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m Somesay it’s like a computer dropped
into the 19th century. No one can figure
out how it works because.thescience
behind it hasn’t yet been invented.

‘M’ Theory Stands for Maglc Matnx

One answer is: String theory strikes many
physicists as too beautiful not tobe true,

“I think it's the most fantastic set of *
interconnected rules which has ever been known,”
said Harvard physicist Andrew Strominger. “Nobody
in this field is clever enough to have invented
something like that.”

By K.C.COLE
TIMES sdr.nu-: WRITER

It doesn’t even havea proper name: The -

Mystery, Matrix or Membrane.

So why do physicists take it serlously" What
- makes it science rather than superstition or ldle

can dance on the head ofa pm"

he appeal of string theory among physxclsts ': -
isparticularly astenishing in light of the fact
that no one knows; as yet, exactly what ‘it’ is.

latest, most powerful, incarnation is cryptically called
“M” theory—where M can stand for Magnc, Mother,

philosophizing akin to figuring out how many ange]s sl

Since only nature is ingenious enough to devise
_* 4 such a théory, these physicists argue, it must be
* rooted in reality.
“The more eompelling answer is: It works. Over the
. last few years, string theory has produced a
i seemmg}y unending strmg of what physnclsts call
“‘string theory miracles:” = -
. “It'sasif some guys had set out to design a better
can opener and wound up with an interstellar space
- ship,"” said Harvard thsnexst Sidney Coleman, one
recent convert.

~

Since 1995, string theory has pulled of f a series of
- spectacular successes that made even its staunchest
.critics take a second Jook.

LOS ANGELES TIME s‘" '

Membrane

F‘or exdmple, one complex paradox revolved
around those empty pits of warped $pace-time known
as black holes. Strominger and his colleagues showed
that biack holes could be constructed out of strings,
Indeed, they showed that under the right conditions, -
black holes could transform into.elementary
particles, like water freezing intoice.

The result helped propel strinig theory to the
forefront. “If you have a theory that can come to
grips with a prob!em that's been around for 20 years,
it builds confidence,” said physicist David Gross,
director of the Institute for 'I‘heoretrcal Physrcs at. UC
Santa Barbara.

In a second major coup, strmg theory vastly
simplified mathematical tools for dealing with more -
traditional problems in four-dimensional space,’
including standard particle physics. Suddenty, the * -
ethereal world of strings had real applications to
problems involving known elementary particles,

“These were results other [non-string] physicists
could relate to,” said physicist Nathan Seiberg of the

~

A

'Mother or Mystery

-.; the 19th century. It does seemingly miraculous

.been invented.

gl of what may well be the Holy Grail of modern

i Institute for Advanced Studies. “It solved problems
they'd been bothered by.” °

In other words, physicists put faith in string theory ,
for the same reason the rest of us put faith in other '
things we don't understand, like jet planes and
computers: They get us places we want to go.

The difference is that at least somebody
understands the underlying science of planes and
compiiters, and no one as yet understands what
underlies string theory,

Columbia University physicist Brian Greene
' compares string theory to a computer dropped into

i thlng's., but no one can figure out how, for the simple
reason that the essential science behind it hasn’ tyet

Greene said: “Today’s physicists are in possession

‘science, but they can’t unleash its full predictive
power unti} they succeed in writing the full
i -instruction manual.”
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COLUMN ONE . ~

Time, Space:

Obsolete in
New View
of Universe

‘m Many physicists are
embracing a revolutionary,
still mysterious idea called
string theory. The concept
rejects several familiar
notions and includes the
existence of 11 dimensions.

By K.C. COLE _
TINES SCIENCE WRITER .

Ever since early astronomers
yaanked Earth from center stage in
the solar system some 500 years
ago, scientists have:been pulling
the rug out from under people’s
basic beliefs. '

“The history of physics,” says

Harvard physicist Andrew Strom-
..inger, “is the history of giving up
cherished ideas.”

No idea has been harder to give
up, however—for physicists and
laypeople alike—than everyday no-
tions of space and time, the funda-
_ mental “where” and “when” of the
universe and everythingin it

Einstein’s "unsettling insights
more than 80 years ago showed that

static' space and fixed time were - '

flimsy facades, thinly veiling‘a cos-
mos where seconds and meters ooze
like mud and the rubbery fabric of
space-time warps into an unseen-
fourth dimension. About the same
time, the new “guantum mechani-
cal” understanding of the atom re-
vealed that space and time are
inherentlyijittery and uncertain.

Now, some physicists are taking '

this revolutionary line of thinking
one-step further: If their theories
are right, in the words of Edward
Witten of the Institute for Ad-

OF SPACE, TIME
AND STRINGS ...

Rocking the foundmionsl of ph jsi('s
~mFirstinaseries '

vancéd Study in Princéton,.space
. and time may be “doomed.” .

»Concurs physicist Nathan Sei-
berg, also: of-the Institute: “I am
almost certaln that space and time
are illusions. These are primitive
notions that will be replaced by
something more sophisticated.”

* That conclusion may not affect
anyone’s morning commute. But it
is rocking the foundations of phys-
ics-~as well as causing metaphysi-
cal reverberations that inevitably
follow major changes in our funda-
mental understanding of how the
universe works.

:The impetus behind this tumult

is an idea that has become increas-
ingly dominant in modern physics:
string theory. According to string
theory, the most basic ingredients
in the universe are no longer point-
like partictes, the familiar electrons
and quarks. Instead, they are un-
imaginably small vibrating strings
of some tnknown fundamental
stuff. ' ;

_String theory suggests that dif-

_ferent configurations of strings pro-

duce different harmonic chords—
just as a piano produces a sotind
different from that of a flute. The

.~ Pleasesee THEORY, A22

" Continued from A1

vibrating string gives rise to the
particles, and the way the string
vibrates determines each particle’s
properties. This all takes place in a
convoluted landscape of 11-dimen-
sional space.

It is a concept so strange that-

even theoretical physicists struggle
to understand it. String theory
offers a universe bizarre beyond
imagining: Under powerful enough
magnification, every known parti-
cle in the universe would resemble
a complex origam; folded out of
sheets or strings of.the three fa-
miliar spatial dimensions, plus one
dimension of time, plus seven extra
dimensions of space.

While string theory is far from
proven, or even well formulated, its
consequences would be enormous.
Among other things, it would:

@ Reshape fundamental notions
of space and time, energy and
matter, expanding the number of
dimensions to 11. .

o Give the first comprehensive
list of all the ingredients that make
up the universe.

o Reveal that every tick of a
clock, every barking dog, every
dying star, can be described by one
master mathematical equation.

Being Involvedin a | _

‘Scientific Revolution’

: Which practical fruits will flow
~ from the new view of the universe

remain unknown. But in the past,
fundamental revolutions in physics
have—against everyone’s wildest ex-
pectations-~flowered into everything
from cell phones to brain scans.

“I've been‘in physics for 35 years,
and this s the first time I've felt I'm
involved in a scientific revolution,”
said Stanford physicist Leonard
Susskind. “In the last five or six
years, I really have the feeling
we're doing something as crazy, as
interesting, as new as the revolu-
tion that Einstein wrought.”

Perhaps most revolutionary of
all, it appears that space and time
aren’t essential ingredients of a
universe ruled by strings.

To grasp the extent of the cur-

.rent upheaval in physics, consider

what has happened to our basic
understanding of space and time
over the past hundred years.

Until the early 20th century,
scientists, like laypeople, assumed
that space and time were fixed—
like huge, metaphysical clocks and
rulers in the firmament. Objects
that moved in this unchanging
background could be pinned down
to definite positions.

“Everything was where it was
when it was supposed to be, and
that was all there was to it,” said
Strominger. “Space-time was out
there. You could count on it.”

Then, Einstein revealed that space
and time were woven into a single
fabric that deforms like so much
Silly Putty: indeed, it is the warping
of the fabric of space-time by mas-
sive objects that produces the force
of gravity. We perceive gravity as a
“force” only because we can't di-
rectly perceive the fourth dimension.

Becauyse gravity affects every-
thing, everything gets warped by
its pervasive influence—including
the clocks and rulers we use to
measure time and space.

Even more unsettling, Einstein's
now well-proven ‘theories showed
that the fabric of space-time, with
its three dimensions of space and '
one of time, is not a passive back-
drop for the events and objects in
the universe. Space-time also cre-
ates objects and events.

Imagine the universe as a per-
formance on a stage. The stage of
space-time cloes not act like 2 static
floor. It also pulls and pushes the
actors around.

Quantum mechanics introcuced
even more uncertainty. In the sub-
atomic realm. the entire concept of
fixed particles in lime and space
fuzzes out into an ever-shifting.
haze of probabilities. Trying to pin
down a subatomic particle’s loca-
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-String Theory
|-+ -According to string theory, unimaginably small vibrating strings form the
. ~building blocks of everything in the cosmos. This differs from prevailing
- theories of subatomic physics, in which particles meet and exchange energy *
*.at specific paints in space and time. Under string theory, strings spread aut
these interactions over space and time. This “spreading out” efimina
‘mathematical problems that crop up when infinitely small points colid

Space and time
warped by

gravity and roiled
by subatomic
uncertainty

time warping
under the
influence of
massive
objects, or

- . gravity

Strings
merging
and
separating
as thay
tmove

— Space and
~o-  lime as the
" eye sees
s themy

“fabric” of four- i
dimensional space-time.
At close magnification,
however, the inherent
uncertainty of the
subatomic realm
{guantum mechanics)
disrupts this smooth
landscape, creating : Source: The Elegant .
submicroscopic chaos. Universe by Brian Greens

'STRING THEORY
i

Researched by NONA YATES/Los Angeles Times
Los Angeles Times REBECCA PERRY / Los Angeles Times




o

tion or motion is like trying to put

your ‘finger ‘on a snowflake: the |

very act of measurement destroys
the thing being measured,

“That means . . . space-time is an
uncertain concept, so vou've lost
Your firm footing,” said Strominger.
“And thal is a deep conceptual jssue
we have not yet come to grips with.”
* Now string theory appears to be

propelling this evolution one dras- -

tic, perrhaps inevitable, step further.
Certain approaches to string
theory dispense with the notion of
space-time completely. Vet, they
seem to produce the same set of
results as string theories with nor-
mal space and time.
To some theorists, this strongly
. Suggests that space and time are
superfluous. (Space and time as
fundamental concepts may be
about to disappear altogether—lite-
rally pulling the floor out from
undey physics, - - ‘

“The notion of space-time ig
something we've cherished for
thousands of years, and it's clearly
something we're gning to have to
give tip,” said Strominger.

