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Summary

This thesis is dedicated to the study of cosmology induced by superstring theory at finite temper-
ature. The thermal string scenario has the aim of establishing a unified framework for describing
cosmological evolution, with gravity quantized, and matter contents derived from first principles.
The cosmological solutions of string theory are determined by the low energy effective action.
The latter only accommodates static solutions at tree level, while nontrivial cosmological evo-
lution is obtained when corrections from thermal and quantum effects are taken into account.
We restrict our attention to the weak coupling regime. In such cases the thermal and quantum
effects back-react on the initially flat static spacetime background through an effective potential
computed up to one loop level, which is a Colemann-Weinberg effective potential. It turns out
that this setup describes a universe filled with an ideal string gas in quasi-static evolution, and
the Colemann-Weinberg effective potential is just the Helmholtz free energy density of the string

gas.

The resulting cosmological evolution can be divided into three stages characterized by the
scale of temperature. They are namely: 1) the Hagedorn era where the temperature is of order
string scale, and the free energy density diverges due to the exponential growth of degeneracies
with mass level; 2) the standard cosmology era where the temperature goes below the electroweak
phase transition scale, and the nucleosynthesis takes place giving birth to the matter contents of
the current universe; 3) the intermediate era which is between the above two, where the spacetime
metric evolves in the pattern of a radiation-dominated universe (radiation-like), moduli can be

stabilized, and the hierarchy for supersymmetry breaking scale is generated.

The issue of moduli stabilization in the intermediate era is intensively studied. At certain
points in the moduli space, extra massless states emerge, and the Helmholtz free energy density,
or the effective potential, develops local minima. The latter provide moduli attractors. The depth
of the local minima is time dependent, which induces scalar masses reducing with cosmological
evolution. This makes the coherent scalar oscillations dilute before nucleosynthesis, and the cos-
mological moduli problem is avoided. Specific models are studied, where attention is given to

moduli stabilization by non-perturbative effects.



We first studied cosmology induced by a maximally supersymmetric heterotic string gas. The
free energy density reaches local minima where perturbative string states of nonzero winding and
momentum numbers become massless, giving rise to non-Abelian gauge symmetry enhancement.
This can stabilize all heterotic moduli but the dilaton, i.e. the internal metric, the internal B-field
and Wilson lines, among which the internal metric components are attracted to the string scale.
Through the type I/heterotic string S-duality this mechanism can be mapped to the type I side.
In particular it is found that the dual type I moduli are stabilized by either non perturbative
BPS D-string states or by perturbative open string states, where the internal geometric moduli
are stabilized at the scale /A1, with A; the type I string coupling in ten dimensions. Enhanced
gauge symmetries at moduli attractors on the heterotic side are also sent to the type I dual side.
Although these enhancements of type I gauge symmetry are non-perturbative effects, they should

be treated on equal footing with the gauge group induced by perturbative states.

The second case is the cosmology induced by a gas of type II string compactified on Calabi-Yau
three-folds. Moduli attractors are found to be at the loci where some 2-spheres or 3-spheres in
the Calabi-Yau space shrink to zero size leading the Calabi-Yau space to a singular configuration.
These can be either conifold loci or some non Abelian gauge symmetry loci. In type IIA description,
in the case of shrinking 2-spheres, the extra massless states arise from BPS D2-branes wrapping
these 2-cycles. In case of shrinking 3-spheres, the extra massless states are not yet identified, but
their existence can be inferred from the change in moduli space dimension, and further confirmed
by analyzing the low energy effective action. This mechanism can lift the whole Kéhler moduli
space, while in the complex structure moduli space, the flat directions lifted are those associated to
the shrinking 3-spheres that can be blown up into 2-spheres. The universal hypermultiplet moduli,
which contains the dilaton, cannot be lifted by this mechanism. An explicit example is analyzed
where all Kéhler moduli are stabilized at the intersection of a conifold locus and a non-Abelian
locus. By virtue of the type II/heterotic string duality, the moduli in the dual heterotic string
are stabilized, where remarkably, the axio-dilaton modulus is stabilized at order 1 in the unit of

string length.
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Chapter 1

Introduction

1.1 Unification and superstring theory

A prevailing conviction about the high energy physics is the unification of the four fundamental
interactions. This is not only for aesthetic reason but also for addressing fundamental problems
of theoretical physics such as the determination of standard model parameters, the generation
of baryon-antibaryon asymmetry. Supersymmetry provides a theoretical framework which favors
the unification. Even though supersymmetry is not yet directly confirmed by experiments, it is
possible however, by tuning the supersymmetry breaking scale, to give rise to the grand unification
theory (GUT) [1]. That is, the renormalization group flows are such that the coupling constants of
the electroweak interaction and the strong interaction converge to the same value at high energy

scale.

