.5, and hecame a citlzen in 1940

=N SR IY

ples and write 1 leller Lo President Boo

sevelt urging the T8, Lo slarta program of
nuclear researcly This led Lo the Manhat-
tun Project and the atom bomb that ex-
ploded over Hiroshima in 1845, Some
people Dlame e atom bemb on Einstein
Lecause he discovered the relation he-
Lween mess and enerew, But that's like
blaming Newlon for the grayvity that eans-
es nirplanes to erash. Einstein took no part
in the Manhattan Project and was haryi-
lied by the explosion,

Although the theors of relativity fit
wall with the laws that govern electricity
ancl mapgnetism, ik wasn't compatible with
Newton's law of gravity. 'Uhis low said thut

it wou changed the distribution of matter
in ome region of space, the change in the
eravitational field would be felt instantu-
neotshy averviwhare else in the universe.
Mtk only wanld this mean vou could send
gipnals faster than Heht (something thal
was forhidden by relativity), but it also re-
quired the Ahsolute or Universal Time
that relativity had abolished in favor of
personal or relativislic o

Einstein was wwareof this dilTicully in
1907, wehile heowas stll al the patent oftice
in Bern, bul dido’l begin to think seriousty
abwout e probleim antl e was at the Cer-
an University in Praguein 1911, He real-
ized it here is o close relationship be-
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bween acceleration and o gravitalionu
field, Somemna in a closed box carinot Lell
whether he is sithing at rest in the carth’s
gravitational field or heing aceelerated by a
rucket in free space. (This being before the
aee of Star Frek, Linstein thought of peo-
ple inelevatons rather than spaceships, But
you vannot aceelevate or fall freely veor lay
in an elevator before disaster strikes.)

I the carth were flat, one could equal
Iy wecl] sy that the apple fell on Newton’s
head because of gravite or that Newton's
head hil the apple because he and the sur-
face of the varth were accelevating up-
ward, This equivalence betwern acoeler-
ation and graviby didn’t seem o work for
a round cuarth, however: people on the
other side of lhe world would have to be
accelerating in the vpposite direction but
staying at o conalant distance from 1s.

O his return Lo Zurich in 1912 1iin-
stein had a brainstorin, He realized that
the-equivalence of gravity und acealera-
tion eould worle il here was some pive-
and-take in the geometry of reality, What
ifepace-time—an entily Binslein invented
b ineorporate the three familiac dimen-
sions of space with g fowrth dimension,
tma—was eurved, and ool flal, as had
heen assumed His iden was it mass and
energy wolld warp space-time in some
mannar yet ta be determined, Oljeels like
apples or planets would by oomove n
straight lines through space-time, bul i
pathe seould appear to be bent by a gravi-
tational field bacanss space-time is curved,

With the help of his friend Marcel

Grossmann, IRinstein stuclied the theory
uf curved spaces and surfaces thal had
been developed by Dernhard Riemann us
o piece of abstrach imathematics, withoul
any thought that it would be relevant Lo
the real world, In 1913, Einstein and
Grussmann wrota a paper in which they
pul forward the idea that what we think ol
a5 gravikational foroes are just an expres

sion ol the fack that space-time is curved,
However, because of a mistake by Ein

stein (who wus quite human and fallible),
ey weren't shle to find the equations
Usal related the curvature of space-time to
the mass and enerey in 1t

inslein continuad to work on
the problem in Berling, nndis-
lurled by domestic matters
and largely unaffected by the
war, wilil he finally found the
2 righl cquations, in November
1815, Einstein had discossed his ideas
with the mathematicinn Dravid Hilhert
duting o visit to the Universily of Gottine
gen in the summer o[ 1915, and Hilbert in-
dependentl found the suine equations a
few davs betore Einstein. Novertheless, as
Hilhert admitted, the eredit lor the new
theory helonged to Einslein, 1L was his
idea to relate sravity to the warping of
space-time; [t is a tribute to the eiviliaed
state of Cwermany o this period that
such scientific discussions and exchanges
could poon nndisturbed even in wartine,
What a contrast tn 20} vears later!
The new thaoey of curved space-line