Even before string theery enjoyed
its recent successes, physicists knew

“"they wouid have to- grapple again
with the inadequacy of our under-

~standing of space and time, The .

reason js a glaring ‘mismatch be-

- tween gravity, which. rules large-

“'scale events in the COSMos, and

quantum mechanics, which rules -

» Small-scale happenings. .

Both gravity and quantum theory

are well understood and have sur-

vived decades of experitnental tests, .

Quantum 'mechanics gave ' rise to

lasers. and computers; Einstein's

theory of gravity predicted every-

- thing from biaclk holes to the bend-
ing of light by stars, ins&gh’..s:sinqe B

proved by observations.
The problem is, the two theories
are mutually exclusive. The space

and time of quantum theory don't -

mesh with ‘the space and time of

Einstein's theory of gravity, or Gen-

eral Refutivity. In the language of
gravity, the quantum- mechanical

aspects of the wniverse turn into

gobbledygook. Andyice versa,

“We can describe the world that

-We see and experience complete Y,
"said’ UC "Santa  Barbara physicist
- Sean Carroll, “but the explanations
_are internaily inconsistent."”

Some Things Don’t
- Affect Everyday Life

Until recentiy, physicists found it .
easy to sweep thig unpleasantness
. under the- rug—in part’ because
they didn’t know how to deal with
it, in part because it doesn’ niake a
difference in our everyday lives,

' _H‘};hé‘inherent!y uncertain behav-
ior of subatomic particles affects
onty thirgs as small as atome, not

everyday objecis. like chairs: the
warping of space and time shapes

; the orbits of planets, but is too.
| diluted to'make itself felt on the

scale of our own backyards.

Where the iarge-scale fabric of
space-time gets tangled in the inner
lives of atoms, however, chaos
erupts; space and time fail to make

- semse. And increasingly, physicists
find themselves face to face with

. situations where guantum mechan-

“ics and the extreme warping of
space-tinie collide. -

F'or exampie, physicists won't be

- able to understand either the in-
nards of black holes or the origins
of the universe until they come to

" grips with how gravity behaves at
extremely small scales. Indeed, the
ultimate laboratory for studying
the cojlision of these two opnosing
realms is the infinitely compressed
doliop of space-time that gave rise
to the Big Bing,

That cataclysmic speck;, physicists
believe, contained everything now in
our universe, so it would have
packed @ huge gravitational wallop,
Al the same time, it would have beap
smal! eroiigh to behave according to

- quantum mechanical laws,

Because physicists can't surdy

the Big Bang directly, they wind

back thesciock with equations and
thought experiments—imagining

. What might happen, for example, if

time really reversec, :

The results are disturbing: As the
universe gets smaller and smaller,
the' warping of space-time gets
stronger and quantum uncertain-
ties get progressively larger, Fi-

" nally, the uncertainty becomes

* larger than any time interval that
could possibly be measured. Mei-
suremerit becomes meaningless,

Time at the first moment dis-
solves into nonsense,

- "Ifyou ask questions about what
happened at very early times," sajid
Harvard physicist Sidney Colemar,

- "and you compute the answer, the
[real] answer is: Time doesn’t mean
" anything.” -
Or consider what happens insicle
¢ & black hole—a region where grav-
ity is so strong that space-time
ceurls in on itself, in effect, shutting
out the rest of the universe, Black
holes are swirling pits of piire
. Space-time. And according to Eig-
stein's theory. their enormous grav-
ity causes them to collapse to an
© infinite point of zero size—what
physicists cull singularity. Is there
such a nonsensicai thing as infinite
density packed into zero size?

“I remember puzziing about that
when [ was a kid” said Gary
Horowitz of the Institute for Theo-
retieal Physics at UC Santa - Bar-

“"bara. “I thought when weni te

coliege I would find out the answer
« + . I'm still waiting.”

in the pinched-off centers of
black holes, space-time appears te
simply stop. “The singularity acts
like an edge,” said Horowitz, “You
run into it, anc it’s the end, There's
no time after that; there's no space
after that. But we don’t think
physics should end [therel. That's
why we're trying to” find new Jaws
of physics, which will describe what
happens beyond that edge,

Black holes, said- Princeton
physicist John Archibald Wheeler,
“[teach] us that space can be
crunipled like a piece of paper into
an infinitesimal dot, that time can
be extinguished like a blown-qut
flame, and that the laws of physics
that we regard as ‘sacred,’ as immuy-
table, are anything but.”

Space, Time May Be
Doomed as Concepts

String theory has emerged as the
only viable candidaie to recgncile
the differenices between gravity
and quantum mechanics. It does so
by eliminating the notion of infi-
nitely smaili particles. The loop of
string is the smallest allowable size,

“You never get to the point where
the disasters happen,” sajd Seiberg
of the Institute for Advanced Study.
“String theory prevents it.”

But rather than rescuing’ space
and time, string theory only seeme to
make their deom as fundamental
concepts more imminent,

When they are i ncorporated into
string theory, “space and time get
confused,” said Seiberg. “It's tell-
ing us that the traditional under-
standing of space and time wil
evaporate and there will be a more
interesting and subtie resit.”

Some string theorists beliove
that space and time someho
emerged i the early wniverse ot
of the disorganized, 11-dimensional
strings. The sirings are “shards” of
space and time, said physicist Rrian
Greene of Columbia University,

Imagine grains of sane on the
surface of a drum. If you tap the
surface over and over at the same
place, the sand faiis into patterns-—
like iron filings around a magnet,

Did space and time emerge in the
same way, as resonant patlerns of
vibrating strings? '

Trying to make sense of such an
idea is a struggle even for theoriste,

“String theory has been giving
us a lot of clues,” said Strominger,

=
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THEORY: Bizarre

Concept Could
Explain Universe

- ,—;k,;}
" If string theory is right, each movemen of your,

.. finger ravels'not only: through the familiar three’ ;
. dimensiohs of'space-and one of time: ]
0 1 rl - .

C_urled-up
Space-time plus dimensions
seven dimensions

Space (three £\ &
dimensions), plus ‘ : Space-time plus
time (one <§» i two dimensions
dimension) ot .curled into a

Source: The Elegant Unhverse
by Brian Greene: Researched by
NONA YATES, Los Angeles Times

REBECCA PERRY / Los Angeles Times

“but we haven’t been able to puy
them together into a unified pic-
ture,” " -

Even philosophically, the chal-.
lenge of replacing space and time is
daunting. What does it mean to
inhabit a spaceless, timeless uni-

“verse? Clocks and rulers not only

measure hours and inches; they tell
us where we've been and where
we're going.

“When we talk about space and
time, we think there is something
there, and we live in it,” said David
Gross, direcior of the Institute for
Theoretical Physics. The idea that
space and time might be illusions,
he said, “is very disturbing. Where
are we? When are we?”

The almost unfathomable sce-
nario of a universe without space
and time in turn calls into question
the very connection between cause
and effect. If time can break down,
how can one event be placed clearly
“before” or “after” another?

Hypothetically, if there is no
clear difference between now and
the instant after, how can we say
whether the gunshot caused
death—or death caused the gun-
shot?

“We normally think of causality
as a basic property,” said Horowitz.
"Something effects something else.
But when you're getting rid of
space and time. . . are we sure that
causality is going to be preserved?”

New views of time could lead to
even more bizarre consequences—
for instance, more than two dimen-
sions of time, a theory being:
worked on by USC physicist Itzhak
Bars, among others. - '

Whatever the outcome of these
efforts, it's clear, said Greene, that
“space is undergoing a drastic re-
arrangement of its basic pieces; we
will not understand string theory
unti! we make a major break-

- through in notions of space and

time.”

If Greene and his colleagues are
right, expanding the universe into
11 dimensions and looping it into
strings are only the beginning. On
the horizon looms a new kind of
physics, where space and time melt
down completely.

“The reai change that's around
the corner [is] in the way we think

" about space and time,” said Grogs.

“We haven't come to grips with
what Einsteiri taught us, But that's -
coming- And that will make the-
world around us seem much stranger
than any of us can imagine.”

Next:'Caitech's savlor of string theory



How Faith in the Fringe

__

Paid Off for One Scientist

. W Research: When others bailed out, Caltech professor
* stuck by string theory, now firmly in mainstream of physics.

By K.C.COLE
TIMES SCIENCE WRITER k

- 1t's not every day that a revolu- -

tion in physies is announced by a
ranting and raving guy who gets
carried off by two men in white
coats. Yel that's more or less what
happened to Caltech physicist John
Schwarz in the summer of 1984.

" To be fair, the ravings were a
prearranged part of a physics

“cabaret” put on as pure entertain-.

ment al the Aspen Center for
Physics in Colorade. But Schwarz
used the.opportunity to announce a
newly discovered mathematical
“miracle” that set off a revolution
in string theory—sparking a renais-
sance that continues to this day.
"Within weeks [string theorists]
went from an intellectual bock-
-water to the mainstream of theo-
retical physics,” sald Schwarz.

Certainly, string theory—which

- views everything in the universe as

OF SPACE, TIME
AND STRINGS

Rocking the foundations of physics
u Second in a series

- the combined harmonies of strings
vibrating in 11 dimensions—has
not been proved. At best, it's far
from complete. :

But teday it's considered a pro-
foundly important work in progress
that is almost sure to play a major

~ Please see STRING, A22
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Persistence

Pays Off

_.C“o;‘-llijmled from A1
- rolefn revamping physics.

This current matter-of-fact ac-
ceptance is amazing to Schwarz,

- who labored for years on the theory

in nedr obscurity, sometimes facing

“outright hostility. He takes special

satisfaction in clisplaying an edito-

il that appeared in the Los An-

geles Times in 1988, taking sides
with an eminent critic who pon-
dered - whether string theocrists
should even be "paid by universi-
ties dnd be permitted to pervert

impressionable students.”