If we admit that the GUT scenario is an intermediate step towards the “theory of everything”,
a theory unifying all the four interactions, then a natural way to bring gravity into play is to
make the global supersymmetries local. This is because invariance under local supersymmetry
transformation implies invariance under diffeomorphism transformation, and the latter is essential
symmetry of general relativity. In the gauging of the global supersymmetry, spin-3/2 fields appear
as the “gauge fermion” coupled to the supercurrent, making it necessary to further introduce spin-2
graviton to close the supersymmetry algebra. This leads to the supergravity theory. However the
theory is plagued by non-renormalizability, when we quantize the graviton as metric fluctuations

around a fixed background.

It is then realized that string theory can provide way out to the difficulty of supergravity.
On one hand, superstring theories accommodate supergravity as the low energy effective theory.

The quantization of superstring yields supersymmetric spectrum of spacetime states. The ground



level, which is of mass zero, contains a spin-2 mode, recognized as the graviton. Therefore the
supergravity action becomes the Wilsonian effective action of superstring where all massive modes
are integrated out. On the other hand, the spatial dimension of strings, which delocalizes the
range of their interaction, introduces a natural UV cut-off. Therefore supergravity appears non-
renormalizabile just because it is the low energy effective theory of some underlying UV finite
theory.

However this picture of unification is not without price to pay. Most obviously, superstring
spectrum generously offers much too more spacetime fields than what the standard model needs,
so that the connection to the real world is not clear. Also the spacetime has to contain extra
dimensions in order for the quantized string theory to respect the symmetries that exist on the
classical level. Then upon compactification down to 4D spacetime, we face with highly degenerate
vacua, parameterized by a considerable amount of moduli, which are massless scalar fields. These
are the main problems that have to be coped with in the phenomenological application of string
theory. To make string theory phenomenologically viable is the deep-seated motivation in many
of the research works on string theory, for instance compactification, model building, moduli
stabilization, etc. Despite these difficulties among others, string theory is the most promising

candidate quantum theory of unification leading to a sensible account of phenomenology.

1.2 Cosmology induced by string theory

As is the case for any high energy theory in physics, in order to make contact with the observable
universe, it is important that string theory pass the trial of cosmological application. The widely
adopted cosmological scenario is that of the standard Big-Bang cosmology or the ACDM model.
It supposes that the universe starts off from a singular and extremely high energy event, namely
the Big-Bang. Very soon after, it experiences a short inflationary period, which accounts for the
flatness, isotropy and homogeneity that we observe today. After the reheating pending the infla-
tion, the universe goes through a series of symmetry breakings as it cools, including the separation
of strong interaction, supersymmetry breaking and the electroweak symmetry breaking, where the
last event happens when temperature drops to about O(100)GeV scale. At this moment Higgs
potential is destabilized, triggering the electroweak phase transition, giving mass to fundamental
particles and the four fundamental interactions appear as what we observe today. As the universe
continue cooling, it becomes radiation-dominated, and meanwhile matter starts to form through
the process of nucleosynthesis, and gradually matter dominates the universe. The theoretical mat-
ter content in today’s universe is obtained by fitting the model with empirically supposed matter

contents, each characterized by the state equation P =w p, into observation results of supernovae



or galaxies. This yields the proportions that each type of matter takes up: baryonic matter ~ 3%,
dark matter ~ 27%, and dark energy ~ 70%.

Although the standard cosmological model has largely promoted our understanding of current
observation results of the universe, it has the drawback of being a too phenominological approach.
Its matter contents are put by hand, where indeed some underlying theory is desired so that these
cosmic fluids can be derived from first principle. Also the application of standard model has the
difficulty from the hierarchy problem at high energy scale, where the Higgs mass is attracted to an
extremely large value. Then if we resolve the hierarchy problem using supersymmetric standard
model scenario, the problem is transplanted into the hierarchy of supersymmetry breaking scale.
Furthermore since gravity is not quantized, the model does not propose solution to the Big-Bang
singularity. Last but not least, phase transitions between different cosmological eras are imposed
rather than natural.

