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Burrowing into the crumpled-up heart of string theory

nthe 1920s, two powerful ideas took

l hold in physics. Quantum theory

held that electrons in atoms could

have only certain energies. The special

theory of relativity insisted that no parti-

cles could travel faster than the speed of
light.

But there was no equation that com-
bined the two theories to describe the
behavior of rapidly moving electrons in
atoms.

Paul A.M. Dirac finally found the link in
1929, when he formulated an equation that
encompassed both special relativity and
quantum mechanics — and created rela-
tivistic quantum mechanics. Solutions to
the equation not only provided a descrip-
tion of the motion of atomic electrons, but
also unexpectedly gave an explanation of
their spin and magnetic properties.

Moreover, some technical difficulties
in handling the equation led Dirac to
postulate the existence of antimatter: For
each type of ordinary particle, such as an
electron or proton, there exists an anti-
particle of opposite charge. The discov-
ery of positively charged electrons (pos-
itrons) a few years later vindicated
Dirac’s daring, controversial prediction.

Dirac’s work was strongly influenced by
his conviction that a physical theory had
to be “beautiful” More than merely a
description of a physical phenomenon, a
theory had to be formulated as a compact,
but richly suggestive mathematical ex-

pression of a simple, underly-
ing principle. Dirac’s approach
to relativistic quantum me-
chanics met that criterion, and
it has survived as an essential
part of what is now known as
quantum field theory.

Today’s theoretical physi-
cists face the challenge of unit-
ing the general theory of rela-
tivity — which describes grav-
ity in terms of geometry —with
the equations of the standard
model of particle physics —
which describe the forces be-
tween subatomic particles, in-
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cluding quarks-and electrons, in terms of
quantum field theory.

The leading candidate for achieving
this unification is string theory This
theory replaces the point particles of
relativity and quantum mechanics with
extended objects called strings, which
can be visualized as either closed loops
or segments with two free ends. These
strings are so tiny, however, that they look
like point particles when probed at even
the highest energies accessible to parti-
cle accelerators.

The equations of string theory have
proved extremely difficult to solve and
interpret. Indeed, no detailed quantita-
tive prediction that would make possible
a decisive experimental test of string
theory has yet emerged.

Nonetheless, physicists and mathema-
ticians continue working on the theory —
in part because, as John H. Schwarz of the
California Institute of Technology once
stated, “string theory [is] too beautiful a
mathematical structure to be completely
irrelevant to nature.” And there have
been modest successes along the way,
which have provided intriguing glimpses
of the form a definitive, complete string
theory might take.

Last month saw the electronic dissemi-
nation of two papers demonstrating that
string theory allows changes that
smoothly alter the topology — the basic
shape — of space-time. This result means
that, from a physical point of view, noth-
ing disastrous happens during such
changes in geometry.

In contrast, the same kind of discon-
tinuity could occur in general relativity
only with extreme physical conse-
quences. To remain physically reason-
able, “general relativity teaches us that
the fabric of space-time can be stretched
or shrunk, but it cannot be torn,” says
mathematician David R. Morrison of
Duke University in Durham, N.C.

The new papers suggest that string
theory allows radical changes in geome-
try, while quantum effects shield the physi-
cal universe from the potentially cata-

strophic consequences of such
drastic rearrangements of
space and time. By such rea-
soning, it’s possible to imagine
the universe evolving along ex-
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otic paths that seem out of place in general
relativity. These results and the innovative
methods used to achieve them open up a
new avenue of exploration for both string
theorists and mathematicians.
S physical theory to evade singu-
larities — places where the mathe-
matics describing the action of a force
gives infinity as the answer. Quantum
mechanics tamed such infinities in the
case of atomic systems by making every-
thing fuzzy, as quantified in the Heisen-
berg uncertainty principle.

But there was no equivalent method of
handling and hiding singularities that
arise in general relativity when theorists
try to incorporate quantum effects. Until
the advent of string theory, this crucial
deficiency isolated general relativity
(and gravity) from the rest of physics.

By idealizing particles as one-dimen-
sional strings rather than zero-dimen-
sional points, string theory removes
those singularities and provides a plaus-
ible framework for a quantum theory of
gravitation. The trick is to link the behav-
ior of these mathematical objects with
the physical world — in other words, to
find a way of interpreting complex, exotic
geometries as observable physical ef-
fects.

