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In the first part of this article, I give a brief review
of string theory and its goal. In the second part I
outline the study of tachyons in string theory and an
attempt at a non-perturbative formulation of string
theory based on these studies.

Although most physicists might have by now heard
both words— string theory and tachyons- neither of
these topics may be very familiar to a majority of the
physicists. Keeping this mind, I shall spend a major
part of the article explaining the role of string theory
in the formulation of a unified theory of all matter
and their interactions, and also briefly explain the
role of tachyons in ordinary quantum field theories.
Then I shall turn to the role of tachyons in string
theory.

String theory and gravity

RELATIVISTIC quantum field theory —the theory that
unifies special theory of relativity and quantum me-
chanics — has been extremely successful in providing a
description of elementary particles and their strong,
weak and elecromagnetic interactions. The currently
accepted theory of elementary particles, known as the
‘standard model’, works extremely well in explaining
all the observed experimental phenomena involving
elementary particles. The notable exception is the dis-
covery of mneutrino mass; according to the standard
model are massless, but recent experi-
ments suggest that neutrinos have mass. This, however,
can be easily accommodated using minor modification
of the standard model within the framework of quantum
field theory.

However, the techniques of quantum field theory, at
least its perturbation expansion that has been so
cessful in the context of particle physics, do not seem to
work for quantizing gravity. If we quantize gravity us-
ing the standard techniques of perturbative quantum
field theory, we encounter a new kind of particle,
known as the graviton, which mediates gravitational

the neutrinos

suc-

interaction just as photons mediate electromagnetic in-
teraction in quantm electrodynamics. However, while
calculating probability amplitudes for processes involv-

ing exchange of the graviton, we run into infinite an-

swers. These infiniies come from a region of loop
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momentum  integration, where the momenta carried by
the intermediate virtual particles is large (or equiva-
lently, the distance between the interaction points is
small) and are known as ultraviolet divergences. Figure
1 is a particular example of such a divergent Feynman
diagram in quantum gravity. Such ultraviolet diver-
gences also occur in more conventional quanwm field
theories, including the standard model, but there all
these infinities can be absorbed into a redefinition of the
various coupling constants, and once the amplitudes are
expressed in terms of physically observed coupling con-
stants rather than the original parameters used in writing
down the theory, all expressions become finite. This
procedure breaks down in the case of quantum gravity
since the strength of the gravitational interaction grows
with energy/momentum, and as a result the ultraviolet
divergences in quantum gravity are much more severe.

Since ultraviolet divergences are controlled by the
behaviour of the theory at short distances, one might
hope that one could cure the ultraviolet divergences of
quantum gravity by modifying the theory at short dis-
tances, while keeping the behaviour of the theory at
large distances, the same as that of general relativity.
String theory is one of the attempts to achieve this goal
The basic idea in string theory is quite simple. One
simply postulates that different elementary particles are
different vibrational states of a string, rather than point-
like particles. As we shall see, starting from this simple
hypothesis, and requiring that string theory is consistent
with the rules of quantum mechanics and special theory
of relativity, we get a remarkable set of results. How-
ever before we describe them, we should first address
the basic question: if all elementary particles are really
states of a string, then why do we not see this stringy

structure  inside various elementary particles like elec-
trons, quarks, etc.? The answer to this is that the
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Figure 1. Graviton exchange contribution to the scattering of two
electrons.
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typical size of a string is much smaller than the resolu-

tion of the most powerful microscopes available today.

The strongest such microscope—the tevatron accelera-

tor at Fermilab— can probe distances of the order of

107!’ cm, whereas the most standard scenarios give a

string size of the order of 102 cm. Due to this reason,

even if the elementary particles are states of a string, for
all practical purposes, they appear to be point-like.

(More recently, modifications of the standard scenario

have been suggested that give a much larger string size,

but it is still smaller than 107" cm.)