The theory's newfound accept-
ance “has come as a shock to me,”
Schwarz sail in his office at Caltech,
where he very belatedly attained the
rank of professar in 1985—13 years
aftef he signed on as a researcher.

Before his 1984 discovery,
Schwarz did give occasional talks
on hig work at scientific meetings.
However, they didn't have much
impact on the leaders of the theo-

- retical physics community. “I sus-

pect most of them don't remember
Fwas there,” he said.

. Problems Seemed

Overwhelming

String theory, after all, did not
look very promising at the start.
After an initial burst of enthusiasm
for the new idea in the early 1970s,
the problems seemed overwhelm-
ing.

For one thing, the theory pre-
dicted the existence of a particle
that traveled faster than light—an
impossibility. For another, it did
not include particles of matter, but
only particles that transmit forces.

.77 And it didn't help that the theory

at first seemed to require 26 dimen-
sions. “For all these reasons, it
looked a little crazy,” Schwarz said.
Besides, string theory was dis-
covered by accident during efforts
to understand how nuclear particles
bind together inside atoms.
Physicists stumbled upon the
equations almest by chance. They

" didn't know what the theory meant

or what it was good for. In the
mid-1970s, a far simpler theory

-came along that selved the particle

problem without getting tangled in
26-dimensional strings,

. ‘Most physicists left the field of

string theory. “They stopped for
goo( reasons,” Schwarz said. But “1

-+ felf [that] such a beautiful math-

ematical structure had to lead some-
place.” So he persisted.

" “John Schwarz led the effort to
keep string theory alive," said Co-
lumbia physicist Brian Greene re-

- tently during a leeture at Caltech.

* Bven in the theory's “dark ages”

~ Sehwarz made big strides, working

first with French physicists Ancre

- Neveu and Joel Scherk, and later

with - English physicist Michael
Gréén. They figured, out how to
Incbrporate the matter particles into
the theory, got rid of the faster-than-
iighf: particle and brought the num-
bet of dimensions down to 10.

j-But they stil faced a major
pioljlem. The theory predicted the
existénce of another strange par-
ficle’ that didn't make any sense.

_Iryras they might, they couldn't

ket rili of it.

! -“Eventually, we decided to stop
tyitig to get rid of the thing and
lake it seriously,” Schwarz said. Tn a
classic case of looking at what
everyone else had seen, but thinking
wiat ’no one else tiad thought, he
récognized the problem particle as a
‘ggavjthonua “particle” of gravity.

Suddenly, string theory wasn't
just an illfitting theory of sub-
nuclear interactions. Once it .in-
cluded gravity, it had the potential
to become a theory of all the forces
and particles in the universe.

If string theory is right, Schwarz
will have gone Newton one better,
While Newton discovered the laws
of gravity, and Einstein discoverec
how gravity works, string theory
tells us why gravity exists at all.
Gravity appears from the equations
of string theory as naturally as
chickens hatch from eggs.

Still, few physicists paid much
attention. “The plus was [that]
there was ne competition,” said
Schwarz. “The minus was that
nobody was interested in what we
were doing.”
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changed all that, (Although far too

technical to be understood by lay- x " g \
people, the mathematical discovery : - Ny f/f’;flﬂ B -
‘was considered a major advance by ; ‘ W & i// 5’

string theorists.)

From then on, he had a lot of ‘
company (and - competition) from 1
many top physicists, attracted by
string theory’s newfound potential.

Still, he remains a leader in the
field. By 1987, he’d won not only a
professorship, but a MacArthur Fel-

- lowship. And his work had set off
what became known as the First.
Superstring Revolution. ~

Schwarz, 57, seems surprisingly
normal compared to the theory
that's driven much of his profes-
sional life. He likes to ride his bike,
and hike; hig office is clean and
unciuttered.

After getting his bachelor’s degree -
in math from Harvard, he received
his doctorate from Berkeley in 19686,
but watched- the politics“irom the -
sideliries, He spent the;next.several !
years at”Princeton ‘as:an ass:stant 1
professorbut never got tenure. - ?

“T.would like to say they made a’
mistake,” he said. "But if you look at’,
who they chose instead of me, they :
did pretty well,” he said, naming
several top physicists in the field.

* Every summer for 30 years,:
Schwarz has gone to Aspen, hiking :
in the "‘mountains, talkmg strings. "
“Theoretical physws is a very port- ¢
able activity, which is nice,” he said. i

In contrast to alf this seemmge
predictability, Schwarz’s " wife, Pa-
stricia, who received a PhD in physics | :
from Caltech last year, is a self-de-"
setribed activist. She combines femi-
nism and physics in a lively Web site

' fwww.superstringtheory.com) de-
voted to string theory, its history
and the sefence behind it. e

The site “was an act of love,” she F# %
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Physicists Brian Greene, Edward Witten and John Schwarz, from left, discuss some scientific models.
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mathematically explored. More-
over, strings are much too small to
see directly, and “string theorists
haven't yet figured out ‘ways to
detect their: presence indirectly in
experiments. - " -
That's a problem for theorists,
. because experiments can't provide
the essential reality check of their
work. “Usually, there’s a back and
forth between theory and experi-
ment,” Schwarz ‘saic. “But [string
theory is] so far removed, we have
to sort of go it on our own.”
This year Schwarz has some high-
level company at Caltech. Edward

Witten of the Institute for Advanced.

- Study at- Princeton—perhaps the
mostly highly respected figure in

string theory-—is spending the year .

in the office adjoining Schwarz's, -
Meanwhile, Witten’s wife, physi-
cist Chiara Nappi, is teaching at
USC, It's all part of a master plan to
link' Caltech and USC in a new

Center- for Theoretical Physics,’

- UsC already has a strong group of
“stringy” physicists.

“Our goal is to turn Los Angeles -

into a center for theoretical phys-
ics—focusing on string theory,” said
USC string theorist Itzhak Bars.

Dismissed by Some
as Pretty Mathematics

Because many critics have dis-
missed string theory. as so rmuch
pretty mathematics, Schwarz and
his colleagues are anxious to prove

them wrong: by finding places
where the theory can solve real-

world physical problems.
“String theory has held out great
promise ever since it came on the

scene;” said Case Western Reserve

Jniversity physicist Lawrence
Krauss. “But it's not ‘at all clear
that it has absolutely anythmg"fd‘"
do with the real world.”

The problem at the top of almost
everyone's list is why empty space
seems .to be bubbling over with"
energy yet has little not!ceable
effect on the cosmos at large, -

String theory should have a good:

shot at finding a way out of the,
paradox, say Schwarz and others;
but so far it hasn't produced much,
“If 1 knew how [to solve that
paradox], 1 would do it,” Schwarz
said. “You just try to thmk of
whatever good ideas you can.” o
On the experimental front,
Schwarz and others believe that.
indirect evidence for string theory
might show up within a few years if
Please see STRING, A2}
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ainew family of particles is dis-
cdvered either at the Fermi National
Atcelerator Laboratory (known as -
Fermilab} outside Chicago or the
Large Hadron Collider, now under
cdnstructmn in Europe, :

IThe family——if it exists—consists
of the “supersymmetric” partners

.of regular particles. Known as

éparticles, they include squarks

 (which pair with quarks), selectrons .

{partners of electrons) and so forth.
{Since supersymmetry is an es-
sdntjal aspect of string theory, the
discovery of one or more “spar-
ticles” would be a major milestone.
iIn fact, Schwarz has said—only
s¢mewhat in jest-~that it would be
ore important than the discovery
of life on Mars,
{Meanwhﬂe, string theory contin-
ups'to grow‘and evolve, In 1995,
itten sparked the latest revolution, .
intreducing ‘vibrating ' sheets called
njembranes ‘and’ bringing ‘the total
njimber of néw dimensions' to 11,
nown as M theory, the new ap-
proach allows not - only strings and
embranes, * but_‘ also™ “blobg” of .
any dlmensions, and a whole zoo of
extra-elementary -objects—ineluding -
zero-dimensiongl * points known as
zéro branes. -
Before' M- theory: ‘came along,
there were at least five separate
string theories with different con-

figurations of dimensions, and each -

seemed to have little in common
with the others, M Theory showed

seles

that all five theorles were'part of a‘ :

grander scheme, In doing so, it tied
together string theory i ln away that
gave it credibility. ;
The situation i strikingly similar -
to the state of physics before the *
discovery of quantum theory— -
when light seemed.to be either -
waves or particles. Later, it was
shown that light—like matter—has

- characteristics of both waves and |
" particles, Both are different aspects

" of the same entity—just as vapor '
. and fce are aspects of water. ;

- -In the same: ‘way, all the different

" string theories ‘appear to be aspects
“of each other--the same theory

viewed through different lenses.
“Eventually, the subject won't be -

“called string theory anymore,”
_ Schwarz said. “We don't know, what
“the right name will be.” '

One name he hates, however, is
“the theory of everything” a term
some physicists and most journalists
use routinely.

" leading. Even if string theory turns

. was the first to discover this or

“That's a phrase I detest,” said
Schwarz, dismissing it as arrogant,
More important, he said, it's mis-

out“to be right, “it still' wouldn't
make us any wiser about all the
othier phenomena in the world.”

Roses and clouds and war will
remain immune to the explanatory
power of strings.

Still, he'd like to know where the
theory iz heading. Ultimately, that's
what drives him—the sense of going
“where no person has gone before.”
He says “person” quite deliberately.

“Other species in other solar
systems have undoubtedly done it
many times,” he said, without a
trace of irony.

“When people say, ‘So and so

that,’ I say, ‘Baloney! It's probably
been done millions of times."”

Next: The SoapBubble Unlverse (In
Thursday’s Science Flie, Page 82)
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:'lSkeptics have scoffed at a radical
1ew view of the universe, saying
ts vibrating 11-dimensional

:strings are too small to be verified.

But backers say confirmation |
‘through experiments may not be
“out-of the question after all.