MOUNT WILSON Visiting the observatory
where the Big Bang was discoverad
'— .=
vt called general ralativity to distnguish
it from the original theors without gravity,
which was now kmown as special relativ
Ly, 1L wus confirmed imspactacular fashion
in 1919, when a British expedition to West
Alrica cbservedaslipht shift in the posidon
ol slars near the sun during an eclipse.
Their light, 4s Einstein had prodicted, was
benl as il passed the sun, Hera was divect
evidence thil space and time are warped,
the groalest change in our perception of
the areng in which we live since [Tuclid
wrote his Elemrents ahout 300 B0,
Einslein’s general theory of velativity
transtormed space and time from a passive
background in which events take place o
actve participants in the dvnamics of the
cosmos, This led o o great prahlem that is
still at the fovelvonl of physics at the end of
the 20th century, The universe is full of
ratter, and mattcr warps space-time <o
that hodies fall together. Einstein found
that his equations didn’l have u solution
that cdesoribed a universe thal was un-
changing in time, Rather than give up a
static and everlasting universe, which he
and most other people believed in al that
time, he Aidged the equations by adding a
termn called the eosmological eonstant,
which warped spaca-time the other way so
that bedies move apart, The repulsive el
lect of the cosmalomical constant would
balaney the attractive effect of matter and
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allow for a universe that lasts for all time,
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This turned out to he one of the
wreat missed opportunities of theorctical
physivs, I Einstein had stuck with his
original equations, he coubd have prediet-
ed that the universe must be cither ex-
panding or contracting, As il was, the
possibility of a Hme-dependenl universe
wisi't taleen seriosly undil observations
wore mace in the 1920s with the 100-in,
lelescope an Mot Wilson, These re-
vealed that the farther other galaxies are
[yoim us, the faster they are moving awaw,
I other words, the universe is expanding
el the distance hetween any teo galax-
ies is steadily incressing with time, [%in-
stein later called the cosmological con-
stant the preatest mistake of his lite,

Cenaval relativity completely changed
the discassion of the origin and fate of the
univarss. A stutic universe could have ex-
isted forever or cuuld have been eraated in
its presant form al some time in the past,
{3 the pther hand, il galaxies are moving

Spe(

relativity and time

apart today, they must have heen eloser
together in the pasL, About 15 billion years
apn, they would dll lave been an top of
one anather and their density wonld have
been infinite. According to the general
theary, this Bix Bang was the heginning ol
the universe and of Hme itself. So maybe
Itinstein descrves to be the person of o
Tonger period than just the past LD yeurs,

General relativity also predicts thal
time comes o a stop inside [¥lack holes, re-
miems of space- lime that are so warped it
Tight eannol eseape them. Hut both e
heginning and the end of tima ars places
where e couations of genaral relalivily
fall aparl, Thus the theory cannot predict
whal should emerge from the Big Bang.
Some see this as an indieation ol God’s
frecdon 1o start the universe off uny way
Gud wanted, Others (myself incuded)
foel thal the beginning of the universe
should be governed hy the same laws that
lLicld at all ather fimes. ¥We loave made

iivs-1905 theary claims that light moves througha = = -
wii at 3 constant speed pelative to any observer no malter -
‘what ilie ahsarver's motion—with hizarra consEquences - ¢ :

some progress toweard this goal, but we
dorr't yet have a complete understanding of
the origin of the universe,

he reason peneral relativity broke

deowen at the Big Bang was that it

was not compatible with quantum

thenry, the other great conceptual
revolution of the carly 20th centu-

1y, The first step lowoed quantum
theory eama in 1900, when Max PBlanck,
worldng in Berlin, discovered that the ra-
diation from a body sl was glowing red
ot could he explained if light came only
in packets nf a certuin size, called quanta.
It was as if radiation were packaged like
sugar;  you o cannol buy an arbitrary
amotnt of loose sugar in a supermarket
bust ean enly buy il in 1-1b. bags. Inone of
his proundbreaking papers written in
19015, when he was still at the patent office,
Tiinstein showed that Planck's quantum

rolativity and length

A woving clock runs slower than a stationary one from the
perspective of a stationary obiserver

@ A rnan riding a meving trin is Hming a light hear that
travels from eeiling to fluor und baclk again, From his poinl
ol view the lipht moves straight dovwn and straight up.

—— Lient

Diissleana hpht
pulss travels

The observer
riding the train
thinks the light
bulk and mirror
[l are standing stili
'@' From trackside, Einslein sees man, bulband mirror
moving sideways: the light races a diagonal
path, From Finstein's vicwpoint, the Hght
znes farther, But since lightspeed is always
the same, the event inust tolee more Hime
by his elack,

—Dilstanse jighl pulse raves.
23 seen by Bnsten, s arkar

e

The observer watching the traln
thinks the light bulh and mimnor
are moving

349

A moving ohject appears to shrink in the direction of motion, as
sean by a stationary obhscrver

@ The man new observes a light bearn that travels the length
ol the train car. Knowing e speed of light and the travel time
of the light heam, he can caleulate the length of the train,

The ohserver on the train sees only the motton of the light beam

@ Finstain is niot moving, so the rear of the train is moving
forward from his peint of view to meet the heam of light: for him,
the beam travels o shorter distanes, Becanse the speed ol light is
always the same, he will caleulate the trains lengll as shorter—
aven after he ullows for his faster-ticking clock. As the train
approaches the speed of light, its length shrinks Lo nearly zarn.