To begin with, one could think of formulating various
kinds of string theories depending on what kind of vi-
brational degrees of freedom the string possesses. How-
ever, once we require that the quantum string theory is
consistent with the principles of special theory of rela-
tivity, we have severe constraints on the kind of string
theories that we can have. One finds that
e String theory is  consistent O+ D-

dimensional space—time.

e In (O+1) dimensions, there are precisely five con-
sistent string theories which differ from each other
in the kind of internal degrees of freedom that the
string has. These five theories are called type IIA,
type 1B, SO(32) heterotic, EgX Eg heterotic and
type I string theories, respectively. Of these, the first
four string theories have only closed strings — those
without any boundaries — whereas the type I string
theory has both closed and open strings. Some vibra-
tional modes of closed and open strings have been
shown in Figure 2.

only in

The fact that consistent string theories can only be
formulated in (94 1)-dimensional ~ space—time  rather
than the (3 + 1)-dimensional space—time in which we

live, seems to be a bad news. Also the existence of five
different consistent string theories rather than a unique
consistent string theory should be a cause of concern.
After all, nature should be described by one single the-
ory. We shall address both these questions later. But let
us now proceed ignoring these problems and see what
string theory has to offer us.

Figure 2. Vibrational modes of closed and open strings.
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It twrns out that each of these five consistent string
theories has two remarkable properties:

e First of all, one finds that quantum string theories do
not suffer from any ultraviolet divergence. Thus it is
on an even better footing than renormalizable quan-
tum field theories which do suffer from ultraviolet
divergences (which can eventually be absorbed into
a redefinition of the coupling constants).

e Spectrum of a sting theory contains a particle which
has all the properties of a graviton. In particular, in-
teraction mediated by this particle gives rise to
gravitaional interactions identical to that predicted
by general theory of relativity at long distances.

Thus string theory gives a finite quantum theory of
gravity. Besides gravity, string theory also has other
particles/interactions. Indeed a string, being a collection
of infinite number of harmonic oscillators, has infinite
number of vibrational states, and each of these vibra-
tional states corresponds to an elementary particle. For-
tunately, most of these particles are extremely heavy
and beyond the range of observation of present-day ex-
periments. Otherwise string theory would be in immedi-
ate contradicion with experiments which have only
seen a finite number of elementary particles so far.

We now turn to the two problems of string theory
listed earlier. It turns out that the first problem, that of
having too many dimensions, is resolved via a mecha-
nism called compactification. The second problem, that
of having more than one consistent string theory, is par-
tially resolved via a mechanism known as duality.

Compactification

The basic idea of compactification is very old, and was
proposed by Kaluza and Klein in the 1920s. The idea is
best illustrated by taking a simpler system like a
(2+ 1)-dimensional ~ world, rather than the (9 +1)-
dimensional world which is the case of interest. We
a (2+ 1)-dimensional world in which one of
the two special dimensions is curled up into a circle of
radius R Thus the space is the surface of an infinite
cylinder, as shown in Figure 3. Now if R is very large,
say much larger that the range of the most powerful

U U
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Figure 3. Compactification of a 2-dimensional world.
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telescope available to the two-dimensional experimen-
talists living in this world, then to them the world will
appear to be an ordinary two-dimensional Euclidean
space with infinite extent in all directions. For smaller
values of R (in particular, if R is within the visual
range), the world will look very different. But if we
now consider the other limit, namely where R is very
small, then the world will appear to be one-dimensional.
In particular, if R is smaller than the resolution of the
most powerful microscopes available to the experimen-
talists in this world, then these experimentalists with
their sophisticated tools will be led to believe that their
world is one-dimensional.

This mechanism, that intrinsically ~ two-
dimensional world appear one-dimensional, can be eas-
ily generalized to make a 9-dimensional world look like
a 3-dimensional world. All we need to do is to take 6 of
the 9 spatial directions to be small and compact. As
long as the sizes of the compact directions are smaller
than the reach of the present-day accelerators, the world
will appear to be (3+ 1)-dimensional. But unlike in the
case of one compact dimension, where the only choice
of the compact space is a circle, there are many choices
for the compact six-dimensional space. Thus each string
theory in (9+1) dimensions gives rise t many differ-
ent string theories in (3+1) dimensions, after compac-
tification. Some of these theories, where the six-
dimensional compact space is of a special kind known
as Calabi-Yau manifolds and the string theory that we
compactify is the EgX Eg heterotic string theory, come
tantalizingly close to the observed universe. In particu-
lar, at distance scale large compared to the string scale,
and sizes of the compact directions, these theories be-
have as (3 + 1)-dimensional theories with:

makes an

which
weak and electromagnetic

® (Gauge interactions (the kind of interactions
are responsible for strong,
interactions);

e (Gravitational interactions;

e Fermionic particles which are not left-right symmet-
ric (a property of electrons, quarks, neutrinos and
other elementary particles).