Therefore in view of the fact that string theory unifies all interactions and matter contents
in a quantum theory framework, we are tempted to formulate cosmology using string theory. It
should be stressed that by doing so, we are not just putting strings into the ACDM universe to see
how they evolve, as what we do with standard model. Rather, we are requesting the string theory
to generate the whole cosmology as solution to its equations of motion derived from the effective
supergravity theory. However we already meet with the difficulty that for most of the cases only
static AdS or flat backgrounds can be obtained at tree level as the vacuum configuration, which

is already known in supergravity.

Thus effects beyond tree level must be considered. Actually in the works prior to those to be
discussed in this thesis [2-7|, the thermal and quantum effects are inspected for weakly coupled
strings at one loop level. It is found that in certain cases the resulting corrections are under control
at full string scale. These corrections induce non trivial cosmological evolution through its back
reaction on the tree level solution. We will refer to this approach the “thermal string scenario”
in this thesis. The logic of setting up this scenario is as follows. The universe is described at
tree level by no-scale type supergravity [8], which is characterized by vanishing scalar potential
minima, as well as the spontaneous breaking of supersymmetry at the scale given by the no-scale
modulus. This is to account for the observation result that the universe is almost flat and has a tiny
cosmological constant. As the supersymmetry is spontaneously broken by thermal effect among
other possible mechanisms, a non trivial vacuum-vacuum amplitude is generated at one-loop level.
The latter corrects the tree level no-scale supergravity action as the one-loop Colemann-Weinberg
effective potential, and since the string coupling is set to be weak, higher order corrections can
be neglected. Provided that the one-loop amplitude at finite temperature is just the logarithmic

of the canonical partition function of ideal gas, the corrected action describes in effect a universe



filled with a string gas at finite temperature. From the one-loop part of the action one can derive
the energy density p and the pressure P of the string gas which sources cosmological evolution,
and these string theory quantities do not have UV ambiguity as in field theories. The solution
describes a universe evolving in the pattern of a radiation-dominated universe: a(t) o T'(t)~!
and H(t)? < a(t)~P, where T is the temperature, a the scale factor in the flat Robertson-Walker
metric (flat because of no-scale), H the Hubble parameter and ¢ the cosmological time. What
is remarkable is that the solution of nontrivial cosmological evolution is induced by the thermal

string gas and is purely a quantum effect.

For constructing realistic models supersymmetry should be spontaneously broken at zero tem-
perature. Interesting phenomenology has been unraveled for the cases where supersymmetry
breaking implemented by Scherk-Schwarz reduction in an internal circle [3-6]. The associated
supersymmetry breaking scale, which are of order the inverse radius, is found to be evolving pro-
portionally with temperature Mgygy(t) o< T'(t), and ratio between the two is attracted to a fixed
value of order 1. The hierarchy Mggsy << Mpianck is thus dynamically generated. It should be
stated that the backward extrapolation of these solutions is limited by the appearance of Hagedorn
instability at ultra high temperature which is about of the string scale! M =+/1/a’. There, the
one-loop correction diverges at a critical temperature called the Hagedorn temperature, where the
thermal string scenario breaks down. One difficulty appears in that we cannot know what the
initial conditions are at the beginning of the phase where temperature falls below the Hagedorn
temperature and one-loop correction become calculable. However remarkably the radiation-like
solutions described above are insensitive to the initial conditions. That is, the evolution will be

dynamically attracted to the radiation-like solution whatever the initial conditions.

Another appealing thing that we expect from the string cosmology is establishing a unified
description of all the cosmological eras from the very beginning to the standard matter dominated
era. We have just mentioned briefly the backward extrapolation of cosmological solutions, which
stops at the moment where temperature is of about the string scale. Likely, the forward extrapo-
lation should also be limited, since with the dropping of the temperature and the supersymmetry
breaking scale, we will end up with a supersymmetric vacuum. Indeed at the moment when tem-
perature lowers to about the electroweak scale A, it is expected that certain infrared effects,
which was screened at hight energy scale, become relevant, and the resulting radiative corrections
lead to the stabilization of Mgggy at about TeV scale. The analysis of this effect in supergravity

context has been carried out in Refs [9, 10].

