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ABSTRACT

Superstring theory predicts the existence of a scalar field, the dilaton. I re-
view some basic features of the dilaton interactions and explain their possible
consequences in cosmology and particle physics.
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1. Introduction

In this talk I concentrate on the role of the superstring dilaton in deter-
mining cosmological evolution in the early universe and some particle physics
properties at energies well below the Planck scale. The idea is that even with-
out solving the full problem of non-perturbative dynamics in string theory
some general conclusions can still be drawn. The unique role of the dilaton
in this context has been recognized previously by many authors (See e.g. [1]
and references therein).

I review some simple and universal features of the superstring dilaton
and show that, when supplemented with information about the general na-
ture of the dilaton potential, they have rather well defined consequences for
the cosmological evolution in the early universe. For particle physics more
detailed models of supersymmetry breaking are necessary. Some additional
fields beside the dilaton have to be included. So far, there does not exist a
satisfactory class of models.

2. The Superstring Dilaton

In this section I review some properties of the superstring dilaton. Most
of them are known for quite some time[1, 2]. The superstring dilaton is a
scalar field that appears in all variants of (super)string theory. Its universal
existence and some characteristics of its interactions can be traced directly
to basic symmetries of the theory.

One way of understanding the dilaton appearance is as a consequence of 2-
dimensional invariance under (super)conformal symmetry on the world-sheet.
The propagation of (super)strings in space-time backgrounds can be de-
scribed in terms of a two-dimensional generalized σ-model. (Super)Conformal
invariance of this theory is a condition that determines in which backgrounds
(super)strings can propagate consistently. The dilaton field, φ appears as a
specific coupling in the Lagrangian density[3],

L(2)
dil =

√
gR(2)φ(Xµ) (1)

of the σ-model. Here, Xµ is the sigma-model fields and g, R(2) are the
determinant of the 2-dimensional metric, and 2-dimensional curvature scalar,
respectively. It turns out that even if this term is not included classically,
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the condition of (super)conformal invariance always requires its generation
at higher orders. Note that the integral

∫

d2z
√

gR(2) is a toplogical number,
proportional to the Euler character of the 2-d manifold.

Another way of understanding the dilaton appearance is as a consequence
of 10-dimensional supersymmetry in space-time. If one starts with 10-d su-
perstrings one finds that in order for the space-time supersymmetry trans-
formations to close, the supergravity supermultiplet of the theory has to
contain in addition to the metric (veilbein), an antisymmetric tensor field
and a massless scalar field, the dilaton.

Yet another way to view the dilaton is as a consequence of a 10-dimensional
classical dilatation symmetry of the effective low energy field theory. The
bosonic part of the Lagrangian density can be written as

L =
1

16πα′

√−g e−φ
{

R + ∇φ · ∇φ − 1

3
H2 − 1

4
TrF 2 + · · ·

}

(2)

where α′ is the string tension and g is the gauge coupling parameter, F is the
gauge field strength and H is the field strength of the antisymmetric tensor.
The dots stand for other terms not specified here. Once a vacuum expectation
value (VEV) is chosen the classical dilatation symmetry is spontaneously
broken. In this context the dilaton can be thought of as the Goldstone boson
of dilatation symmetry and hence the name dilaton. A large degeneracy
exists in the absence of a mechanism that fixes dynamically the VEV of the
dilaton.

The more interesting string theories are 4-dimensional string theories.
The dilaton in 4-d string theory can be thought of as a part of the 10-d
dilaton. The superstring dilaton in 4-d is best described in terms of a chiral
superfield, S, of N = 1 supergravity. The bosonic part of S = e−φ + ia con-
tains as its real part the dilaton and addition to the dilaton another scalar
field, the axion. The axion is a part of the 10-d antisymmetric tensor. The
Lagrangian is then given in terms of the Kahler potential K = − ln(S + S∗),
and the superpotential W . The axion field interactions are invariant under
a shift symmetry inherited from the antisymmetric tensor field gauge sym-
metry. This symmetry is expected to be broken along with supersymmetry
in low energy effective field theory.

Some basic and universal features of the dilaton interactions can be di-
rectly determined from the above characterization of the dilaton. From
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Eq.(1) one sees that the zero-mode of the dilaton couples to the Euler char-
acter of the 2-d world-sheet manifold. The Euler character determines the
genus of the 2-d manifold which in turns determines the number of loops

in the corresponding string diagram. The quantity eφ therefore serves as a
string loop counting parameter. For the same reason the VEV of the dilaton
is related to the string coupling parameter and gauge coupling parameter.
This can be seen from Eq.(2) as well as the fact that the dilaton couples to
all the fields in the theory with gravitational strength.