However we should note that at present:

e We do not know of any compact six-dimensional
space such that a string theory on such a space ex-
actly reproduces all the observed properties of ele-
mentary particles, including their masses.

* We do not have a theoretical principle which tells us
precisely which compact space we should use.

More recently a variation of this compactification
scheme has been proposed in which all the observed
elementary particles, including the mediators of strong,
weak and electromagnetic interactions, live on a sub-

CURRENT SCIENCE, VOL. 81, NO. 12, 25 DECEMBER 2001

space of the full 9-dimensional
graviton lives in the full space. Such subspaces are
known as branes, since they are analogous to mem-
branes in ordinary three-dimensional space. However,
unlike membranes which have only two spatial direc-
tions, the brane on which the observed particles live
must have three large spatial directions and in addition
can have other dimensions which are curled up into
small manifolds. Such branes appear naturally in string
theory. This scenario allows us to have the compact
directions transverse to the brane to have relatively
large size, since these directions are only seen by gravi-
tational interactions and the level of our current knowl-
edge of how gravity behaves at short distance is much
lower than that for the other interactions. For example,
we know that the inverse square law for Coulomb inter-
actions holds at least to the atomic scale, since we can
explain the atomic specttum so well using this law. In
fact the success of quantum electrodynamics, and more
generally the ‘standard model’, down to a distance scale
of 10716—107170111, shows that the laws of strong, weak
and electromagnetic interactions given by this model
hold at least to this scale. On the other hand, for gravity
the inverse square law has been tested only down to a
distance of about a millimetre.

space, whereas the

Duality in string theory

Usually all present-day attempts to describe the proper-
ties of matter and their interactions, including the de-
scription of string theory that we have given so far,
follow the so-called reductionist hypothesis. According
to this philosophy we try to describe the properties of
matter in terms of the properties of its ‘elementary’
constituents, with the idea that the basic interaction be-
tween these constituents is described by a simple set of
rules, and the more complex behaviour of the composite
objects (like the atom or the molecule) can be explained
m terms of the simpler interactions between their con-
stituents. This gives a special role to the elementary
particles in a given theory. While this philosophy seems
to be wvalid at the level of atoms and molecules, and
even the nucleus, proton and neutron, the discovery of
duality symmetries has shown us that this may not be
the right approach to studying the theory at a much
smaller scale, where stringy nature of matter begins to
play a role.

In simple terms, a duality conjecture is a statement of
equivalence between two or more apparently different
string theories. Under a duality map, often an elemen-
tary particle in one string theory gets mapped to a com-
posite particle in a dual string theory and vice versa.
Thus classification of particles as elementary and com-
posite loses significance, as it depends on which par-
ticular theory we use to describe the system. Also,
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duality often relates a weakly-coupled theory to a
strongly-coupled theory. In particular in many examples
the coupling constants g and g in a dual pair of theories
are related by the relation g=(Z)™'. Thus duality pro-
vides a powerful tool for analysing a theory at strong
coupling — by mapping the problem to a weakly-coupled
dual theory where perturbation theory is applicable.
Some examples of duality are as follows:

® 50(32) heterotic string theory is dual to type I string
theory in ten dimensions.

e S50(32) heterotic string theory compactified on a
four-dimensional torus T* (which is a simple four-
dimensional compact manifold in which each of the
four directions are periodically identified with some
fixed periods) is dual to type HA string theory com-
pactified on a highly non-trivial four-dimensional
compact manifold called K3.

e Type IIB string theory is self-dual in the sense that
the theory at coupling constant g is dual to the same
theory at coupling constant (gf1 .