“String theory gives you a complicated
set of differential equations that you have
to solve,” says physicist Brian R. Greene
of Cornell University. However, because
these differential equations turn out to
have many different solutions, it isn't
clear which of the solutions — also ex-
pressed as equations —to use for deriving
(and predicting) the behavior of a given
physical system.

“What we have done for many years is to
study a whole host of solutions to the [dif-
ferential] equations to get a sense of what
sort of physics can emerge,” Greene says.

To complicate matters further, string
theorists don't actually know the full differ-
ential equations describing the underly-
ing quantum theory. They have to approxi-
mate those equations by starting with
simplified, bare-bones versions, then in-
troducing finer and finer corrections.

Nonetheless, solutions to the bare-

trings arose out of the need in
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bones equations suggest that strings exist
in a 10-dimensional environment. Four
dimensions of this peculiar setting —
height, width, depth, and time —
correspond to the space-time of relativity
theory. The remaining six dimensions are
somehow crumpled up into tiny, compact
balls, which correspond in physical terms
to minuscule spaces only 10~ centimeter
wide — far smaller than a proton.

Three years ago, Greene and M. Ronen
Plesser, now at Yale University, found that
pairs of vastly different solutions to the
simplified equations — solutions that ap-
parently have nothing to do with each
other —sometimes actually lead to identi-
cal physical consequences when all pos-
sible corrections are added in. For techni-
cal reasons, the mathematical spaces
represented by such pairs of solutions
are called mirror manifolds.

The discovery of this pairing came as
a surprise to mathematicians. “We didn't
see any reason to believe such things
were true,” Morrison says. “But it
worked.”

The results meant that the same
physics can be expressed in terms of
vastly different geometries. Such a con-
nection hints that these disparate geome-
tries themselves may have as yet un-
known mathematical ties.

“From a physical point of view, this
[connection] has important practical im-
plications,” Greene says. It turns out that
when certain calculations prove impos-
sible to carry out by starting with one
solution, translating the question into an
equivalent problem applied to the origi-
nal solution’s mirror manifold sometimes
makes the calculation very easy.

“That gives you a new kind of tool for
getting at the core of the physical phe-
nomena [represented by] these solu-
tions,” Greene says.

Greene, Morrison, and Paul S. Aspin-
wall of the Institute for Advanced Study in
Princeton, N.J., have applied this new tool
to the investigation of the types of radical
changes allowed by string theory in the
basic geometry of space-time.

opology emphasizes the charac-
1 teristics of geometrical shapes
that remain unchanged, no mat-
ter how much the shapes are bent,
stretched, or twisted. For example, the
surfaces of a doughnut and a coffee mug
have the same topology. It's possible to
imagine smoothly deforming a dough-
nut-shaped piece of clay into a single-
handled mug — all the while preserving
the hole that is characteristic of both
objects.
On the other hand, it would take cut-
ting and gluing to turn a spherical bal-
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loon into an inner tube. Thus, the sur-
faces of a balloon and an inner tube have
different topologies.

In general, two shapes have the same
topology only if one can be transformed
into the other without cutting or tearing.

The equations of general relativity
govern the structure of space-time, and
any solutions that include tearing would
have singularities leading to disastrous
physical consequences. Since these dis-
astrous events apparently don't occur,
this renders those particular solutions
suspect, if not completely imaginary.

“We wanted to know what would hap-
pen in string theory,” Greene says.

The bare-bones version of the differen-
tial equations of string theory looks very
similar to the equations connected with
the physical interpretation of general
relativity. But that’s not the full string
theory story. One also has to include all
the correction terms to see if those
additions make a difference.

“Whenyouaddinallthe...corrections
demanded by string theory, you get a
different theory than general relativity,”
Greene notes.

In one approach, Edward Witten of the
Institute for Advanced Study carefully
analyzed what would happen near a sin-
gularity — a tear caused by a topology
change — and argues that corrections to
the basic equations precisely cancel out
the singularity that general relativity
would encounter.