ByKC.COLE
- TIMES SCIENCE WRITER
S

tring thecry—the notion that
everything in the universe is
woven in a tapestry of 11 dimen-
sional vibrating strings—bhas ge-
duced an increasing number of
N physicists over the past 20 years
with:its sheer mathematical beauty and
power to solve difficult problems.

At'the same time, skeptics have found it
‘easy to dismiss these successes as So much

theoretical smoke. After all, critics argue,
the ¥ibrating strings and unseen dimen-
-sions that hold them are too tiny ever to
‘'be seen in experiments. And a theory that
can't be tested is about as relevant to a
physicist as a bicycle is to a fish,

But what if the unseen dimensions were
-much larger than previously thought, big
renough to see in relatively simple experi-
ments? “You cannot rule out that possibil-
{ity,” says Harvard physicist Andrew
:Strominger. “That's astonishing.”

. In fact, the idea that the strings might

“be ‘big enough to perceive is rapidly
-gaining attention, if not outright respect,
among many scientists,

If true, it would mean that “string
theory is just out of reach of experiment,”
‘according to physicist Joseph Lykken of

‘OF SPACE, TIME AND STRINGS
‘Rocking the foundations of physics
® Third in a series

nseen Dimensions Hold Theory Aloft

‘A Universe on a Membrane

~ membrane that is part of a much larger universe of extra dimensions: Electric, magnetic

- theory would explain why gravi
Bt i PRt

~According to some radical new theories, our universe is trapped entirely on a very thin .-

- and nuclear forces are stuck inside the membrane, while gravity ieak

e, Ly leal [f frue, this
weak compared with the other forces,

/

' 1 . ' .
AV [ N, R

gY..poal balls struck by a cue remai

on the two-dimensional surface of the table, wh

- sound waves carry energy into a third dimension.

Experiments to detect unséen extra dimensions” ,

would look for the telltale missing energy carried
off by gravity, rather than sound, in particle
collisions. - -

Sau}ce: Savas Dimopoulas,
Stanford University.

REBECCA PERRY / Los Angeles Times
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‘the Fermi National Accelerator Labora-
tory in Batavia, Ill. Even more important,
it would mean a whole new way of solving
‘a host of thus-far elusive mysteries-—rang-
'mg from "the unexplainable weakness of
'gravity to the unaccountable existence of
‘matter in the universe at all.

According to this new scenario, the
.everyday, three-dimensional universe we
‘live in is trapped on a thin membrane—
.something like the world inhabited by
‘characters playing out their lives within the
‘confines of a movie screen, Unknown to
‘these shallow, two-dimensfonal players, a
Jarger universe spreads into numergus extra
-dimensions, like theaters in a multiplex.

Makmg Better Sense
'of Gravity’s Disparity

. nd while we are stuck as firmly in
: our membrane as Rhett and Scar-
' lett are stuck on the screen, certain
aspects of our universe can ooze off—leav-
ing ‘behind experimentally detectable
;trac,ks.

In-fact, Stanford physicist Savas Dimo-
poulds speculates (not entirely tongue in
cheek) that Bill Gates might figure ocut
‘how te make a profit in the universe
beyond our membrane. “There i3 extra
'space out there,” he said recently during a
workshop at the Aspen Institute for Phys-
ics, “Maybe you can store things, This is a
_Bossibility that hasn't been investigated,”

Of course, these ideas are wildly specu-
lative, to put it mildly. But the general
idea-that our universe is but a thin sliver of
a.larger reality offers multiple advantages
to theorists.

For example, one of the thorniest prob-
lems in physics is the vast disparity
betwaen the relative weakness of gravity
anil the strength of all the other forces,
such as electricity, magnetism and nuclear

- forees. A tiny magnet is powerful enough

to hft a paper clip off a table in defiance of

_ the gravitational pull of every atom in the

entire Earth,

Such a huge difference just doesn't

make sense. .

However, it would make perfect sense,
according to Dimopoulos and his col-
leagues, if gravity were weak only because
it alone could leak off our membrane into
the larger universe, .

Imagine our three-dimensional universe
as the skin of a soap bubble floating in a
larger world. Electricity, magnetism and
nuclear forces are stuck inside the skin.

In contrast, the gravitational attraction

of the paper clip to the Earth gets diluted

as most of the gravity cozes out of our
membrarne into other dimensions. .

“The reason why gravity is weak is that
[most of it] lives far away from us,” says

D:mopoulos “In a way, it's a very sunple ,

idea.” :

Taking another tack, MIT's Lisa Randall
and her colleagues are exploring the pos-
sibility that gravity changes strength dra-
matically in varfous parts of this higher-di-
mensional world; we just happen to live ona
shice of it where grawty is weak.

- And gravity is only the tip of the
iceberg. After you introduce the idea that
our three-dimensional universe is simply a
slice of life in a larger world, .it's only

. natural to assume that other membranes

lurk out there as well. Signals from these
other membranes could affect our umni-
verse just as gusts of wind can deform the

- skin of a bubble.

In our universe, the energy infiltrating
our area of the cosmos from other mem-
branes might show up as puzzling new
partlcles-~or perhaps some unexplained
property of matter., Because these other
forces are extremely diluted, however—
living as they do mostly in that larger,
extra-dimensional universe—they would
have very weak effects.

THURSDAY, NOVEMBER 18, 1999

As such, they would enable scientists to
explain many quantities in physics that

snuggle up puzzlingly close to zero, but

- don't quite amount to exactly nothing.

Among them: the mass of a barely there
particle called the neutrino, the exceed-
ingly slight excess of matter over antimat-

. ter that allows us to exist, and the :
* “weight"” of empty space.

The extra dimensions also prcmde a
logical hldmg place for the long-sought

-“dark matter” that gravitationally pulls on

clusters of galaxies but has remained
otherwise frustratingly invisible.

“It's just mind-boggling,” said Randall.
“There are some hard problems out there
that we haven't been able to get at. Maybe
there’s something lurking here which will
help us solve some of these problems.”

Answers Could Come
Within a Few Years

Physicists won't have to wait. forever

to find out If these ideas have any

basis in fact. Dimopoulos’ latest
work predicts that previously unknown
forces reaching us from membranes far
beyond could be a million times stronger
than gravity, and therefore even easier to
detect. Energy oozirg out of our mem-
brane might show up as missing energy in
particle experiments in a new accelerator
now under construction in Europe, the
Large Hadron Collider.

Or, new famiiies of particles created
from extra-dimensional vibrations might
pop out of these experiments. If the
physicists get very, very lucky, the first
signs of higher dimensions could material-
ize at Fermilab within the next few years.

Even more imminent, if more speculative,
are pending results from several tabletop
experiments at Stanford and the University

of Colorado to'isehse “large” extra dimen-
sions. Because measuring gravity is the only

.way to perceive these dimensions—and !

gravity is uncannily weak—ﬁndmg evx—
dence will be difficult. .

“Moreover, it's known that at most these
extra dimensions could be the width of a’ .
grain of rice, (Gravity has been well tested
down to scales as small as a millimeter, and ' ! [

-'no evidence of extra dxmensmns has shown |

up yet.) ;
In Dimopoulos’ scenario, t.he two extra !
dimensions are curled up into tiny tubes, |
like cocktail straws, about a millimeter in f
diameter. An experiment sensitive enough :
to probe on that tiny scale could witness a ’.
dramatic change in Newton's famniliar laws | ; '
of gravity. i
Of course, physicists will have to explain \
the geometry of these extra dimensional
landseapes, as well as the way they evolved: )
Why should three dimensions spread out :{
while two roll up? Why a millimeter and not !’
a yard? l'l
The range of possibilities is almost end- | L
less. But so are the opportunities. ;
Indeed, the very fact that these scenarios
are not impossible has stoked much excite- |
ment among string theorists. It is as if, said :
Strominger, humans are like water bugs ;
skipping over the surface of a deep ocean. }
Everything we know is so much foam and ';
flotsam stuek to the surface. But there may !g’
be a whole undiscovered world waiting |
underneath. u
“This kind of structure never aceurred to ,
anybody before, but it tumns out it's very *
natural,” he said. “It tells us that our |
imagination has been very limited. It shows
how little we know about the universe
beyond that which we've actually mea-
sured.”

In upcoming Selence Files: Physics' Biggest
Mysteries; and Experimenting on the Universe,




Preface

uring the last thirty vears of his life, Albert Einstein sought relent-
lessly for a so-called unified field theory—a theory capable of
describing nature’s forces within a single. all-encompassing, coherent
framework. Einstein was not motivated by the things we often associate
with scientific undertakings, such as trving to explain this or that piece of
experimental data. Instead, he was driven by a passionate belief that the
deepest understanding of the universe would reveal its truest wonder:
the simplicity and power of the principles on which it is based. Einstein
wanted to illuminate the workings of the universe with a clarity never
before achieved, allowing us all to stand in awe of its sheer beauty and
elegance. _
Einstein never realized this dream, in large part because the deck
was stacked against him: In his day, a number of essential features of
matter and the forces of nature were either unknown or, at best, poorly
understood. But during the past half-century, physicists of each new
generation~through fits and starts, and diversions down blind alleys—
have been building steadily on the discoveries of their predecessors to
piece together an ever fuller understanding of how the universe works.
And now, long after Einstein articulated his quest for 2 unified theory but
came up empty-handed, physicists believe they have finally found a
framework for stitching these insights together into a seamless whole—
a single theory that, in principle, is capable of describing all physical
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phenomena. The theory, superstring theory, is the subject of this book.

I wrote The Elegant Universe in an attempt to make the remarkable in-
sights emerging from the forefront of physics research accessible to a
broad spectrum of readers, especially those with no training in math-
ematics or physics. Through public lectures on superstring theory I have
given over the past few years, I have witnessed a widespread yearning to
understand what current research says about the fundamental laws of the
universe, how these laws require a monumental restructuring of our con-
ception of the cosmos, and what challenges lie ahead in the ongoing quest
for the ultimate theory. I hope that, by explaining the major achievements
of physics going back to Einstein and Heisenberg, and describing how
their discoveries have grandly flowered through the breakthroughs of our
age, this book will both enrich and satisfy this curiosity.