Therefore we can divide the thermal-quantum induced cosmological evolution in three eras: the

Hagedorn era for T' ~ M, the standard cosmology era for T' > A, and finally the cosmological era

Lo’ =12 is the Regge slope, [, is the string length.



which accommodates the radiation-like solutions we have just described, satisfying My > T > Aqy,
referred to as the intermediate era. While the intermediate era has been intensively studied, the
other two eras are less well understood. For the Hagedorn era, some works have been done
where the Hagedorn singularity is resolved in type II string by implementing “gravito-magnetic
fluxes” [11-14]. It has been shown that such resolution of Hagedorn singularity can lead to the
resolution of the Big-Bang singularity, where we obtain a bouncing universe [12,13] or an emerging

universe [14].

1.3 Moduli stabilization

As the end of Sec.1.1 complains, compactification of string theory leads to highly degenerate
vacua, characterized by parameters spanning the moduli space. These parameters, or moduli, are
given by the vacuum expectation values (VEV’s) of massless scalar fields in the tree level effective
field theory, which we refer to as moduli fields. These massless scalar fields are undesirable for
phenomenological application because if they existed in nature, they would mediate new types
of interaction so that we would have more than four fundamental interactions. Moreover since
moduli are free parameters that the couplings and the mass spectrum depend on, the model loses
predicability. Therefore if we believe in string theory as the fundamental theory of nature, then
any sensible phenomenological application must manage to let moduli be settled to some fixed
value and become massive scalar fields. In other words, the model must be able to generate some

nontrivial scalar potential beyond tree level that lifts the flat directions.

Actually the thermal string scenario provides such mechanism. It was shown in [15] that a
gas of string modes, which carry both winding and momenta, generate a free energy that enables
stabilization of radii moduli. The thermal string scenario provides a quantum version of this
effect, which is effectuated through the quantum one-loop correction [16]. More accurately, the
Helmholtz free energy density derived from the one-loop amplitude interferes in the effective action
as a scalar potential and lifts flat directions. It reaches local minima whenever there are states
in the spectrum, whose mass depend on moduli, becoming massless. Therefore these points in
the moduli space are just the moduli attractors. In the results in [5,6] the moduli are attracted
to points with enhanced gauge symmetry. The effective potential develops local minima due to
the extra perturbative states which become massless to supply the non Cartan components of the
enhanced gauge group. In fact the link between local extrema of one-loop amplitude and enhanced
gauge symmetry has been explored in [17], where it is shown that the correlation of the two is

true to all loop levels.

Moduli stabilization by non-perturbative effects is considered in [18,19], which will be given

b}



much attention in the thesis. In [18] the non-perturbative effects examined are induced by D1-
branes in the type I string, where the calculation is done indirectly through the dual heterotic
string. For simplicity, models considered therein are maximally supersymmetric, while general-
ization to non-supersymmetric vacua is obvious. On the heterotic side it is found that all moduli,
except the dilaton, can be stabilized at some gauge symmetry enhancement points, where F-string
states are responsible for the gauge symmetry enhancement. Using string-string S-duality, this
mechanism can be mapped to the dual type I side to stabilize type I moduli. In particular, given
that the heterotic F-string states are mapped to type I D-string states, the moduli stabilization
on the dual type I side is a non-perturbative effect, accompanied with non-perturbative gauge

symmetry enhancement.

In [19] we look into the D2(D3)-brane effects in type IIA(B) strings compactified on Calabi-Yau
three-folds. The moduli attractors are expected to be located at certain loci of topology change
of the Calabi-Yau space. This is motivated by the analysis in [20] which reveals that singulari-
ties appear in the low energy supergravity action when the Calabi-Yau space undergoes conifold
transition. This is interpreted as arising from light D-brane states, which become massless at the
transition point, wrongly integrated out from the Wilsonian effective action. The singularities
are repaired as we “integrate in” these D-brane states, and it turns out that these light states are
weakly coupled to the Abelian gauge group. As the CFT computation of one-loop amplitude is
not available in generic Calabi-Yau compactifications, the one-loop correction can be computed
perturbatively (in the sense of gauge coupling not string coupling) from this repaired effective
action by field theory method. We then rely on this one-loop correction to indicate moduli at-
tractors. Similar mechanism exists when the Calabi-Yau space undergoes the extremal transition
where the singular configuration contains a curve of Ay_; type singularity. The same procedure
as for the conifold case still applies here, except that the light non-perturbative spectrum is more
complicated. They form an SU(N) gauge group with matter transforming in the adjoint repre-
sentation. In both cases we observe that Kéhler moduli and complex structure moduli moduli are

attracted to values corresponding to the singular configuration of the internal Calabi-Yau space.

