The Theory
Formerly Known as Strings

The Theory of Everything is emerging

as one in which not only strings but also
membranes and black holes play a role

by Michael J. Duff

t a ume when certain pundits
are predicting the End of Sc-
ence on the grounds that all
the important discoveries have already
been made, it is worth emphasizing that
the two main pillars of 20th-century
physics, quanmum mechanics and Ein-
stein's general theory of relativity, are
mutually incompatible. General relativ-
ity fails to comply with the quantum
rules that govern the behavior of ele-
mentary particles, whereas on the op-
posite scale, black holes are challenging
the very foundations of quantum me-
chanics. Something big has to give. This
predicament augurs less the bleak fu-
ture of diminishing rerurns predicred by
the millennial Jeremiahs and more an-
other scientific revolution.

Until recently, the best hope for a the-
ory thar would unite gravity with quan
tum mechanics and describe all physi-
cal phenomena was based on strings:
one-dimensional objects whose modes
of vibration represent the elementary
particies. In the past two vears, however,
strings have been subsumed by M-theo-
ry. In the words of the guru of string
theary (and according to Life magazine,
the sixth most influential American baby
boomer), Edward Witten of the Insti-
e for Advanced Study in Princeron,
N.J., *M stands for Magic, Mystery or
Membrane, according to taste,” New
evidence in favor of this theory is ap-
pearing daily, representing rthe most ex-
cinng development since strings first
swept onto the scene.

M:theory, like string theory, relies
crucially on the idea of supersymmetry.
Physicists divide particles into two class-
es, according to their inherent angular
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momentum, or *spin.” Supersymmetry
requires thar for each known particle
having integer spin—0, 1, 2 and so on,
measured n quantum units—there is a
particle with the same mass but half-in-
teger spin ( (s, Y3, 3 and so on), and
VICE Versa.,

Unfortunartely, no such superpartner
has vet been found. The symmetry, if it
exists at all, must be broken, so that the
postulated particles do not have the
same mass as known ones but instead
are oo heavy to be seen in current ac-
celerators. Even so, theorists have re-
tained belief in supersymmetry primari-
ly because it provides a framework
within which the weak, electromagner-
ic and strong forces may be unived with
the most elusive force of all: graviry.

Supersymmetry transforms the coor-
dinates of space and time such that the
laws of physics are the same for all ob-
servers. Einstein’s general theory of rel-
ativity denves from this condition, and
so supersymmetry implies gravity, In
fact, supersymmetry predicts “super-
graviry," in which a particle with a spin
of 2—the graviton—transmits gravita-

tional interactions and has as a partner
a gravitno, with a spin of ¥,
Conventional gravity does not place
any limits on the possible dimensions of
space-time: its equations can, in princi-
ple, be formulated in any dimension.
Not so with supergravity, which places
an upper limit of 11 on the dimensions
of space-time. The familiar universe, of
course, has three dimensions of space:
height, length and breadth, while time
makes up the fourth dimension of space-
time. But in the early 1920s Polish phys-
icist Theodore Kaluza and Swedish phys-
icist Oskar Klein suggested thar space
time may have a hidden fifth dimension.
This extra dimension would not be in-
finite, like the others; instead it would
close in on itself, formirg a crcle.
Around thar circle could reside quantum
waves, fitting neatly into a loop. Only
integer numbers of waves can fit around
the circle; each of these would corre-
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spond to a particle with a different en
ergy. 50 the energies would be “quan-
mzed,” or discrete.

An observer living in the other four
dimensions, however, would see a sct of
p.lﬂu!c’\ with .h\.lu'h_' \h,nm::., J.L]hu
than energies. The quantum, or unit, of
charge would depend on the circle’s ra-
dius, In the real world as well, electrical
charge is gquantized, in units of e, the
charge on the electron. To get the right
value for e, the circle would have to be
tny, about 10~ centimeter in radius.