1 also hope that The Elegant Universe will be of interest to readers who
do have some scientific background. For science students and teachers, 1
hope this book will crystallize some of the foundational material of mod-
ern physics, such as special relativity, general relativity, and quantum me-
chanics, while conveying the contagious excitement of researchers closing
in on the long-sought unified theory. For the avid reader of popular sci-
ence, | have tried to explain many of the exhilarating advances in our un-
derstanding of the cosmos that have come to light during the last decade.
And for my colleagues in other scientific disciplines, I hope this book will
give an honest and balanced sense of why string theorists are so enthusi-
astic about the progress being made in the search for the ultimate theory
of nature.

Superstring theory casts a wide net. It is a broad and deep subject that
draws on many of the central discoveries in physics. Since the theory uni-
fies the laws of the large and of the small, laws that govern physics out to
the farthest reaches of the cosmos and down to the smallest speck of mat-
ter, there are many avenues by which one can approach the subject. I
have chosen to focus on our evolving understanding of space and time.
I find this to be an especially gripping developmental path, one that cuts
a rich and fascinating swath through the essential new insights. Einstein
showed the world that space and time behave in astoundingly unfamiliar
ways. Now, cutting-edge research has integrated his discoveries into a
quantum universe with numerous hidden dimensions coiled into the fab-

Preface

ric of the cosmos——dimensions whose lavishly entwined geometry may
well hold the key to some of the most profound questions ever posed. Al-
though some of these concepts are subtle, we will see that they can be
grasped through down-to-earth analogies. And when these ideas are un-
derstood, they provide a startling and revolutionary perspective on the
universe.

Throughout this book, I have tried to stay close to the science while giv-
ing the reader an intuitive understanding—often through analogy and
metaphor—of how scientists have reached the current conception of the
cosmos. Although I avoid technical language and equations, because of the
radically new concepts involved the reader may need to pause now and
then, to mull over a section here or ponder an explanation there, in order
to follow the progression of ideas fully. A few sections of Part IV {focusing
on the most recent developments) are a bit more abstract than the rest;
have taken care to forewam the reader about these sections and to struc-
ture the text so that they can be skimmed or skipped with minimal impact
on the book’s logical flow. I have included a glossary of scientific terms for
an easy and accessible reminder of ideas introduced in the main text. Al-
though the more casual reader may wish to skip the endnotes completely,
the more diligent reader will find in the notes amplifications of points
made in the text, clarifications of ideas that have been simplified in the
text, as well as a few technical excursions for those with mathematical
training.

I owe thanks to many people for their help during the writing of this
book. David Steinhardt read the manuscript with great care and gener-
ously provided sharp editorial insights and invaluable encouragement.
David Morrison, Ken Vineberg, Raphael Kasper, Nicholas Boles, Steven
Carlip, Arthur Greenspoon, David Mermin, Michael Popowits, and Shani
Offen read the manuscript closely and offered detailed reactions and sug-
gestions that greatly enhanced the presentation. Others who read all or
part of the manuscript and offered advice and encouragement are Paul As-
pinwall, Persis Drell, Michael Duff, Kurt Gottfried, Joshua Greene, Teddy
Jefferson, Marc Kamionkowski, Yakov Kanter, Andras Kovacs, David Lee,
Megan McEwen, Nari Mistry, Hasan Padamsee, Ronen Plesser, Massimo
Poratti, Fred Sherry, Lars Straeter, Steven Strogatz, Andrew Strominger,
Henry Tye, Cumrun Vafa, and Gabriele Veneziano. I owe special thanks
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to Raphael Gunner for, among many other things, his insightful criticisms
at an early stage of writing that helped to shape the overall form of the
book, and to Robert Malley for his gentle but persistent encouragement
to go beyond thinking about the book and to put “pen to paper.” Steven
Weinberg and Sidney Coleman offered valuable advice and assistance,
and it is a pleasure to acknowledge many helpful interactions with Carol
Archer, Vicky Carstens, David Cassel, Anne Coyle, Michael Duncan, Jane
Forman, Erik Jendresen, Gary Kass, Shiva Kumar, Robert Mawhinney,
Pam Morehouse, Pierre Ramond, Amanda Salles, and Eero Simoncelli. I
am indebted to Costas Efthimiou for his help in fact-checking and
reference-finding, and for turning my initial sketches into line drawings
from which Tom Rockwell created—with the patience of a saint and a
masterful artistic eye—the figures that illustrate the text. I also thank An-
drew Hanson and Jim Sethna for their help in preparing a few of the spe-
cialized figures.

For agreeing to be interviewed and to lend their personal perspectives
on various topics covered I thank Howard Georgi, Sheldon Glashow,
Michael Green, John Schwarz, John Wheeler, Edward Witten, and, again,
Andrew Strominger, Cumrun Vafa, and Gabriele Veneziano.

I am happy to acknowledge the penetrating insights and invaluable
suggestions of Angela Von der Lippe and the sharp sensitivity to detail of
Traci Nagle, my editors at W. W. Norton, both of whom significantly en-
hanced the clarity of the presentation. I also thank my literary agents,
John Brockman and Katinka Matson, for their expert guidance in shep-
herding the book from inception to publication.

For generously supporting my research in theoretical physics for more
than a decade and a half, I gratefully acknowledge the National Science
Foundation, the Alfred P. Sloan Foundation, and the U.S. Department of
Energy. It is perhaps not surprising that my own research has focused on
the impact superstring theory has on our conception of space and time,
and in a couple of the later chapters I describe some of the discoveries in
which I had the fortune to take part. Although [ hope the reader will enjoy
reading these “inside” accounts, [ realize that they may leave an exagger-

ated impression of the role I have played in the development of superstring

theory. So let me take this opportunity to acknowledge the more than one
thousand physicists around the world who are crucial and dedicated par-
ticipants in the effort to fashion the ultimate theory of the universe. I

xii
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apologize to all whose work is not included in this account; this merely r
flects the thematic perspective I have chosen and the length limitatios
of a general presentation.

Finally, I owe heartfelt thanks to Ellen Archer for her unwavering loy
and support, without which this book would not have been written.

viii



Chapter 1

Tied Up with String

C alling it a cover-up would be far too dramatic. But for more than half
a century—even in the midst of some of the greatest scientific
achievements in history—physicists have been quietly aware of a dark
cloud looming on a distant horizon. The problem is this: There are two
foundational pillars upon which modern physics rests. One is Albert Ein-
stein's general relativity, which provides a theoretical framework for un-
derstanding the universe on the largest of scales: stars, galaxies, clusters
of galaxies, and beyond to the immense expanse of the universe itself.
The other is quantum mechanics, which provides a theoretical framework
for understanding the universe on the smallest of scales: molecules, atoms,
and all the way down to subatomic particles like electrons and quarks.
Through years of research, physicists have experimentally confirmed to al-
most unimaginable accuracy virtually all predictions made by each of
these theories. But these same theoretical tools inexorably lead to another
disturbing conclusion: As they are currently formulated, general relativity
and quantum mechanics cannot both be right. The two theories underly-
ing the tremendous progress of physics during the last hundred vears—
progress that has explained the expansion of the heavens and the
fundamental structure of matter—~are mutually incompatible.

If you have not heard previously about this ferocious antagonism you
may be wondering why. The answer is not hard to come by. In all but the
most extreme situations, physicists study things that are either small and
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light (like atoms and their constituents) or things that are huge and heavy
(like stars and galaxies), but not both. This means that they need use only
quantum mechanics or only general relativity and can, with a furtive
glance, shrug off the barking admonition of the other. For fifty years this
approach has not been quite as blissful as ignorance, but it has been pretty
close.

But the universe can be extreme. In the central depths of a black hole
an enormous mass is crushed to a minuscule size. At the moment of the
big bang the whole of the universe erupted from a microscopic nugget
whose size makes a grain of sand look colossal. These are realms that are
tiny and yet incredibly massive, therefore requiring that both quanturmn me-
chanics and general relativity simultaneously be brought to bear. For rea-
sons that will become increasingly clear as we proceed, the equations of
general relativity and quantum mechanics, when combined, begin to
shake, rattle, and gush with steam like a red-lined automobile. Put less fig-
uratively, well-posed physical questions elicit nonsensical answers from
the unhappy amalgam of these two theories. Even if you are willing to keep
the deep interior of a black hole and the beginning of the universe

shrouded in mystery, you can’t help feeling that the hostility between
quantum mechanics and general relativity cries out for a deeper level of
understanding. Can it really be that the universe at its most fundamental
level is divided, requiring one set of laws when things are large and a dif-
ferent, incompatible set when things are small?

Superstring theory, a young upstart compared with the venerable edi-
fices of quantum mechanics and general relativity, answers with a re-
sounding no. Intense research over the past decade by physicists and
mathematicians around the world has revealed that this new approach to
describing matter at its most fundamental level resolves the tension be-
tween general relativity and quantum mechanics. In fact, superstring the-
ory shows more: Within this new framework, general relativity and
qL;antum mechanics require one another for the theory to make sense. Ac-
cording to superstring theory, the marriage of the laws of the large and the

- smallis not only happy but inevitable.

That's-part of the good news. But superstring theory—string theory, for
short—takes this union one giant step further. For three decades, Einstein
sought a unified theory of physics, one that would interweave all of na-
ture’s forces and material constituents within a single theoretical tapestry.

Tied Up with String

He failed. Now, at the dawn of the new millennium, proponents of string
theory claim that the threads of this elusive unified tapestry finally have
been revealed. String theory has the potential to show that al] of the won-
drous happenings in the universe—from the frantic dance of subatomic
quarks to the stately waltz of orbiting binary stars, from the primordial fire-
ball of the big bang to the majestic swirl of heavenly galaxies—are reflec-
tions of one grand physical principle, one master equation,

Because these features of string theory require that we drastically
change our understanding of space, time, and matter, they will take some
time to get used to, to sink in at a comfortable level. But as shall become
clear, when seen in its proper context, string theory emerges as a dramatic
yet natural outgrowth of the revolutionary discoveries of physics during the
past hundred years. In fact, we shall see that the conflict between general
relativity and quantum mechanics is actually not the first, but the third in
a sequence of pivotal conflicts encountered during the past century, each
of whose resolution has resulted in a stunning revision of our under-
standing of the universe.