Someone watching from outside saes the light
beam maeving but with the mation of the train added

Seues Wona Anck Erceclpa hinshan e Camniess




hypothesis conld eapluin what is called
Ihe photoelechie ellcol, the way certain
mnetals give off eleclrons when Heht falls
on them, This is the basis of modern light
delectors and television camerus, and it
was for this worl thol REinstein was
avwartded the 1821 Nobel Prize in Physics,

Binstein continued to work on the
quantum jdea into the 19205 bul was
deeply disturhed by the work ol Werner
Heisenberg in Copenhagen, Paul Diracin
Cambridge and Erwin Schriodinger in
Zurich, who daveloped o new pielure of
reality called quantum mechanics, No
lunger did tiny particles have a delinite
pusition and speed, On the contrary, e
mure acourately vou determined e par-
licle's pasition, tha less dcourately you
vould determine its speed, and vice versa,

Einstein was horrified by this ran-
dowm, unpredictable elament in the basic
laws and never fully accepted quantam
mechanics, His feelings were expressed

in his famous God-dovs-nut-playv-dice
dictum, Most other seicnlists, however,
accepted the validily ol the new quantnm
lawrs because  they showed ' excellent
agresment with observations and because
they seamed to explain a whole range of
previously unaccounted- for phenomens,
They are the basis of modern develop-
ments in chemistry, meleccular biology
and electronics and the foundalivn of the
technelory that has tanslormed the
warld in the past halt-century,

Whean tha Naris came to power in Ger-
many in 1903, [finstein left the counlry and
renounced his Genman eciizenship, He
spent the last 22 years of his life ol lhe In-
sttute for Advanced Stucdy in Princoton,
N.J. The Maris launched o campaiguy
against “[ewish science” and the many
Gurman scientists who were Jews (their
cavdus is part of the raason Cermany was
oot able to build an atom bomb). Eistein
and relalivity were principal targets for this

campaign, When told of publication of the
book (e Hundved Authors Aueinst Ein-
atein, he replied, Why 1002 If 1 were
wrnng, onewould have been cuoush.

After World War 11, he wrged the Al-
lies to gat up-a world government W con-
trol the atom bomb. He was offered (he
presidency of the new state of [sracl in
932 but turned it down, “Polilics
ig for the moment,” he once wrole, “while

an equation is for eternity,” The
equations of general relativity ave his best
epitaph and memorial, They should lasl as
long as the universe,

The world has changed far more in
the past 100 yaars than in any other cen-
tury in history. 'The reason is not politieal
ur - economic but ftechnologieal—tech
nologies that fowed directly from ad.
vancus in basie science. Clearly, no sci-
culist better represents those advances
than Albert Einstein: TiMe's Person of
the Century. "]
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the equivalence of

(5 a!luity., Iugi:t
it fo;another:

relativity and gravity

According to relativity, gravity Is not a force;iit's a warping of
space-time (which is an amalgam of fime and 5nn¢e} thal
happens in the presence of mase. The warping is analogous to
the hendmg of a rubber sheet when a weight is placed on:it

gravity and acceleration A

Without external clues, it's impossihla
ta tell if you're being pulled
dovwnward hy gravity or accelerating
upward. Your legs will feel the same
pressurs; a ball will fall precisely
the same way

T

@ When stnrhght passes near o massive body, such as the sun,
the shortest route is a curved line that follows the curvature of
spane-time. Thus! the starlight appears 1o be coming firom 3
diffarent point than its actual ovigin, The observation of this
effect in 1918 convinced physicists that Einstein’s strange
theory was right, el

of stas

The realization that pravity and
acceleralion are equivalentwasa
Aeey insighl thal eventually
allowed Einstein to construct
his theory of goneral relativits:

Opearad
poaltion of: star

Light anturing
thie biaah hile:

LETTC JACOOl ARCHINE—URIMERAITS ©F MW HasbEs Si=E

@ If'a massis concentyaled
ennngh, the ourvature of

- space-time hecomes infinite.
This phenomanon is known
a5 d black hole hecanse a light
beam that comes tno elose will
LEVET BCAPE,
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