The unseen dimension’s small size ex

plains why humans, or even atoms, are
umaware of it. Even so, it would vield
riu‘lrulm,lum-n«m. .1|||.|. gravity, .l|n'.lL||.
present in the four-dimensional world,
would be united with 1|1,|| lorce,

In 1978 Eugene Cremmer, Bernard
Julia and Joel Scherk of the Ecole Nog-
male Supéricure in Pans realized thar
SUPCTETAVITY Mot only pormuts up o sev
en extra dimensions but is most ¢ legant
when existing m a space-time of 11 di-
mensions {10 of space and one of nme),
The kind of real, four-dimensional world
the theory ultimatcly predicts depends
on how the extra dimensions are rolled
up, i la Kaluza and Klein, The several
curled dimensions could conceivably al-

lovw |\h\ sicists to derive, in addition to
electromagnenism, the strong and weak
nuclear forces, For these reasons, many

physicists began to look to supergravity
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i 11 dimensions in the hope thar it
might be the unified theory.

In 1984, however, 11-dimensional
supergravity was rudely knocked off its
pedestal. An important feature of the
real world is thar namire distinguishes
between righe and lefi: the laws govern
g the weak nuclear force operare dif
terently when 1.'|¢'\\.|'|i rhruu_u,h A Imarror.,
(For instance, neutrinos always have
left-handed spin.) But as Witten and
others emphasized, such “handedness™
cannot readily be derived by reducing
space-time from 11 dimensions down
o howar,

P-Branes

|I|‘|'rl'_l.1‘|'|[|.‘| |‘l|‘||[|lJJI wWas ||‘H’I’l'l.1

by superstning theory in 10 dimen-
sions. Five competing theories held sway,
designated by their mathematical char
actenistics as the Eg % Eg heterotic, the
SO(32) heterotic, the SO32) Type 1,
the Type ITA and Type 1B strings, (The
|{\'p(' I is an "upl.'n" String consisting ol
just a segment, whereas the others are
“closed” strings that form loops.) One
string in parocular the Eg X Eg, seemed
at least in principle—capable of explain-
mg the known elementary particles and
torces, including their handedniess, And
unlike supergravity, strings seemed to
provide a theory of gravity consistent
with quantum effects. All these virtues

SCIENTING

LIFE, THE UNIVERSE AND
EVERYTHING may  arise
from the interplay of stnings,

bubbles and sheets in higher

dimensions of space-time.

enabled string theory 10
sweep physicists off their
feet and 11-dimensional
supergravity i the dog-
house. Murray Gell-Mann
of the Califorma Institute of
Tl\'hlmh WY rlh‘.lphuhﬂmi the
mood of the nmes by declar-
ing at a meeting: “Eleven-di-
mensional supergravity—ugh!™
After the immnal enphoria over

strings, however, nagging doubts be
gan to creep in. First, many important
ns—especially how te confront
the theory with experiment—seemed in-
capable of being answered by tradition-
al methods of calculation. They called

(uCs!

for radically new techniques. Second,
why were there five different string the-
ories? If one is looking for a unique
Theory of Everything, surely this is an
embarrassment of riches, Third, if super
symmetry permits 11 dimensions, why
do superstrings stop at 102 Finally, if we
are going to conceive of pointlike part
cles as strings, why not as membranes
or more generally as p-dimensional ob
jects—inevitably dubbed p-branes?

Consequently, while most theorists
were tucking into - super-spagherri, a
small bur enthusiastne group were de-
veloping an appetite for super-raviol, A
particle, which has zero dimensions,
sweeps out a one-dimensional trace, or
“worldline,” as it evolves in space-time
|see illustration on next page]. Similarly
a string—having one dimension, length—
sweeps out a two-dimensional “world
sheet,” and a membrane—having two
dimensions, length and breadih—sweeps
out a three-dimensional “worldvolume.™
In general, a p-brane sweeps ot a world-
volume of p + 1 dimensions, (Of course,
there must be v|1||||pj'p room for the P
brane to move abour in space-time, so
p + 1 must not exceed the number of
space-time dimensions. )

As early as 1962, Paul A. M. Dirac,
one of the fathers of gquantum mechan-
ics, had constructed an imaginative mod-
el based on a membrane. He postulared
that the electron, instead of resembling
a point, was in reality a minute bubble,
a membrane closed in on itself. Its oscil
lanons, Dirac suggested, might generate
particles such as the moon, a heavier
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version of the elecrron. Although his at-
tempt failed, the equations thar Dirac
pestulared for the membrane are cssen-
tially the ones we use today, The mem-
brane may ke the form of a bubble,
or it may be stretched out in two diree-
tions like a sheet of rubber