The discovery of duality symmetry in string theory
gives a unified picture of all string theories. According
to this picture, different weakly-coupled (compactified)
string theories are all different limits of a single theory,
labelled by a large number of parameters. A sketch of
the parameter space of this theory is shown in Figure 4.
Inside any of the shaded regions, where the theory can
be represented by one of the string theories in the weak
coupling domain, the parameters correspond to the
value of the coupling constant, the parameters labelling
the geometry of the compact manifold, the vacuum ex-
pectation values of various other background fields, etc.
The white region is the non-perturbative domain which
cannot be explored by any of the weakly-coupled string
theories. Note also that besides the five shaded regions
containing the weakly-coupled string theories, there is a
sixth  comer of the diagram labelled 11-dimensional
supergravity. This is a special limit of the parameters of
M-theory. One can argue that in this limit the theory has

1B
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Figure 4. Parameter space of ‘M-theory’. Different weakly-
coupled string theories occupy the shaded regions of this parameter
space.
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eleven-dimensional ~ Lorentz  invariance.  Furthermore in
this limit the low energy dynamics of massless fields is
described by a well-known field theory in eleven di-
mensions, the N = 1 supergravity theory.

From this picture it should be clear that we could try
to understand M-theory starting from any of the corners,
provided we could understand the theory associated
with that comer at finite/large value of coupling con-
stant. This, of course, is easier said than done. Even in a
quantum field theory it is difficult to study the behav-
iour of the theory at finite/strong coupling. Typically, in
order to calculate some physical quantity °‘A’, one uses
perturbation theory to calculate the coefficients of the
Taylor series expansion

A(Q =Ao+Aig+Ag +....

The coefficients Ap, Aj, Ap,... are reasonably straight-
forward to calculate using Feynman diagrams. But this
does not give us much information about A(g) for large
or finite g. In string theory, the problem is more severe.
Unlike in quantum field theory, where A(g) can be de-
fined even for finite g (e.g. using path integral formula-
tion), in string theory we only know how to define and
calculate the coefficients A,. In other words, we only
know the rules for calculating an amplitude to any order
in the perturbation theory. Thus even in principle we do
not know how to define string theories beyond the
shaded regions of the M-diagram. Various attempts
have been made to define string/M-theory beyond per-
turbation theory. Among these are string field theory —
an analogue of the second quantized version of string
theory — and Matrix theory.

Tachyons in string theory

I shall now tun to the study of tachyons in string the-
ory. The theories under study will be weakly-coupled
type IHA/IB string theories. Elementary excitations in

these string theories are closed strings. However, these
theories also contain extended objects known as
Dirichlet p-branes (D-p-branes). A p-brane is a p-

dimensional extended object. Thus a O-brane is a parti-
cle, a 1-brane is a string, a 2-brane is a membrane and
so on. Such extended objects do often arise in quantum
field theories as classical solutions of the field equa-
Notable examples in (3 + 1)-dimensional field
theories are 't Hooft—Polyakov monopoles describing O-
branes, Nielsen—Olesen  vortices  describing 1-branes,
and domain wall solutions describing 2-branes. The D-
branes are however described somewhat differently.
Instead of saying what a D-brane is, we describe what
happens in the presence of a D-brane. This is an indirect
way of describing an object. But it turns out that start-
ing with this description we can find out all the proper-
ties of these objects.

tons.
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So what happens in the presence of a D-brane? Let us
take a D-p-brane lying along a p-dimensional subspace
of the full 9-dimensional space. In the presence of such
a p-brane, the theory contains open strings with its two
ends forced to move on the brane, besides containing
the usual closed-string states. This has been shown in
Figire 5. These open strings describe the dynamics of
the D-brane. In particular, certain massless open-string
states represent the degrees of freedom associated with
transverse motion of the D-brane; other massive modes
describe internal vibrations of the D-brane.

Some properties of D-brane which we shall need to
know for our analysis are described below:

e Type IA theory contains stable (BPS) D-p-branes
for even p. On the other hand, type IIB theory con-
tains stable (BPS) D-p-branes for odd p.

e These D-branes are oriented. A D-brane with oppo-
site orientation will be called an anti-D-brane and
will be denoted by a D -brane.

e These D-branes have certain amount of energy per
unit p-volume, known as the brane tension T ,.T , is
known for every p.