A major difficulty in moduli stabilization is that cosmology imposes severe conditions on the
scalar masses. Basically as the universe expands, small initial fluctuation of background scalar
fields in the potential well can dominate the energy of the universe at late time. For example
in 4D, the oscillations store an energy density scaling as T2 with T temperature of radiation,
which eventually dominates over the radiation energy which scales as T-* [21]. This domination
continues until the corresponding scalar particles decay. Severe problem arises because not only
the productions of the decay can alter the primordial abundances of light nuclei produced by

nucleosynthesis, but also the huge amount of entropy production during the decay can wash out



the baryon number asymmetry. This problem is termed as the cosmological moduli problem,
which was initially identified in the framework of supersymmetric standard models [22-24]. One
plausible solution to these is to require the scalar masses be of O(10)TeV order, for example in
the KKLT scenario [25]. It is pointed out in [23]| that once this is satisfied, the decay of these
scalar particles reheats the universe to a temperature of order 1MeV, high enough to restart the
nucleosynthesis. Then it is found in [24] that the baryon number asymmetry can also be saved by
the O(10)TeV order scalar mass if the baryogenesis is due to the Affleck-Dine mechanism [26].

The thermal string cosmology addresses the cosmological problem differently. This is already
explored in [5,6] where it is shown that the induced scalar mass is proportional to T%‘l, which
decreases in time rather than being constant. Given that the oscillation in the potential well has
the frequency proportional to the square-root of the induced mass, the decrease of mass slows
down the background oscillation and hence the expansion of the universe dilutes the oscillation
energy faster than for constant induced mass. By consequence, one finds that the energy stored
in the background scalar oscillation never dominates so that the cosmological problem does not

appear.

1.4 Organization of the thesis

The first three chapters following the introduction provide preliminary string theoretical elements
that our work is based on. In Chapter 2 we go rapidly through the perturbative approaches of
string theory quantization and will especially be concerned about the description of the spectrum,
where lightcone gauge will be used. The aim is to get a quick access to the computation of
one-loop vacuum-to-vacuum amplitudes. Chapter 3 collects the conceptual and technical aspects
in compactification that will later be useful in giving rise to moduli stabilization mechanism in
thermal string cosmology. These include worldsheet instanton, gauge symmetry enhancement,
supersymmetry breaking by orbifold, and Calabi-Yau compactification. Chapter 4 goes one step
further into the non-perturbative realm, and gives account for the non-perturbative mechanisms
that have been explored in our works. The discussion will be restricted on the non-perturbative
D-sting effects in type I string which can be revealed by the S-duality between type I and heterotic,
as well as those in Calabi-Yau 3-fold compactification of type II strings when the Calabi-Yau space

undergoes extremal transition.

The next two chapters are dedicated to building up the thermal string cosmology scenario,
which summarize the foundational elements in the related works [2-7,18,19|. They give account

to the two essential aspects concerned: string gas thermodynamics and its implementation in



cosmology. Chapter 5 deals with ideal string gas without considering cosmological context. Com-
putation of the partition function Z = Tre ## is described in detail, where we establish the first

quantization computation of the partition function through analogy with field theory

Zun -] )] = Ze-en[ )

so that computing the thermal partition function attributes to computing thermal one-loop am-
plitude. Explicit computation is performed on specific string models. Then the investigation of
general properties of the thermal one-loop amplitudes leads to the discussion of Hagedorn singu-
larity. In Chapter 6 we set up the formalism describing cosmology. The aim is to introduce the
assertion that the thermal quantum effects of the ideal string gas back reacts on the background
spacetime metric and fields through a stringy version of Coleman-Weinberg effective potential.

This is again inspired by the field theory analogue of 1PI effective action:

_ Qtree 1-loop _ Qtree
Fﬁeld—Sﬁeld+Sﬁeld + ... — Fstr—Sstr —@ + ...

Then a simple application is shown, where the cosmological solution is found in maximally su-
persymmetric heterotic string. Based on the solution, meanwhile supplemented with the results
from previous works especially on non-supersymmetric tree level vacua, we illustrate the common
and basic features of the cosmological evolution in the thermal string scenario. The problem of

moduli stabilization is discussed, in order to motivate the work in the following up two chapters.