Supersymmietry severely restrices the
possible dimensions of a p-brane. In the
space-time of 11 dimensions floats a
membrane, discovered mathematically
by Eric Bergshoeff of the University of
Groningen, Ergin Sezgin, now at Texas
A&M University, and Paul K. Town-
send of the University of Cambridge. It
has only rwa spatial dimensions and
looks like a sheet. Paul S, Howe of King's
College London, Takeo Inami of Kyoto
Umiversity, Kellogg Stelle of Imperial
College, London, and 1 were able to
show that if one of the 11 dimensions is
a arcle, we can wrap the membrane
around it once, pasting the edges togeth-
er to forn a tube. If the radius of the cir-
cle becomies sufficiently small, the rolled-
up membrane ends up looking like a
string in 10 dimensions; in face, it vields

precisely the Type A superstring,

Notwithstanding such results, the
membrane enterprise was largely ig-
nored by the orthodox: String communi-
ty. Formunarely, the situation was about
o change because of progress in an ap-
parently unrelated Hield.

In 1917 German mathematician Ama-
lie Emmy Noether had shown thar the
mass, charge and other antributes of el-

=44

ementary particles are generally con-
served because of symmetries. For m-

stance, conservation of energy follows

nfnmmnﬂthutlulnmdphrm
remain unchanged with time, or are
symmetric as time passes, And conser-
vation of electrical charge follows from a
symmetry of a particle’s wave function.

Sunﬂmhwevnt.lmihmmy
be maintained because of deformations
in fields. Such conservarion laws are
called topological, bccam:mpuluyas
that branch of mathemanics tha
cerns itself with the shape of thmp.
Thus, it may happen that a knot in a set
ol fickd lines, called a soliton, canmor be
smoothed our. As a result, the soliton is
much like a particle. A classic example
15 4 magnetic monopole—the isolated
pole of a bar magnet—which has not
hcm{uundmnnmhruhumupn
twisted configuranons in some held
theories.

In the traditional view, then, particles
such as electrons and quarks (which car-
ry Nocther charges) are seen as funda-
mental, whereas particles such as mag-
netlc monopoles (which carry topologi-
cal charge) are derivative. In 1977,
however, Claus Montonen, now at the
Helsinki Instivure of Physics, and David
I, Olive, now ar the University of Wales
at Swansea, made a bold conjecture.
Mighs there exist an alternative formu-
lation of physics in which the roles of
Noether charges (like electrical charge)

B

TRAJECTORY of a particle in space-
time traces a worldline. Similarly, thar of

“m;mmhmmml

cndmpul:muldmrwﬂlkem

picrure, the monopoles would
be the elementary objects, whereas the
uarks, electrons

and so on—would arise as solitons,
More precisely, a fundamental parti-

-ctewim:hnmcrwmbdbemﬁnlmt

to a solitonic particle with charge 1.
Because its charge is a measure of how
strongly a particle interacts, a mono-
pole would nteract weakly when the
original particle interacts strongly (thar
is, when ¢ is large), and vice versa,

The conjecture, if true, would lead to
a profound mathemarical simplificarion.
In the theory of quarks, for instance,
physicists can make hardly any calcula-
ﬂmﬂmqum:hmwmmum]r

any in the theory must
then interact weakly. One could imag-
ine doing calculations with a dual theo-
ry based on monopoles and auromari-
cally getting all the answers for quarks,
because the dual theory would yield the
same final results,

Unforrunarely, the idea remained on
the back bumer. It was a chicken-and-
epg problem. Once proved, the Mon-
tonen-Olive conjecture could lmpbe-
yond conventional calculational rech-
nigues, but it would need to be proved
by some other method in the first place.

As it turns out, p-branes can also be
viewed as solitons. In 1990 Andrew
Strominger of the Instirute for Theorer-
ical Physics in Santa Barbara found that
a 10-dimensional strmg can yvield a soli-
mﬂutuuﬁvc—hrmﬂznmmm

uﬂndmleqmﬂmnfmk!ym
acting five-branes.