Our object of study will be a system of parallel and co-
incident D-p—D -p system. There are four different
kinds of open strings living on this system, as shown in
Figure 6. Each of the open string types A, B, C or E can
exist in different states of vibration. It turns out that the
states of vibration of A or B type strings give rise to
states with mass® > 0. On the other hand, states of vibra-
tion of C or E type string each contain a state of nega-
tive mass®. Such states are known as tachyons!

Normally we think of a tachyon as a particle travel-
ling faster than light, but in quantum field theory we do
have a different interpretation. Here, to every particle
we associate a field ¢ The mass® of the particle is the
second derivative of the potential V(¢) at the origin
¢=0. Thus negative mass” simply implies that the po-
tential V(¢) has a maximum at the origin. This has been
shown in Figure 7. In other words, the system is unsta-
ble.

Since on a D-D system there are two tachyonic
states, we can associate with each of them a real scalar
field. It is however often more convenient to combine
the two real scalars into a complex scalar field 7. One
can show that in this description the tachyon potential
WT) has a phase symmetry, so that WT) is really a
function of I71. The question that we shall be interested

-----._Open string
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Figure 5. Open strings in the presence of a D-brane.
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Figure 6. Open strings living on a system of parallel and coinci-
dent D-branes. Although for clarity we have shown the D-brane and
D -brane as separated in space, we shall study the case when they
are on top of each other.

Figure 7.
origin.

Behaviour of the potential of a tachyon field near the

in is: Does the tachyon potential W(T) have a minimum?
The answer to this question is summarized in the fol-
lowing set of conjectures:

1. The tachyon potential does have a family of minima
at [Tl = T}, and at the minima
To)+T ,+T1 ,=0.

Thus the total energy of the system at the bottom of
the potential is identically zero.

2. The bottom of the potential (I71=7T,) corresponds to
the vacuum without any D-brane. This is consistent
with the first conjecture that the total energy density
vanishes at the bottom of the potential Since open
strings can only end on a D-brane, this conjecture
implies that around this vacuum there are no physi-
cal open-string excitations in this theory.

3. One can also consider other classical solutions in-
volving this tachyon field which describe lower di-
mensional D-branes. Thus, for example, a vortex-
like configuration where the tachyon depends on two
spatial coordinates, and has the following behaviour
in the polar coordinate system (p, O):

T=fp)K®, fip)> Trasp— oo, f0)=0,

represents a D-brane of two lower dimensions. This
gives a conventional descripion of D-branes, as
classical solutions, something that we are familiar
with in a (quantum) field theory.

All of these conjectures have been tested using a variety

of techniques in swing theory. They include indirect
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approaches like the study of the behaviour of an open
string in the presence of a tachyon background and see-
ing how the behaviour changes as we change the back-
ground, and more direct approaches of string field
theory, where we describe the theory of open strings on
the D-brane as a field theory with infinite number of
fields, and numerically evaluate the value of the
tachyon potential at the minimum of the potential.

Can these conjectures help in a non-perturbative for-
mulation of type HA/IB string theory? For this, let us
first consider type IIB string theory. This theory has
stable D-p-branes for all odd p. In particular, it has
space-filling D-9-branes, branes which fill the whole of
space—time. Let us start with a certain number (N) of
D9-D 9 pair in this theory. The dynamics of this sys-
tem is described by that of open strings living on the
system. Unlike in the case of closed strings where we
know how to define the theory only by giving the rules
for perturbation expansion, for open strings there is an
action principle where we start from an action and de-
rive the Feynman rules using path integral quantization
of this action. This description is known as open-string
field theory, and can, in principle, be used to study non-
perturbative aspects of open-string theory.