In Chapter 7 and Chapter 8 we present the work done in Refs [18,19], where we focus our
attention on the moduli stabilization in the intermediate era by non-perturbative effects. The
non-perturbative effects concerned are those mentioned in chapter 4. The D1-brane states in type
I string is investigated in chapter 7 while the D2(3)-brane effects in Calabi-Yau compactification of
type ITA(B) string are considered in chapter 8. We have already explained the idea in the middle
part of Sec.1.3

We will give conclusion and perspectives in the final chapter.



Chapter 2

Perturbative string spectrum

This chapter gives a sketch of important elements in perturbative string theories which we will
need. We go quickly through the perturbative quantization of all types of string theories, where
we care most about the resulting spectra and their description in terms of partition functions. The
latter leads to the computation of one-loop vacuum-vacuum amplitudes, which will play crucial
role later in the study of cosmology. Although non-perturbative effects will also be investigated as
very important issue, the computation involved therein will still utilize the perturbative technique

in this chapter.

2.1 Quantization of free string theories in general

Naively the string theory can be viewed as a generalization of the point particle vision of the
microscopic world. It postulates that the fundamental component of matter are extended objects
of one spatial dimension, which has internal structure rather than point-like objects. In Fig.2.1
this generalization is shown schematically. In the passage from the point particle action to the
bosonic string action, we emphasize the enlargement of local symmetry group due to the internal
structure of strings. Handling properly these symmetries in the quantization of string theories
leads to nontrivial constraints on the structure of spacetime and on the spectrum that string

vibrations generate.

String theories in a curved spacetime background is in general a nonlinear sigma model, of
which a full quantum description is not possible except for some special cases. Here for sake of
exact quantization, we consider a Minkowskian background, which can be further compactified on

some toroidal compact space.
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Figure 2.1: From scalar particle to bosonic string. Here u labels spacetime dimension, o 3 label the worldsheet
dimensions; 7 is the propertime of the world line and the worldsheet, and o the spatial coordinate of the worldsheet;
h., = —€? is the world line metric and h,s the worldsheet metric; x#(7) and X*(7,0) are respectively the target
space coordinates of the particle and of the string; T" = ﬁ is the string tension; ¢ is the infinitesimal generator of
world line diffeomorpism and £* the worldsheet counterpart; A is the infinitesimal generator of Weyl rescaling.

Quantization schemes

To quantize string theories in a Minkowskian target space, one usually go through three different
schemes: old covariant quantization, lightcone gauge quantization and BRST quantization. Each
has its own domain of competence. In case of non-interacting strings where all these quantization
schemes can be applied, they lead to equivalent physical Hilbert spaces related by isomorphisms.
All string theory quantization in this chapter will be using lightcone quantization. Here we briefly
comment these methods in order to justify our choice, as well as to motivate the CFT approach

of string theory quantization.
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Old covariant quantization

It is based on canonical quantization scheme, and is intended for giving the physical spectra
of free string theories. One starts by imposing conformal (superconformal) gauge condition to
bosonic string (superstring) theory, which fixes the worldsheet metric up to a Weyl rescaling.
The action thus appears as a free CFT (SCFT), but is supplemented with first-class constraints.
The latter are associated to the reparameterization (and local supersymmetry) freedoms of string
coordinates. One then quantizes this CFT (SCFT) canonically, and in addition imposes the
classical constraints at quantum level to squeeze out gauge redundancies. Weyl symmetry is
violated at quantum level due to the presence of a nonzero central charge. However this conformal
anomaly is irrelevant, since quantizing the theory against two different worldsheet metrics subject
to conformal (superconformal) gauge condition leads to the same Hilbert space. Generically the
quantum description suffers from negative-norm states in the Hilbert space, which are called
ghosts. By requiring the absence of ghost states, one finds precise constraints on the spacetime

dimension and the mass spectrum.