Greene and his colleagues tried a dif-
ferent strategy. They worked with a solu-
tion to the simplified string-theory equa-
tions that happened to have a known
mirror manifold. One of its two solutions
appears to lead to a singularity in the
physics, but the other clearly doesn’t. “It
turns out the mirror picture has no
singularity in the physics,” Greene says.

Both results demonstrate that in the
context of strings, physical theory can
accommodate a change in the topology of
space-time. Unlike the situation in gen-
eral relativity, no singularity mars the
transition from one topology to another.
“The singularities of this kind of topology
change can be hidden away by quantum
effects,” Greene remarks.

Such a restructuring of space and time
proves no more unusual than the transi-
tion of water into steam, Morrison adds.

By permitting topology changes, this
result means that the universe may
evolve in far more exotic ways than
expected in general relativity. “But
they're not really exotic at all from the
point of view of string theory” Greene
notes. “They're as physically reasonable
as what would occur in general relativity”

A gest some intriguing possi-

bilities, string theory itself re-
mains mired in seemingly intractable
mathematical difficulties.

Ithough the latest results sug-

“The main barrier is the fact that we
don’t have the full equations in hand,”
Greene says. It is often hard to tell
whether a given result depends on the
approximate solution chosen for study or
corresponds to real physics.

The discovery of a large number of
different solutions to the equations of
string theory presents theorists with an-
other disturbing problem. Within the
major assumptions of string theory, there
appears to be a tremendous number of
paths from the mathematics to the real
world.

“One encouraging feature of [the new]
result is that it’s helping to diminish the

The universe
may evolve

in far more
exotic ways
than expected in

geneval velativity.

numbers of choices,” Morrison remarks.

“Now that we’ve seen that completely
different solutions to the differential
equations are connected even if you go
through a topology change, an interest-
ing question is whether you can connect
all the solutions . . . by such manipula-
tions,” Greene says.

“It would be quite beautiful if you could
show . . . that although the differential
equations look like they have this vast
space of different solutions not con-
nected in any obvious manner, through
processes that are physically reasonable
in string theory but not in general rela-
tivity, you can connect them up,” he adds.

But the rules of the string theory game
are so hard and each match so demand-
ing that only a few can play.

In Dreams of a Final Theory: The Search
for the Fundamental Laws of Nature (Pan-
theon, 1992), physicist Steven Weinberg
of the University of Texas at Austin re-
marks: “String theory is very demanding;
few of the theorists who work on other
problems have the background to under-
stand technical articles on string theory,
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the overall complexity of the
woman's heart rate. For this,
the researchers had to plot the
information in a mathematical
universe called “phase space,”
which plots the heart rate in
three dimensions to highlight
the amount of variability.

In these three-dimensional
diagrams, second-by-second
changes in heart rate form a
continuous series of points. A
truly random heart rate, Red-
ington explains, would fill the
phase space with an amor-

However, using nonlinear
dynamics to study psychologi-
cal phenomena may prove “in-
trinsically more difficult” than
earlier applications, warns
cardiologist Ary L. Goldberger
at Harvard Medical School in
Boston, who is noted for his
research on the chaotic
rhythms of the heart (SN:
9/5/92, p.156). Moreover, in all
disciplines, not just psychol-
ogy, the use of chaos theory
remains “enormously compli-
cated and controversial,”
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phous cloud of data points in
no particular order. Con-
versely, a completely stable
heart rate — that of a person
under deep anesthesia, for ex-
ample —would fill only a small,
point-like region of the phase
space.

“Our data look like some-
thing in between these extremes,” Red-
ington says.

In a computer-assisted game of con-
nect-the-dots, the researchers identified
recurrent patterns, or trajectories, in the
behavior of the patient’s heart rate in
phase space. For example, trajectories
theresearchers classified as type IV show
the most complex, spontaneous behavior.
In these trajectories, the heart rate wan-
ders through widely separated regions of
phase space. This behavior resembles
the “random walk” of a truly unpredict-
able process.

But most intriguing to the researchers,
type IV trajectories tend to emerge when
the patient seems most focused on the
emotions and thoughts at issue during
the session — a desirable mental state
psychologists call “therapeutic engage-
ment.” In contrast, less complex, more
point-like trajectories seem to corre-
spond to times when the patient seems
more defensive or anxious.