Additional important information about the dilaton interactions is ob-
tained from models of supersymmetry (and shift symmetry) breaking . Typically[4],
supersymmetry breaking is accompanied by the generation of a potential for
the dilaton. One important requirement is that the potential vanishes at large
negative values of φ, corresponding to the weak coupling region[2]. The dila-
ton potential is conveniently described as perturbative or non-perturbative.

Perturbative potentials have exponential dependence on φ, Vpert. ∼ e(n−1)γφ

where n is the order of perturbation theory in which they are generated and
γ is a fixed numerical parameter. Non-perturbative potentials have even

stronger dependence on φ, Vnon−pert. ∼ e−αe−φ
. The general shape of the

potential and the way it approaches zero at weak coupling are thus fixed.
The details of the shape of these potentials, such as the existence of min-
ima or maxima etc. are model dependent. The most popular assumption is
that some non-perturbative effects are responsible for the generation of the
dilaton potential. The weakness of these effects may explain the hierarchy
between the electroweak scale and the Planck scale.

3. The Role of the Superstring Dilaton in Cosmology

The cosmological evolution of the early universe is particularly affected
when the VEV of the dilaton is not constant in space and time. The sit-
uations in which the VEV of the dilaton varies in space-time are either if
dilaton is away from the minimum of its potential or if the dilaton poten-
tial vanishes altogether, or if temperatures and energies are so high that the
potential becomes unimportant. In this “dilaton-roll” epoch, coupling pa-
rameters that are usually considered constants, such as Newton’s constant
or the charge of the electron , vary with time or even in space. There are
strict experimental limits on the amount that various coupling constants are
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allowed vary in space-time today[5]. We therefore know that the dilaton-roll
epoch has ended, most probably before the nucleosynthesis epoch[2, 6, 7].
The bounds on variation of coupling parameters in the very early universe
are much more relaxed.

During the dilaton-roll epoch the presence of the dilaton changes the
gravitation evolution equations from the regular Einstein equations to equa-
tions of the Brans-Dicke type. The questions one would like to answer about
this epoch are: Is there a phase of inflationary evolution and if so how is
it affected by the dilaton? How does the dilaton eventually settles down to
the minimum of the potential. For generic dilaton potentials it is possible to
obtain definite answers by solving the classical equations of motion, either
analytically or numerically.

When the VEV of the dilaton is constant in space-time, the gravitational
evolution equation are the same as Einstein’s equations. This situation is
expected to occur at later times when the dilaton field is sitting at the mini-
mum of its potential1. The value of the full dilaton potential at the minimum
is the late time cosmological constant of the theory. A natural requirement is
that this value vanishes to the appropriate accuracy. Another cosmological
parameter associated with the evolution of the dilaton field in the vicinity of
the minimum of its potential is the rate of dilaton particles production as the
field oscillates coherently and settles down to the minimum of its potential[9].
The dilaton couples with gravitational strength and is generically light and
may therefore induce changes in late time cosmological evolution or even
cause deviations from the equivalence principle today[10]. These issues can
be fully resolved only in a framework of a more detailed model of supersym-
metry breaking.

The description of cosmological evolution in the dilaton-roll epoch is
through a solution of the dilaton-gravity equations of motion. A class of
interesting solutions are of the Friedmann-Robertson-Walker (FRW) type,
in which the metric is isotropic, with vanishing spatial curvature and the
dilaton depends only on time.

ds2 = −dt2 + a2(t)dxidxi i = 1, 2, 3

φ = φ(t) (3)

The Hubble parameter, H , is related to the scale factor, a in the usual way,

1An alternative mechanism has been suggested[8]
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H ≡ ȧ
a . It is possible to make a field redefinition from the string (Brans-

Dicke) frame, as in Eq.(2), to the Einstein frame in which the curvature and
dilaton are canonically normalized. The dilaton-gravity equations of motion
in the Einstein frame are

φ̈ + 3Hφ̇ = −dV (φ)

dφ

H2 = 8π(
1

2
φ̇2 + V )/(3M2

P l) (4)