Now, according to the conjectures described earlier,
this open-string field theory has a classical solution de-
scribing the conventional type IIB string theory without

any background D9-brane, and this describes the stan-
dard type IIB string theory that we want to study.
Around this vacuum the theory has no open siring

states. In the language of standard quantum field theory,
we would say that there are no perturbative elementary
particles in this theory. Yet this theory has soliton solu-
tions which describe the known D-branes in the theory.
In particular, one can show that if we start with a suffi-
ciently large number of brane—antibrane pairs, then all
the lower dimensional D-brane configurations can be
regarded  as solutions in the corresponding
open-string field theory. Thus it is natural to propose
that this open-string field theory be taken as the defini-
tion of full type IIB string theory. The advantage of
doing this, as we have already mentioned, is that for
open-string theories, there is an action principle that
gives a non-perturbative formulation of string theory.

classical

\ [
VIV

Conjectured form of the tachyon potential on a D— D

Figure 8.
system.
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In the language of conventional quantum field theory,
this is a field theory with infinite number of fields. The
additional advantage is that the D-branes are regular
soliton solutions in this field theory and can be treated
by the standard techniques which one uses in dealing
with regular solitons in a quantum field theory.

Of course, for this proposal to work we must make
sure that the theory contains not only D-branes, but
other known objects in type IIB string theory, e.g.
closed strings. There are indirect hints that this is in-
deed the case. In particular, while studying the interac-
tion between a pair of D-branes in this theory, one
automatically sees the effect of closed-string exchange
interaction between the D-branes without having to in-
troduce the closed strings explicitly. This is a strong
closed-strings are already included in
this theory. However, a more direct verification of this
is still awaited.

A similar formulation can be given for type IIA string
theory. This theory does not have a stable space-filling
D9-brane, but turns out to have unstable D9-branes.
One can repeat constructions similar to the type IIB
theory by starting with the background of multiple
space-filling (unstable) DO9-branes. The vacuum without
D-branes, as well as all lower dimensional D-branes,
then arise as classical solutions in this string field the-
ory.

To summarize, we have a peculiar quantum field the-
ory that has no conventional elementary particles. Yet,
we are using this to formulate the full type IIB (or type
HA) string theory which has many physical states. In
this description all physical states are composite objects
of some kind. If this procedure does give a full non-
perturbative definition of type IIA or IIB string theories,
then, according to Figure 4, this will also provide a de-
scription of M-theory in (at least part of) the white re-
gion. This will be a really novel way of describing our
universe — building the whole theory out of ‘nothing’.

Even if the grand proposal of obtaining a
perturbative formulation of string theory using open-
string field theory does not fully succeed, the study of
open-string tachyons on D-branes has already given us
valuable insight into some aspects of string theory.
Tachyons have been present in string theory since its
early days. The original version of string theory— the
bosonic string theory —has both open and closed string
tachyons. It has long been suspected that the presence
of these tachyonic modes does not represent an inherent
sickness of the theory, but is simply a reflection of the
fact that we are working in the wrong vacuum, ie. near
the maximum of the potential, and once we find the cor-
rect vacuum and quantize the theory around this new
vacuum, the problem will disappear. From the study of
tachyon dynamics on the D-brane, we now know that at
least for open string tachyons, this is indeed the case;
with the correct vacuum representing the disappearance

indication  that

non-
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of the D-brane system on which the original open
strings lived. Many people have suggested that a similar
mechanism may work also for the closed string tachyon,
although what exactly would represent the tachyon vac-
uum is not entirely clear. (There has been some sugges-
tion that it might involve two-dimensional non-critical
string theory, as this theory is free from closed-string
tachyons.) If we succeed in understanding the fate of
the tachyon vacuum in closed bosonic string theory,
then eventually it may also be possible to realize this
theory as another corner of the M-theory parameter
space. This will be a major step towards the grand uni-
fication of all string theories.

Summary

To summarize, string theory is a promising candidate
theory that has the potential to explain the origin of all
matter and their interactions by starting from a simple
set of postlates. Although there has been spectacular
progress in this subject since its birth more than thirty
years ago, we are still quite far from achieving the final
goal of using string theory to describe nature in a com-
pletely quantitative manner. One of the stumbling

blocks to our progress is the lack of a complete formu-
lation of the theory. What we have at present is a set of
rules for doing various computations, without a com-
plete understanding of where these rules come from.

There have been several attempts to overcome this
difficulty. In this article I described briefly one such
attempt. In the past the subject has developed rapidly,
and in unexpected directions. Only time can tell if the
approach described here will evenmally allow us to
learn aspects of string theory which are not accessible
using the current techniques.
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