The Three Conflicts

The first conflict, recognized as far back as the late 1800s, concerns puz-
zling properties of the motion of light. Briefly put, according to Isaac New-
ton’s laws of motion, if you run fast enough you can catch up with a
departing beam of light, whereas according to James Clerk Maxwell’s Jaws
of electromagnetism, you can’t. As we will discuss in Chapter 2, Einstein
resolved this conflict through his theory of special relativity, and in so
doing completely overturned our understanding of space and time. Ac-
cording to special relativity, no longer can space and time be thought of as
universal concepts set in stone, experienced identically by everyone.
Rather, space and time emerged from Einstein’s reworking as malleable
constructs whose form and appearance depend on one’s state of motion.

The development of special relativity immediately set the stage for the
second conflict. One conclusion of Einstein’s work is that no object—in
fact, no influence or disturbance of any sort—can trave| faster than the
speed of light. But, as we shall discuss in Chapter 3, Newton’s experi-
mentally successful and intuitively pleasing universal theory of gravita-
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tion involves influences that are transmitted over vast distances of space
instantaneously. It was Einstein, again, who stepped in and resolved the
conflict by offering a new conception of gravity with his 1915 general the-
ory of relativity. Just as special relativity overturned previous conceptions
of space and time, so too did general relativity. Not only are space and time
influenced by one’s state of motion, but they can warp and curve in re-
sponse to the presence of matter or energy. Such distortions to the fabric
of space and time, as we shall see, transmit the force of gravity from one
place to another. Space and time, therefore, can no longer to be thought
of as an inert backdrop on which the events of the universe play them-
selves out; rather, through special and then general relativity, they are in-
timate players in the events themselves.

Once again the pattern repeated itself: The discovery of general rela-
tivity, while resolving one conflict, led to another. Over the course of the
three decades beginning in 1900, physicists developed quantum me-
chanics {discussed in Chapter 4) in response to a number of glaring prob-
lems that arose when nineteenth-century conceptions of physics were
applied to the microscopic world. And as mentioned above, the third and
deepest conflict arises from the incompatibility between quantum me-
chanics and general relativity. As we will see in Chapter 5, the gently curv-
ing geometrical form of space emerging from general relativity is at
loggerheads with the frantic, roiling, microscopic behavior of the universe
implied by quantum mechanics. As it was not until the mid-1980s that
string theory offered a resolution, this conflict is rightly called the central
problem of modern physics. Moreover, building on special and general rel-
ativity, string theory requires its own severe revamping of our conceptions
of space and time. For example, most of us take for granted that our uni-
verse has three spatial dimensions. But this is not so according to string
theory, which claims that our universe has many more dimensions than
meet the eye—dimensions that are tightly curled into the folded fabric
of the cosmos. So central are these remarkable insights into the nature
of space and time that we shall use them as a guiding theme in all that
follows. String theory, in a real sense, is the story of space and time since
Einstein.

To appreciate what string theory actually is, we need to take a step back
and briefly describe what we have learned during the last century about
the microscopic structure of the universe.

Tied Up with String
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The Universe at Its Smallest: What We Know about Matter

The ancient Greeks surmised that the stuff of the universe was made up
of tiny “uncuttable” ingredients that they called atoms. Just as the enor-
mous number of words in an alphabetic language is built up from the
wealth of combinations of 2 small number of letters, they guessed that the
vast range of material objects might also result from combinations of a
small number of distinct, elementary building blocks. It was a prescient
guess. More than 2,000 years later we still believe it to be true, although
the identity of the most fundamental units has gone through numerous re-
visions. In the nineteenth century scientists showed that many familiar
substances such as oxygen and carbon had a smallest recogniz‘able con-
stituent; following in the tradition laid down by the Greeks, they called
them atoms. The name stuck, but history has shown it to be a mi.:snomer,
since atoms surely are “cuttable.” By the early 1930s the collective works
of J. J. Thomson, Emest Rutherford, Niels Bohr, and James Chadwick had
established the solar system~like atomic model with which most of us are
familiar. Far from being the most elementary material constituent, atoms
consist of a nucleus, containing protons and neutrons, that is surrounded
by a swarm of orbiting electrons.
For a while many physicists thought that protons, neutrons, and elec-
trons were the Greeks “atoms.” But in 1968 experimenters at the Stanford
'Linear Accelerator Center, making use of the increased capacity of tech-
nology to probe the microscopic depths of matter, found that protons and
neutrons are not fundamental, either. Instead they showed that each con-
sists of three smaller particles, called quarks—a whimsical name taken
from a passage in James Joyce's Finnegan's Witke by the theoretical physi-
cist Murray Gell-Mann, who previously had surmised their existence. The
experimenters confirmed that quarks themselves come in two varieties,
which were named, a bit less creatively, up and down. A proton consists of
two up-quarks and a down-quark; a neutron consists of two down-quarks
and an up-quark. -
Everything you see in the terrestrial world and the heavens above ap-
pears to be made from combinations of electrons, up-quarks, and down-
quarks. No experimental evidence indicates that any of these three
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particles is built up from something smaller. But a great deal of evidence
indicates that the universe itself has additional particulate ingredients. In
the mid-1950s, Frederick Reines and Clyde Cowan found conclusive ex-
perimental evidence for a fourth kind of fundamental particle called a
~ eutrino—=a particle whose existence was predicted in the early 1930s by
Wolfgang Pauli. Neutrinos proved very difficult to find because they are
ghostly particles that only rarely interact with other matter: an average-
energy neutrino can easily pass right through many trillion miles of lead
without the slightest effect on its motion. This should give you significant
relief, because right now as you read this, billions of neutrinos ejected into '
space by the sun are passing through your body and the earth as well, as
part of their lonely journey through the cosmos. In the late 1930s, another
particle called a muon—identical to an electron except that a muon is
about 200 times heavier—was discovered by physicists studying cosmic
ravs (showers of particles that bombard earth from outer space). Because
there was nothing in the cosmic order, no unsolved puzzle, no tailor-made
niche, that necessitated the muon'’s existence, the Nobel Prize—winning
particle physicist Isidor Isaac Rabi greeted the discovery of the muon with
~ a less than enthusiastic “Who ordered that?” Nevertheless, there it was.
And more was to follow. '
Using ever more powerful technology, physicists have continued to
slam bits of matter together with ever increasing energy, momentarily
recreating conditions unseen since the big bang. In the debris they have
searched for new fundamental ingredients to add to the growing list of par-
ticles. Here is what they have found: four more quarks—charm, strange,
bottom, and top—and another even heavier cousin of the electron, called
a tau, as well as two other particles with properties similar to the neutrino
(called the muon-neutrine and tau-neutrino to distinguish them from the
original neutrino, now called the electron-neutrino). These particles are
produced through high-energy collisions and exist only ephemerally; they
are not constituents of anything we typically encounter. But even this is
not quite the end of the story. Each of these particles has an antiparticle
partner—a particle of identical mass but opposite in certain other respects
such as its electric charge (as well as its charges with respect to other
forces discussed below). For instance, the antiparticle of an electron is

called a positron—it has exactly the same mass as an electron, but its elec-

tric charge is +1 whereas the electric charge of the electron is ~1. When
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in contact, matter and antimatter can annihilate one another t produce
pure energy—that’s why there is extremely little naturally occtirring anti-
matter in the world around us.

Physicists have recognized a pattern among these particles, displayed
in Table 1.1. The matter particles neatly fall into three groups ,which are
often called families. Each family contains two of the quarks, ;n electron
or one of its cousins, and one of the neutrino species. The correspondin
particle types across the three families have identical properties except fo%
their mass, which grows larger in each successive family. The upshot is
that physicists have now probed the structure of matter to scales of about
a billionth of a billionth of a meter and shown that everything encountered
to date—whether it occurs naturally or is produced artificially with giant
atom-smashers——consists of some combination of particles from these
three families and their antimatter partners.

A glance at Table 1.1 will no doubt leave you with an even stronger
sense of Rabi's bewilderment at the discovery of the muon. The arrange-
ment into families at least gives some semblance of order, but innumerable
"whys” leap to the fore. Why are there so many fundamental particles, es-
pecially when it seems that the great majority of things in the world aro)und
us need only electrons, up-quarks, and down-quarks? Why are there three
families? Why not one family or four families or any other number? Why
do the particles have a seemingly random spread of masses—why, for in‘—

Family 1 Family 2 Family 3
Particle Mass Particle Mass Particle Mass
Electron .00054 Muon 11 Tau 1.9
Electron- Muon- Tau-
neutrino <1078 neutrino <.0003 neutrino <.033
Up-quark ~ .0047  Charm Quark 1.6 Top Quark 189
Down-quark .0074  Strange Quark .16 Bottom Quark 5.2

Table 1.1 The three families of fundamental particles and their masses (in

multiples of Fhe proton mass}. The values of the neutrino masses have so far
eluded experimental determination.



The Elegant Universe

stance, does the tau weigh about 3,520 times as much as an electron? Why
does the top quark weigh about 40,200 times as much an up-quark? These
are such strange, seemingly random numbers. Did they occur by chanFe,
by some divine choice, or is there a comprehensible scientific explanation
for these fundamental features of our universe?

The Forces, or, Where's the Photon?

Things only become more complicated when we consider the forces of na-
ture. The world around us is replete with means of exerting influence: balls
can be hit with bats, bungee enthusiasts can throw themselves earthward
from high platforms, magnets can keep superfast trains suspended jl:ISt
above metallic tracks, Geiger counters can tick in response to radioactive

material, nuclear bombs can explode. We can influence objects by vigor- -

ously pushing, pulling, or shaking them; by hurling or firing other objects
into them; by stretching, twisting, or crushing them; or by freezing, heat-
ing, or burning them. During the past hundred years physicists have ac-
cumulated mounting evidence that all of these interactions between
various objects and materials, as well as any of the millions upon millions
of others encountered daily, can be reduced to combinations of four fun-
damental forces. One of these is the gravitational force. The other three are
the electromagnetic force, the weak force, and the strong force.