There were two major impediments
to this duality. First, the duality pro-
posed by Montonen and Olive—be-
rween clectricity and magnetism in or-
dinary four dimensions—was still un-
proved, so duality berween strings and

a space-time can Ilim
Mﬂuuudulm
sional sheet, ur‘h ntoe a
wraps around it. The
circle so small thar the two-dimensional space ends
up looking one-dimensional, like a line. The nghly
wrapped membrane then resembles a string.

shown here as a
ﬁ:m

dlmmdnnbemnnl
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EXTRA DIMENSION curled into a

tube offers insights into the fabric of

space-time,

five-branes in 10 dimensions was even
more tenuous. Second, there were all
kinds of issues about how to find the
Qquantum properties of five-branes and
hence how to prove the new duality,
The first of these impediments was
removed, however, when Ashoke Sen of
the Tata Institute of Fundamental Re-
search in Bombay established that su-
persymmetric theories would require the
existence of certain solitons with both
electrical and magnetic charges. These
objects had been predicred by the Mon-
tonen-Olive conjecture. This seemingly
meonspicuous result converted many
skeprics and unleashed a flood of papers,
In particular, it inspired Nathan Seiberg
of Rutgers University and Edward Wit-
ten to look for duality in more realistic
(though snll supersymmetric) versions of
quark theories. They provided a wealth
of information on quantum fields, of 3
kind unthinkable just a few vears ago.

Duality of Dualities

In 1990 several theorists generalized
the idea of Montonen-Olive dualiry
to four-dimensional superstrings, in
whose realm the idea becomes even
more narural, This duality, which none-
theless remained specularive, goes by
the name of S-duality.

In fact, string theorists had already
become used 1o a torally different kind
of duality called T-dualiry, T-duality re-
lates two kinds of particles that arise
when a string loops around a compact
dimension. One kind (call them “vi-
brating™ particles) is analogous to those
predicted by Kaluza and Klein and
comes from vibrations of the loop of
string [see illustration on wext page].
Such particles are more energeric if the
circle is small. In addirion, the string
can wind many times around the circle,
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like a rubber
band on a wrist; its
energy becomes higher the
maore times it wraps around and the
larger the circle, Moreover, each cnergy
level represents a new paricle (call
them “winding” particles),

E-duality states that the winding par-
ticles for a circle of radius R are the
same as the “vibration™ particles for a
circle of radius Vg, and vice versa. To-a
physicise, the two sets of particles are
mdistinguishable: a fat, compact dimen-
ston may yvield apparently the same par-
ticles as a thin one.

This duality has a profound implica-
tion, For decades, physicists have been
struggling to understand narure ar the
extremely small scales near the Planck
length of 10 centimeter. We have al-
ways supposed thar laws of nature, as
we know them, break down ar smaller
distances. Whar T-duality suggeses, how-
ever, 18 that at these scales, the universe
looks just the same as it does ar large
scales. One may even imagine rthar if
the universe were to shrink to less than
the Planck length, it would rransform
into a dual universe that grows bigger
as the orginal one collapses.

Duality between srings and  five-
branes still remiined conjectural, how-
ever, because of the problem of quantiz-
ing five-branes. Starting in 1991, a ream
at Texas A&M, involving Jianxin Lu,
Ruben Minasian, Ramai Khuri and my-
self, solved the problem by sidestepping
it. If four of the 10 dimensions curl up
and the five-brane wraps around these,
the latter ends up as a one-dimensional
object—a (solitonic) string in six-di-
mensional space-time, In addinon, a
fundamental sering in 10 dimensions
remams fundamental even in six di-

“BRANE" SCAN lists the membranes
that arise in space-times of different di-
mensions. A p-brane of dimension 0 is a
particle, that of dimension 1 is a string
and that of dimension 2 is a sheet or bub-
ble. Some branes have no spin (redl), but
Dirichlet-branes have spin of 1 (blue),

mensions. So the concept of duality be-
tween strings and five-branes gave way
to anather conjecture, duality between
a solitonic and a fundamental SETINE.