Without the potential this system of equations corresponds to a Brans-Dicke
field with ω = −1. Inflationary evolution requires a rather long phase of
super-luminal expansion followed by a transition to a regular expanding FRW
universe. The nature of the evolution is determined by the shape of the dila-
ton potential and initial conditions. In particular the important feature is
the steepness of the potential. A useful example is the case of an exponential
potential, V (φ) = V0e

βφ. In this case, the solution can be obtained analyti-
cally φ(t) = φ0 − 2

β
ln t

t0
and a(t) = a0(

t
t0

)4π/β2

for t > t0. If the parameter
β, that determines the steepness of the potential, is above a critical value
βcrit = 2

√
π no super-luminal expansion occurs.

The steepness of the dilaton potential is determined by the 2-d coupling
in Eq.(1). For tree level potentials, the steepness exactly corresponds to βcrit.
It allows an expansion at exactly the speed of light but not more [11, 6]. As
explained, potentials that are induced at higher orders in perturbation theory
are steeper than the tree level potential and therefore the scale factor expan-
sion is suppressed compared to the tree level. Non-perturbative potentials
are generically steeper than any of the perturbatively induced potentials and
therefore in this case the expansion is even slower[7].

The dilaton couples to all fields in a multiplicative form. The rate of scale
factor expansion is determined by competition on the conversion of potential
energy into kinetic energy in which the field whose potential is the steepest
wins. This means that potential-driven inflation is hard to come by and is
generically absent in string theory in the dilaton-roll epoch.

An alternative cosmological evolution where an interplay between the
dilaton and scale factor kinetic energies is important has been suggested[12,
13], examined[14] and described in more detail in another talk[15]. I will
describe it briefly and state the conclusions. The analysis is based on the
equations of motion of the same dilaton-gravity system in the original string
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frame. These can be written as a system of two first order equations.

Ḣ = ±H
√

3H2 + V − 1

2
V ′

φ̇ = 3H ±
√

3H2 + V (5)

The (±) signifies that either a (+) or (−) is chosen for both equations si-
multaneously. The solutions to the equations (5) belong to two branches,
according to which sign is chosen. Another twofold ambiguity is related
to the sign of H . The (−) branch is related to the solutions that were
considered previously. This branch can be joined smoothly to an ordinary
FRW radiation-dominated expanding universe after the dilaton-roll epoch
has ended. This is the reason why most analyses so far concentrated on this
branch.

The (+) branch has instead some unusual and quite remarkable proper-
ties. In the absence of any potential the solution for {H, φ} is now given
by H(+) = ± 1√

3
1

t−t0
and φ(+) = φ0 + (±

√
3 − 1) ln(t0 − t) , t < t0. This

solution describes either accelerated expansion and evolution from a cold,
flat and weakly coupled universe towards a hot, curved and strongly coupled
one [13] or accelerated contraction and evolution towards weak coupling. In
general, the effects of a potential on this branch are quite mild. The dilaton
zooms through potential minima. It is impossible, in this branch, for the
dilaton to sit at a minimum of its potential. Inflation, in this solution, is
driven, not hampered, by the dilaton’s kinetic term, thanks to the negative
value (−1) of the BD ω parameter.

The possibility of branch changes in the weak curvature and weak cou-
pling region was checked[14] with negative results. The apparent conclusion
is that a transition from an accelerated inflation era to a standard FRW cos-
mology is not possible in the weak curvature regime for any sort of (semi)
realistic dilaton potential. The remaining possibilities lie therefore in the
strong curvature (large derivatives) regime, in which the full extent of string
corrections should be felt. Final conclusions have to await finding a good
model for this type of cosmological evolution, but at the moment it seems as
a promising direction[16].
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4. The Role of the SuperString Dilaton in Particle Physics

Particle physics properties of the low energy effective field theory are in
general associated with the minimum of the dilaton potential and its vicinity.
The VEV of the dilaton determines the gauge coupling parameter at a high
scale. In addition the dilaton is a part of the “hidden sector” of supergravity
(See e.g. [17]). It is a field whose only interactions with the observable fields,
charged under the SU(3) × SU(2) × U(1) gauge group, are of gravitational
strength. As a rule more detailed information about the dilaton potential
and the type of supersymmetry (and shift symmetry) breaking mechanism
are necessary. Obviously, just specifying an exponential or a non-perturbative
dependence of the potential is not enough. Both type of potentials do not
have a minimum and this is inconsistent with the fact that dilaton has to
have a constant VEV today.