These complex heart-rate patterns
may also reveal important information
about the mental state of the therapist,
Redington notes. In a study slated for
publication in an upcoming JOURNAL OF
NERVOUS AND MENTAL DISEASE, the re-
searchers show that type IV trajectories
in the therapist often coincide with mo-
ments when the therapist experiences
strong feelings of empathy for the patient.

“There appear to be interesting pat-
ternsin the physiology that may index, or
reflect, what's going on inside the head,”
Redington notes.

The therapist can also affect the behav-
ior of the patient’s heart rate. By making
what psychiatrists call an “interven-
tion” — offering an insightful interpreta-
tion of something the patient has re-
counted, for instance — the therapist
sometimes seems to trigger sudden
changes in the complexity of the patient’s
heart rate.

At these moments in therapy, “there’s a
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Darkened points indicate four different patterns, or
trajectories, in the same phase-space plot of changes in a
patient’s heart rate during psychotherapy. Type IV trajectory
(far right) exhibits the most complex, spontaneous, random-
like motion in the phase space and may reflect specific kinds
of mental states patients experience during therapy, say
researchers.

dramatic shift in the patient’s physiol-
ogy,” says Redington. “It’s as if the thera-
pist has metaphorically slapped the pa-
tient on the back. And now all of a sudden,
the patient is responding in a new way,
learning a new way to behave.”

hat do these dynamic changes say

about patients’ shifting mental

states during psychotherapy? At
this early phase of their research, Red-
ington and Reidbord hesitate to tag the
trajectories they’'ve observed with spe-
cific meanings. In subsequent work, Reid-
bord says, they will switch to analyzing
the phase-space plots with computer-
based, numerical methods to avoid the
somewhat subjective typing of trajecto-
ries by visual inspection.

Goldberger says.

“I think the interpretation of
the data must be done with
great caution,” he notes.

Redington and Reidbord say
they have indeed proceeded
cautiously in their research,
largely out of respect for the in-
trinsic difficulties of training
the telescope of nonlinear dynamics on
psychological phenomena. In past and on-
going research, they have taken an “ultra-
conservative approach,” which includes
collecting heart-rate data carefully and
applying the mathematics of nonlinear
dynamics rigorously, Redington says.

The researchers, however, are certain
that nonlinear dynamics is the appropri-
ate means for exploring the complex
interconnections of physiology and men-
tal states and for pursuing their goal of
describing mathematically the “pushes
and pulls” that shape human thought and
action.

“When you look through a telescope,
you start to see in much finer detail,
you're better able to describe things,”
says Redington. “And that’s exactly what
think nonlinear dynamics is all about.” (J
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and few of the string theorists have time
to keep up with anything else in physics,
least of all with high-energy experi-
ments.”

Nonetheless, he continues, “string the-
ory provides our only present source of
candidates for a final theory. .. . Itis a pity
that it has not yet been more successful,
but string theorists like everyone else are
trying to make the best of a very difficult
moment in the history of physics. We
simply have to hope either that string
theory will become more successful or
that new experiments will open up prog-
ress in other directions.”

The attempt to construct string theory
has also led to fruitful collaborations
between physicists and mathematicians.
Mathematicians can take advantage of the
intuitive insights that physicists bring to
the solution of mathematical problems,
and physicists benefit from the rigor that
mathematicians bring to what initially
may be little more than speculation.

“This kind of jumping ahead when you
don't really know what you're doing is
really useful,” Greene says. “If you wait for
the mathematical rigor to be there, it
might take a long time, and by that time
the question you started with may not be
important anymore.”

“I think that over the last decade it has
become apparent that we mathemati-
cians can actually learn a lot in interact-
ing with physicists if we suspend disbelief
for a while,” Morrison says. He describes
some of the mathematical surprises
emerging from recent developments in
string theory in the January JOURNAL OF
THE AMERICAN MATHEMATICAL SOCIETY.

In 1989, Schwarz remarked, “It is very
satisfying to witness the growth of inter-
action between mathematicians and
physicists after a long period of separa-
tion. I think it is fair to say that the study
of string theory holds great promise for
the unification of particles and forces, but
it has already done a great deal to unify
disciplines.”

Those remarks still ring true. O
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