The advantage is that we do know
how to quantize a string. Hence, the pre-
dicrions of string-string duality could
be put to the test. One can show, for in-
stance, that the strength with which the
solitonic strings interact is given by the
mverse of the fundamental string’s in-
teraction strength, in complete agree-
mient wirth the conjecture,

In 1994 Christopher M. Hull of
Queen Mary and Westhicld College,
along with Townsend, sugpested that a
weakly interacting heteroric string can
even be the dual of a strongly interace-
ing Type NA string, if both are in six di-
mensions. The barriers between the dif-
ferent string theories were beginning 1o
crumble,

It occurred 1o me that string-string
duality has another unexpected payoff.
If we reduce the six-dimensional space-
tume to four dimensions, by curling up
two dimensions, the fundamental string
and the solitonic string each acquire a
T-duality. But here is the miracle: the T-
duality of the solitonic string is just the
S-duality of the fundamental string, and
vice versa. This phenomenon—in which
the interchange of charges in one pic-
ture is just the inversion of lengeh i the
dual picture—is called the Duality of
Dualinies, It places the previously spec-
ulative S-duality on just as firm a foot-
ing as the well-cstablished T-duality, In
addition, it predicts thar the strenpth
with which objects inreract—their ching-
es—is related o the size of the invisible
dimensions. What is charge in one uni-
verse may be size in another,

In a landmark ralk at the Universiry
of Southern California in 1995, Witten
suddenly drew together all the work on
T-dualiry, S-duality and string-string du-
ality under the umbrella of M-theory in
11 dimensions, In the following months,
livesrally hundreds of papers appeared
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Duality between Large and Small

-duality connects the physics of large space-times
with that of small ones. Visualize a curled space-time

as a cylinder. A string looped around it has two kinds of en-
ergy states, One set arises from the waves in the string that
fit around the cylinder; call these the “vibration” modes. if
the cylinder is fat, the vibrations tend to have long wave-
lengths and less energy. 5o the energies corresponding
to different numbers of waves around the cylinder are
separated by small amounts—that is, they are “closely

The string can, however, also loop around the
cylinder like a stretched rubber band. If the cyfinder
is fan, the string needs o stretch more. requiring
more energy. 5o the energies of the states corre-
sponding to different numbers of loops—call
these the "winding” modes—are widely spaced.
MNow look at the energy levels for a thin cylin-
der. The waves fitting around it are small and
50 have high energy. As a result, the vibration
states are widely spaced. But the loops re-
quire less energy, and so the winding modes
are closely spaced,

To an outside observer, however, the

different physical origins of the vibration

and winding states are not apparent.
Both the thin and the fat tube yield ulti-
mately the same energy levels, which
physicists interpret as particles. Thus,
the minute scales of the thin space-
time may yield exactly the same
physics as the large scales of our
universe. —MLD.

on the Internet confirming that whatever
M-theory may be, it certainly involves
membranes in an important way.

Even the Eyx Eg string, whose hand-
edness was thoughr impossible to derive
from 11 dimensions, acguired an origin
in M-theory. Witten, along with Petr
Horava of Princeton University, showed
how to shrink the extra dimension of
M-theory into a segment of a line. The
resulting picture has two 10-dimension-
al universes (each ar an end of the ling)
connected by a space-time of 11 dimen-
sions, Particles—and strings—exist only
in the parallel universes ar the ends,
which can communicate with each oth-
er only via gravity, (One can speculare
that all visible matter in our universe lics
on one wall, whereas the “dark marter,”
believed 1o account for the invisible mass
in the universe, resides in a parallel uni-
verse on the other wall,)

This scemario may have important
consequences for confronting M-theory
with experiment. For example, physi-
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cists know that the intrinsic strengths
all the forces change with the energy «
the relevant particles. In supersymme
ric theories, one finds that the strengtl
of the strong, weak and electromagne
ic forces all converge ar an energy E+
lﬂ“welxmm volts, Further, the o
teraction strengths almost
not guite—the value of the dimension
less number GE2, where G is Newton
gravitational constant. This near mis
most likely not a coincidence, seems 1
call for an explanation; it has been
source of great frustration for physicist
Bur in the bizarre space-time env
stoned by Horava and Witten, one ca

THREE FORCES CONVERGE 1o o

mﬁgﬂiwhm are as enc
getic as 10" giga electron volts. Uni
now, gravity was believed 1o miss th
meeting point. But calculations includic
the 11th dimension of M-theory supge
that gravity as well may converge to o
same point.