Gravity is the most familiar of the forces, being responsi.ble for keep-
ing us in orbit around the sun as well as for keeping our l:ec?t fl@ly plantefi
on carth. The mass of an object measures how much gravitational force it
can exert as well as feel. The electromagnetic farcé is the next most fa-
miliar of the four. It is the force driving all of the conveniences of modern
life—lights, computers, TVs, telephones—and underlies the awesome
might of lightning storms and the gentle touch of 2 human hand. Micro-
scopically, the electric charge of a particle plays the same role for the elec-
tromagnetic force as mass does for gravity: it determines how strongly the
particle can exert as well as respond electromagnetically. ‘

The strong and the weak forces are less familiar because their strength
rapidly diminishes over all but subatomic distance scales; they are the
nuclear forces. This is why these two forces were discovered only much
more recently. The strong force is responsible for keeping quarks “glued”
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together inside of protons and neutrons and keeping protons and neu-
trons tightly crammed together inside atomic nuclei. The weak force is
best known as the force responsible for the radicactive decay of séibstances
such as uranium and cobalt.

During the past century, physicists have found two features common
to all these forces. First, as we will discuss in Chapter 5, at a microscopic
level all the forces have an associated particle that you can think of as
being the smallest packet or bundle of the force. If you fire a laser beam—
an “electromagnetic ray gun"—you are firing a stream of photons, the
smallest bundles of the electromagnetic force. Similarly, the smallest con-
stituents of weak and strong force fields are particles called weak gauge
bosons and gluons. (The name gluon is particularly descriptive: You can
think of gluons as the microscopic ingredient in the strong glue holding
atomic nuclei together.) By 1984 experimenters had definitively estab-
lished the existence and the detailed properties of these three kinds of
force particles, recorded in Table 1.2. Physicists believe that the gravita-
tional force also has an associated particle—the graviton—but its exis-
tence has yet to be confirmed experimentally.

The second common feature of the forces is that just as mass deter-
mines how gravity affects a particle, and electric charge determines how
the electromagnetic force affects it, particles are endowed with certain
amounts of “strong charge” and “weak charge” that determine how they are
affected by the strong and weak forces. (These properties are detailed in

Force Force particie Mass
Strong ' Gluon 0
Electromagnetic Photon 0
Weak Weak gauge bosons 86, 97
Gravity Graviton 0

Table 1.2 The four forces of nature, together with their associated force
particles and their masses in multiples of the proton mass. (The weak force
particles come in varieties with the two possible masses listed. Theoretical
studies show chat the graviton should be massless.)
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the table in the endnotes to this chapter.!) But as with particle masses, be-
yond the fact that experimental physicists have carefully measured these
properties, no one has any explanation of why our universe is composed of
these particular particles, with these particular masses and force charges.

Notwithstanding their common features, an examination of the fun-

damental forces themselves serves only to compound the questions. Whiy,
for instance, are there four fundamental forces? Why not five or three or
perhaps only one? Why do the forces have such different properties? Why
are the strong and weak forces confined to operate on microscopic scales
while gravity and the electromagnetic force have an unlimited range of in-
fluence? And why is there such an enormous spread in the intrinsic
strength of these forces?

To appreciate this last question, imagine holding an electron in your left
hand and another electron in vour right hand and bringing these two iden-
tical electrically charged particles close together. Their mutual gravita-
tional attraction will Favor their getting closer while their electromagneric
repulsion will try to drive them apart. Which is stronger? There is no con-
test: The electromagnetic repulsion is about a million billion billion billion
billion (10*?) times stronger! If your right bicep represents the strength of
the gravitational force, then your left bicep would have to extend beyond
the edge of the known universe to represent the strength of the eleetro-
magnetic force. The only reason the electromagnetic force does not com-
pletely overwhelm gravity in the world around us is that most things are
composed of an equal amount of positive and negative electric charges
whose forces cancel each other out. On the other hand, since gravity is al-
ways attractive, there are no analogous cancellations—more stuff means
greater gravitational force. But fundamentally speaking, gravity is an ex-
tremely feeble force. (This fact accounts for the difficulty in experimen-
tally confirming the existence of the graviton. Searching for the smallest
bundle of the Feeblest force is quite a challenge.) Experiments also have
shown that the strong force is about one hundred times as strong as the
electromagnetic force and about one hundred thousand times as strong as

the weak force. But where is the rationale—the raison d'étre—for our
universe having these features?

This is not a question borne of idle philosophizing about why certain
details happen to be one way instead of another; the universe would be a
vastly different place if the properties of the matter and force particles
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were even moderately changed. For example, the existence of the stab]
nuclei forming the hundred or so elements of the periodic table hinges d Ie
icately on the ratio between the strengths of the strong and elect%-om .
netic forces. The protons crammed together in atomic nuclei all repe] -
another electromagnetically; the strong force acting amon thelijr cOne
stituent quarks, thankfully, overcomes this repulsion and tetérs the o
tons tightly together. But a rather small change in the relative stren thproé
these two forces would easily disrupt the balance between theri :Od
would cause most atomic nuclei to disintegrate. Furthermore wer:a t;
mass of the electron a few times greater than it is, electrons al;d tot i
would tend to combine to form neutrons, gobbling up the nucleli)oof ‘;1“5
d‘rogen (the simplest element in the cosmos, with a nucleus containin .
single proton) and, again, disrupting the production of more complex i]e-l
er?nenls. Stars rely upon fusion between stable nuclei and would ngt ‘f‘orm
with such alterations to fundamental physics. The streneth of the eravi
.tational force also plays a formative role. The crushing d:nsity of mg;?:;
in a star’s central core powers its nuclear furnace and underlies the re-
sulting blaze of starlight. If the strength of the gravitational force were in-
f:reased, the stellar clump would bind more strongly, causing a significant
increase in the rate of nuclear reactions. Bur just as a bril?iant flare ex-
hausts its fuel much faster than a slow-burning candle, an increase in the
nuclear reaction rate would cause stars like the sun to burn out far more
qouicil}{lly, h;lvinhg a ;Ievastating effect on the formation of life as we know it
n the other hand, were th itati ignifi :
decreased, matter would ncTtSctlrzrr;g;}:;;eﬁeefzv;tl?tlt?utifborce ﬂgm{ilcanﬂy
formation of stars and galaxi ’ ypreventing the
rs and galaxies.
We could go on, but the idea is clear: the universe is the way it is be-
cause the matter and the force particles have the properties they do. But
is there a scientific explanation for why they have these properties? o

String Theory: The Basic Idea

String theory offers a powerful conceptual paradigm in which, for the first

ti ¢ i i
me, a framework for answering these questions has emerced. Let's first
get the basic idea. )

The particles in Table 1.1 are the “letters” of all matter. Just like their
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linguistic counterparts, they appear to have no further internal substruc-
ture. String theory proclaims otherwise. According to string theory, if we
could examine these particles with even greater precision—a precision
many orders of magnitude beyond our present technological capacity—we
would find that each is not pointlike, but instead consists of a tiny one-
dimensional loop. Like an infinitely thin rubber band, each particle con-
tains a vibrating, oscillating, dancing filament that physicists, lacking
Gell-Mann's literary flair, have named a string. In Figure 1.1 we illustrate
this essential idea of string theory by starting with an ordinary piece of mat-
ter, an apple, and repeatedly magnifying its structure to reveal its ingredi-
ents on ever smaller scales. String theory adds the new microscopic layer
of a vibrating loop to the previously known progression from atoms through
protons, neutrons, electrons and quarks.?

Although it is by no means obvious, we will see in Chapter 6 that this
simple replacement of point-particle material constituents with strings
resolves the incompatibility between quantum mechanics and general rel-
ativity. String theory thereby unravels the central Gordian knot of con-
temporary theoretical physics. This is a tremendous achievement, but it is
only part of the reason string theory has generated such excitement.

atoms

electron

. @————protons, neutrons

string

Figure 1.1 Matter is composed of atoms, which in turn are made from quarks
and electrons. According to string theory, all such particles are actually tiny

loops of vibrating string.
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String Theory as the Unified Theory of Everything

In Einstein’s day, the strong and the weak forces had not yet been di e/
ered, but he found the existence of even two distinet forces— ravi o ti
falectromagnetism—deeply troubling. Einstein did not accept tghat r:y tam
is founded on such an extravagant design. This launched his thir ? e
voyage in search of the so-called unified field theory that he ho edty Ye;g
show that these two forces are really manifestations of one raid L:V ?iu
lying principle. This quixotic quest isolated Einstein from theg main tn -
of physics, which, understandably, was far more excited about delvis “_eam
th-e newly emerging framework of quantum mechanics. He wro?eg:mo
friend in the early 1940s, “I have become a lonelv old chap who is mz-u'0 Ia
known because he doesn't wear socks and who i; exhibited as a curi i
on special occasions.™ =
. Einstein was simply ahead of his time. More than half a centurv late
his dream of a unified theory has become the Holy Grail of rrlod i
Physics. And a sizeable part of the physics and mathe‘matics commu:'m
is becoming increasingly convinced that string theory may provide the ;:Z
swer. From one principle—that everything at its most microscopic level
c-onsiists of combinations of vibrating strands—string theory przvides a
::ft:r‘explanatory framework capable of encompassing all forces and all
String theory proclaims, for instance, that the observed particle prop-
erti.es, the data summarized in Tables 1.1 and 1.2, are a reflection opf tlfe
various ways in which a string can vibrate. Just as the strings on a violin
or on a piano have resonant frequencies at which they prefer to vibrate—
patterns that our ears sense as various musical notes and their higher
hz-irmonics—the same holds true for the loops of string theory. Butgw
will see that, rather than producing musical notes, each of the .refe 2
patterns of vibration of a string in string theory appears as a particflle whrre
mass and force charges are determined by the string’s oscillatory patte?;e
.The electron is a string vibrating one way, the up-quark is a string vibrat-.
ing another way, and so on. Far from being a collection of chaotic experi
mental facts, particle properties in string theory are the manifestatixp eni-?
one and the same physical feature: the resonant patterns of vibrationjfltl?e
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music, so to speak—of fundamental loops of string. The same idea applies
to the forces of nature as well. We will see that force particles are also as-
sociated with particular patterns of string vibration and hence everything,
all matter and all forces, is unified under the same rubric of microscopic
string oscillations—the “notes” that strings can play.