Lightcone quantization

It is also based on canonical quantization and deals only with the free string theories. By impos-
ing the lightcone gauge condition, all reparametrization and local supersymmetry freedoms are
completely fixed at classical level. One is thus left with a free 2-dimensional CFT or SCFT con-
taining only transverse string coordinates. Radial quantization yields directly the exact physical
Hilbert space, where all physical states span a representation space of the Virasoro algebra. Weyl
invariance is not preserved at quantum level since there is a nonzero central charge. However just
as in the old covariant quantization, this conformal anomaly is not harmful in itself, while the
harm is reincarnated in the Lorentz algebra anomaly in spacetime. Demanding the cancelation
of this anomaly, one gets the same constraints on the spacetime dimension and the same mass
spectrum as in the former case. In the case where we care only about the free string spectrum,
lighcone quantization is the most straightforward and economic way to achieve the goal, as will

be the case for our computation of one-loop vacuum amplitudes.

BRST quantization

The BRST quantization invokes path integral method and is designed to rigorously compute string
amplitudes to any level in loop expansion. For free string theories, the gauge fixing procedure

leads to a 2-dimensional CFT or SCFT containing all the bosonic string coordinates and ghosts,

11



as well as all the fermionic string coordinates with superghosts in case of superstring theory. The
action then loses all gauge freedom of worldsheet reparameterization and local supersymmetry but
still preserves Weyl rescaling invariance, and in addition it acquires BRST invariance. These two
local symmetries are generically not preserved at quantum level. By cancelation of the associated
anomalies, the spacetime dimension number and the mass spectrum are constrained in the same
way as the former two cases. One can further work out the Hilbert space, where physical states

are indicated by its BRST cohomology classes.

Free CFT on complex plane

The canonical quantization of free string theory attributes to the quantization of the underlying
free CF'T’s on a complex plane, whose field contents vary in function of the type of strings and
the method of quantization. Let the complex coordinate be z, and the free CFT be invariant
under the conformal transforms z - f(z) and z — f(Z) with f any holomorphic function. The
associated conserved charges are T'(z) and T'(z), whose operator product expansions (OPE) tell
the central charges (¢, ¢) of the CFT:

2,2 Lo T(w) 4
(z—w)* (z_w)QT() z—wawT() e (2.1)

T(2)T(w) =

and the same expression for T'(z), which implies ¢. We will need to know that each holomorphic
or anti-holomorphic free scalar contributes one unit of central charge and each free chiral fermion
contributes one half. The mode expansions of T'(z) and T'(%) yield Virasoro operators {L;} and
{Ly}: T(2) =X 2% 2L, and T(2) = ¥ z7%2L;, which satisfy anomalous Virasoro algebra

[Lons L] = (1 = 1) Loy + 1—‘;(m3 - (2.2)

and the same thing for {L;} with central charge ¢. There exists the vacuum state |0) which is

annihilated by Ljs_; and Ljs_;. Primary fields ¢(z,%) are those which transform according to

T(2)é(w, m) = (z——hw)2 B @) + —— O, ) + ..
~ ) 3 ) 1 ) (2.3)
T(2)p(w,w) = m o(w,w) + po” Owd(w, W) + ...,

where h and h are real constants, called the conformal weights of ¢. Ground physical states are

generated by primary states as

|h,h) = limo 1 9(z,2) :0), (2.4)

2,2
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which is of conformal weight (h,h), with Lo|h, h) = h|h,h) and Lg|h,h) = h|h,h). The physical
spectrum can be generated by acting the negative modes L_j and L_; (k > 0) on the ground state
|h, h), subject to certain physical constraints, for example the level-matching condition Ly = L for
closed strings, the GSO conditions, invariance under orbifold projections or orientifold projections,
etc. All descendent physical states based on the ground state |h, k) span a representation (not
necessarily irreducible) space of the Virasoro algebra, of highest weight (h,h). At this point we
can introduce the characteristic function of a Virasoro algebra representation, called conformal
character. When holomorphic sector and the anti-holomorphic sector can have independent highest
weights and descendent states, as is the case for closed strings, the conformal character based on
ground state (h, h) is

Xoun (1:7) = Tr, L qhomaighomai = g"sigh 5 Y Dy gV )" Dy gV, (2.5)
N N

where ¢ = €™ and 7 is a complex parameter, which is defined on the upper complex plane to

guarantee the convergence of the series; the trace Tr (o Tuns through all the descendent states

h
based on the ground state |k, h), and Dy (Dy) is the ciegeneracy of the N-th (N-th) oscillator
level in the holomorphic (anti-holomorphic) sector. For the state L_p,, ... Ly, Ly, ... Ly, |k R),
its oscillator levels are N =mq +---+my and N =ny +---+n;. Here we include the central charge
shift —c/24 and -¢/24, in order to switch from the complex plane back to the initial worldsheet
of free string theories. Often we need to consider the holomorphic and anti-holomorphic sectors

separately, and we can define their conformal characters respectively as
X, (1) =q"5 Y. DngV; X, (7)=q"7% ), Dyq". (2:6)
N