A class of models that are described2 in terms of a non-perturbative

superpotential W (S) =
∑

aie
−αiS and a Kahler potential K = − ln(S + S∗)

was proposed [18] developed[19] and analysed in detail[20]. In these models
ai and αi are real numbers. The parameters αi are all rather large, αi ∼
15. The sum is a finite small sum. I will use properties of this class of
models to explain what type of additional information is required. The main
characteristic feature of this class of superpotentials is that they are very
steep, i.e. have large derivatives in the mild coupling region. A property
that was already important in the discussion of cosmological evolution.

There are some basic conditions that the dilaton potential has to satisfy
to be considered as a viable model for the hidden sector of Supergravity in
the present context. The value of the potential at the minimum is part of the
cosmological constant. It is only part because it does not include for example
the contribution from the Higgs potential after electroweak symmetry break-
ing. The potential has to be chosen such that this value is set to zero to the
correct accuracy. This does not solve the cosmological constant problem but
allows one, in practice, to ignore the problem[21]. The expectation value of
the dilaton at the minimum is related to the value of the gauge coupling pa-
rameter at some high scale. This value is expected to be small. The reasons
for this prejudice are twofold. First, if one follows the running of the various
gauge coupling parameters they seem to meet at a value which is still small

2All the formulae here are tree level results.
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(See e.g. [22]). The other is that if the coupling is strong, one expects that
the classical spectrum and interactions, which are the reason why string the-
ory is interesting to begin with, will be changed appreciably. In addition, the
simplifying assumption that the coupling parameter remained small through
out the evolution is usually made.

It is tempting to assume that some universal conclusions may be drawn
by studying the dilaton on its own[23]. This is not possible within the class of
models previously described. To see this, let us assume for the moment that
it is possible to consider just the dilaton and that the effects of all other fields
can be represented through values of parameters in the dilaton potential and
kinetic terms. The potential is given by

V (S) = (S + S∗)|FS|2 −
3

S + S∗
|W (S)|2 (6)

here S is the chiral superfield mentioned in Sect. 2 and FS = ∂SW (S) −
1

S+S∗
W (S). The VEV of FS determines whether supersymmetry is broken

or not. Assume now the following properties for W (S)

a) |W (S)| → 0 for S → ∞

b)
∣

∣

∣(S + S∗)∂
(n+1)
S W/∂n

SW
∣

∣

∣ ≫ 1 n = 0, 1, ...

in the weak coupling region, S + S∗ > 0. Condition b) states that W has
large derivatives in the weak coupling region. The condition for an extremum
of the potential is ∂V

∂S
= 0,

(S + S∗)∂2
SF ∗

S − 2

S + S∗
FSW ∗ = 0 (7)

This equation can be satisfied in two different ways

i) FS = 0
or

ii) (S + S∗)2|∂2
SW | = 2|W | and FS 6= 0

Because of condition b) above, it is only possible to satisfy Eq.(7) in case i)
if ∂SW ∼ 0 and in case ii) if ∂2

SW ∼ 0 . Consider an extremum of type
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ii). Condition b) can be used to analyse the matrix of second derivatives at
the extremum. The conclusion is that the extremum is a saddle points or a
maximum but not a minimum.

For a superpotential W (S) that is a real function it is possible to analyse
the situation completely also for type i) extrema[7], if they occur at a real
value of S. These extrema are generically minima[20]. If W 6= 0 at the
minimum, the cosmological constant is negative. Note that the fact that
FS = 0 for this type of minima and the fact that the cosmological constant
is negative are correlated. If W = 0 at the minimum, Smin, as well, the
cosmological constant vanishes. However, since W (∞) = 0 and W (Smin) = 0
there is a a point in between where ∂SW = 0. From Eq.(6) one sees that at
this point V < 0 and therefore the global minimum of the potential in the
weak coupling region is negative. The implications of this analysis for the
gaugino condensation models was explained in detail elsewhere[7].

The conclusion is that one has to consider explicitly more fields in the
hidden sector, or a different type of superpotentials or both. This means
that particle physics properties will depend mainly on the structure of the
additional fields and the nature of changes to the superpotential and not just
on universal properties of the dilaton. This point of view was presented by
other authors as well[24, 25]. A suggestion about the nature of additional
fields in the spirit of no scale models has been recently put forward[26].
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