For the first time in the history of physics we therefore have a frame-
work with the capacity to explain every fundamental feature upon which
the universe is constructed. For this reason string theory is sometimes de-
scribed as possibly being the “theory of everything” (T.O.E.) or the “ulti-
mate” or “final” theory. These grandiose descriptive terms are meant to
signify the deepest possible theory of physics—a theory that underlies all
others, one that does not require or even allow for a deeper explanatory
base. In practice, many string theorists take a more down-to-earth ap-
proach and think of a T.O.E. in the more limited sense of a theory that
can explain the properties of the fundamental particles and the proper-
ties of the forces by which they interact and influence one another. A
staunch reductionist would claim that this is no limitation at all. and that
in principle absolutely everything, from the big bang to daydreams, can
be described in terms of underlying microscopic physical processes in-
volving the fundamental constituents of matter. If you understand every-
thing about the ingredients, the reductionist argues, you understand
everything.

The reductionist philosophy easily ignites heated debate. Many find it
Fatuous and downright repugnant to claim that the wonders of life and the
universe are mere reflections of microscopic particles engaged in a point-
less dance fully choreographed by the laws of physics. Is it really the case
that feelings of joy, sorrow, or boredom are nothing but chemical reactions
in the brain—reactions between molecules and atoms that, even more

microscopically, are reactions between some of the particles in Table 1.1,
which are really just vibrating strings? In response to this line of criticism,
Nobel laureate Steven Weinberg cautions in Dreams of a Final Theory,

At the other end of the spectrum are the opponents of reductionism
who are appalled by what they feel to be the bleakness of modern sci-
ence. To whatever extent they and their world can be reduced to a
matter of particles or fields and their interactions, they feel diminished
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by that knowledge. . . . I would not
talk about the beauties
is chilling and imperson

; try to answer these critics with a pep
of modern science. The reductionist worldview

al. It has to be acce iti
s chi pted as it is, not becau
like it, but because that is the way the world works 4 o

Some agree with this stark view, some don’t
Others have tried to argue that devel
us that new kinds of laws come into pl

a system increases. Understanding the
is one thing;

opments such as chaos theory tel
z;)y ;]vhen the leve] of complexity o

: : enavior of an electron or a qu
e s :;;r;g (t)h: tk}?.ow!efige to understand the behavior of a toxc'lnaac;i
e o dive.r ot IS&pOII‘lt, most agree. But opinions diverge on
s diverse th0 en L-m.expected phenomena that can oceur in
g i “i ]j an‘mdmdual particles truly represent new phys-
elsing, i i 2 el complcnes sy o e e
ching i way, on the physical principles
g‘m ?;:;igntghic; iEZf?}?uSIz large number of elementary constitfents. FL,\/Iy
g s tht €Y do not represent new and independent laws of
y ough it would be hard to explain the properties of a tornado

in terms of the physics of electrons and quar

ks, I see thi
i s : ctro , Is as a matter of
ol .onai Impasse, not an indicator of the need for new physical law:
ut again, there are some who disagree with this view. "

. What is Ia?gely beyond question, and is of primary importanc h
Journey described in this book, is that even if one acceptiJ the d El:)m ;le
reasoning of the staunch reductionist, principle is one thing ande rzti' .
il;;:t:n aer;c:};]z.tAlmo}jt levery-:).ne agrees that finding the T.Q.E. wouﬁd 1'(;1 lr?z
e sched o son snse e re e Ss h
fully rich and complex.place that EZ (.iiscsvz;vz;steh!: ’;”C}I' a}:“'onde_r'
the' sense we are describing here, would not spell the enl:iao; si(i)em .
S:lz;te th(? contrarg-f: The discovery of the T.O.E.—the ultimate explana[:ice.
de HnIverse at its most microscopic level, a theory that does not rely o
ta;l)l;u;;per explanatlon—-—would provide the firmest foundation on wl;iz:);
0 build our understanding of the world. Its discovery would mark
ginning, niot an end. The ultimate theory would provide an unshr:]:blz ;5'

[+
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The State of String Theory

The central concern of this book is to explain the workings of the universe
according to string theory, with a primary emphasis on the implications
that these results have for our understanding of space and time. Unlike
many other exposés of scientific developments, the one given here does
not address itself to a theory that has been completely worked out, con-
firmed by vigorous experimental tests, and fully accepted by the scientific
community. The reason for this, as we will discuss in subsequent chapters,
is that string theory is such a deep and sophisticated theoretical structure
that even with the impressive progress that has been made over the last
rwo decades. we still have far to go before we can claim to have achieved
full mastery.

And so string theory should be viewed as a work in progress whose par-

tial completion has already revealed astonishing insights into the nature of
space, time, and matter. The harmonious union of general relativity and
quantum mechanics is a major success. Furthermore, unlike any previous
theory, string theory has the capacity to answer primordial questions hav-
ing to do with nature’s most fundamental constituents and forces. Of
equal importance, although somewhat harder to convey, is the remarkable
elegance of both the answers and the framework for answers that string
theory proposes. For instance, in string theory many aspects of nature that
might appear to be arbitrary technical details—such as the number of dis-
tinct fundamental particle ingredients and their respective properties—
are found to arise from essential and tangible aspects of the geometry of
the universe. If string theory is right, the microscopic fabric of our universe
is'a richly intertwined multidimensional labyrinth within which the strings
of the universe endlessly twist and vibrate, rhythmically beating out the
laws of the cosmos. Far from being accidental details, the properties of na-
ture’s basic building blocks are deeply entwined with the fabric of space
and time.

In the final analysis, though, nothing is a substitute for definitive,
testable predictions that can determine whether string theory has truly
lifted the veil of mystery hiding the deepest truths of our universe. It may
be some time before our level of comprehension has reached sufficient
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s:fi ::et:rafhieve this aim, although, as we will discuss in Chapter 9, e;
theory witahixt]ef}tlz ;Z;‘:‘: provide strong circumstantial support for st,rin
that string theony b en Yealrs or so. Moreover, in Chapter 13 we will Se;
holes, aseccinad it recently solved a central puzzle concerning blac]
stubb’OmI fﬁ xgxt the s.o-called Bekenstein-Hawking entropy, that ha:
twemy_fi‘,); resiste Tl;solutlon by more conventional means for rr;ore thar.
in th years. 1his success has convinced many that string theory i
e process of giving us our deepest understandin fh : o
works. g of how the universe
Edw. i .
o sa r::azi:??}; eor;;st of t.he plOl’lEEl“S and leading experts in string the-
twenty-first-century ph ;atl(;ln Py saying that “string theory is a part of
an assessment firct aEt_Y llcs tdat fell by chance into the twentieth century,”
Amati.® In a sense thelcu- a.te b.y the celebrated Italian physicist Danielle
tury had boos Pre,semnc,llt I.S I_z:ts if our forebears in the late nineteenth cen-
operating imetroorion e Tﬁwt a r‘nodern-da_\r supercomputer, without the
percomputer’s powers. l;ough mventive trial and error, hints of the su-
vigorous and pralon x;ouﬂ: have be:come evident. but it would have taken
puter's poteneal. Iie e o}nt to gain true mastery. The hints of the com-
would have Proxr;ded eour glimpses of string theory’s explanatory power,
Facilty. A st moﬁ:tr:me]}’ strong mntivation for obtaining complete -
physicists to pursue a fiilo ; t:i)day e'nerglzes a generation of theoretical
theory and precise analytic understanding of string
Witten’
COUIdIE::I; Z :‘:crize;ri{raenrd those of.other experts in the field indicate that it
and undecstond The ncjn cenﬁmes before string theory is fully developed
theory is ac Com- e dathe be true. In fact, the mathematics of string
tions of L theop ; e td at, to .da‘ate, no one even knows the exact equa-
€quations, and e?;nn:}:ea ’ Phys.iasts know only approximations to these
they as yet have been Ozlappmfﬂmate equations are so complicated that
of breakthroughs in he | y partially solved. Nevertheless, an inspiring set
answered the red e ar.t'er half of. the 1990s—breakthroughs that have
el indicate ther oo qL}estlons of'hlt_herto unimaginable difficulty—may
much closer tha inri?i[:;te l(1]uant1tal:1ve nnderstanding of string theory is
powerful new techni y thought. Physicists worldwide are developing
ques to transcend the numerous approximate meth-



The Elegant Universe

Surprisingly, these developments are providing new vantage points for
reinterpreting some of the basic aspects of the theory that have been in
place for some time. For instance, a natural question that may have oc-
curred to you in looking at Figure 1.1 is, Why strings? Why not little fris-
bee disks? Or microscopic bloblike nuggets? Or a combination of all of
these possibilities? As we shall see in Chapter 12, the most recent in-
sights show that these other kinds of ingredients do have an important role
in string theory, and have revealed that string theory is actually part of an
even grander synthesis currently (and mysteriously) named M-theory.
These latest developments will be the subject of the final chapters of this
book.

Progress in science proceeds in fits and starts. Some periods are filled
with great breakthroughs; at other times researchers experience dry spells.
Scientists put forward results, both theoretical and experimental. The
results are debated by the community, sometimes they are discarded,
sometimes they are modified, and sometimes they provide inspirational
jumping-off points for new and more accurate ways of understanding the
physical universe. In other words, science proceeds along a zig-zag path
toward what we hope will be ultimate truth, a path that began with hu-
manity’s earliest attempts to fathom the cosmos and whose end we can-
not predict. Whether string theory is an incidental rest stop along this
path, a landmark turning point, or in fact the final destination we do not
know. But the last two decades of research by hundreds of dedicated
physicists and mathematicians from numerous countries have given us
well-founded hope that we are on the right and possibly final track.

It is a telling testament of the rich and far-reaching nature of string the-
ory that even our present level of understanding has allowed us to gain
striking new insights into the workings of the universe. A central thread in
what follows will be those developments that carry forward the revolution
in our understanding of space and time initiated by Einstein’s special and
general theories of relativity. We will see that if string theory is correct, the
fabric of our universe has properties that would likely have dazzled even
Einstein.

:"-Space, Time, andﬁi
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