When modeling free open string theories, the CFT is defined on the upper half complex plane and
the holomorphic sector is identified with the anti-holomorphic sector: T'(z) = T(2) < Ly, = Lyy,.
In such case a generic state is L_y, ... L_,,|h) (n1,...,n; > 0) and the corresponding conformal

character is
X, (7,7) :TrthO’i =gl = ZDNqN, (2.7)
N

where g = e2™Im7 The trace goes through all descendent oscillator states based on |h). Therefore
Eq.(2.5) is the characteristic function of spectrum on the cylinder and Eq.(2.7) is the characteristic
function of spectrum on the strip. They are closely related to string one-loop vacuum amplitudes,

as is to be explained next.
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One-loop vacuum amplitude

The computation of one-loop vacuum amplitudes in string theories can be summarized as
Zi= [ dp(r,7) oA (7). (2.8)
DF

where 7 denotes collectively the parameters characterizing the geometric configuration of the
worldsheet concerned, referred to as the Teichmiiler parameter, which in our case can be identified
with the 7 appearing in the conformal character Eqs (2.5) and (2.7); <4 (7,7) is the one-loop
vacuum amplitude computed against a specific geometric configuration 7; and Dy is the minimum
parametric space of 7 containing all distinct configurations. Finally all the specific amplitudes
o/, (T, T) are integrated up with measure du(7,7), to give the total amplitude Z;. The amplitude
@ (1,7) is model-dependent, which requires knowledge of the physical modes circulating in the
loop. Since we are dealing with non-interacting strings, all the three quantization schemes can work
out @ (7,7). The other two elements du(7,7) and D do not care about the physical modes on
the worldsheet, but care only about the worldsheet topology. Therefore only BRST quantization
is qualified for finding them out, and hence qualified for computing Eq.(2.8) rigorously from A
to Z. However, we will encounter only four types of topology at one-loop level, namely the torus,
the Klein bottle, the annulus and the Mé&bios strip, whose du(7,7) and Dp are already known.
Thus we will simply take and use these results, and focus our attention on the computation of
2/ (1,7). The latter can be most conveniently achieved with lightcone gauge quantization. Thus
@/ (1,7) is just the conformal character of the lightcone Hilbert space, summed up over all possible
highest weighs (integrate over continuous highest weighs). For closed and open strings, we have

respectively,

closed: @ (1,7) = ih . sign(h, h) x X (T:7)

(2.9)
open : 2 (1,7T) = jh sign(h) x x, (7,7).

The subtlety in the summation is that appropriate sign should be attributed to different characters,
here denoted by sign(...), in order to implement physical conditions, for example GSO projection,
modular invariance. It can be seen from Eqs (2.5) and (2.7) that < (7,7) can be expanded as
a sum of powers of ¢ and ¢. In case of closed string amplitude, the expansion containing both
q = e?™ and ¢ = e~?™7 physical spectrum can be read off from the level-matched part (¢ and ¢
have the same power) of this expansion, with the powers of ¢g giving the squared masses, and
the associated coefficient the degeneracy of this mass level. It should be mentioned that the level-
matching condition is not derived from the underlying CF'T, but is inherited from the worldsheet

diffeomorphism invariance of the full string theory action. However the modes which do not satisfy
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level-matching condition contribute to the closed string one-loop amplitude even though they are
not in the free string spectrum. On the other hand for open strings, the expansion of @ (7, 7) is
uniquely in terms of ¢ = e72™™7 and the physical spectrum is read off from this expansion in the
way that the power of ¢ imply the masses squared, the coefficient is the degeneracy of this mass
level. Finally we recall without proving that in the frame work of lightcone gauge the integral

measures in Eq.(2.8) are

dmd
2(;/:)]3 L 7—71_227—2 , with 7=7+i7p (torus), (2.10)
v P 2Ty (Klein bottle),
D o T2 . _ 1
W A 7_—22 with 7= 51T2 (annulus), (211>

5 +3im  (Mobius strip).

In the torus case, the integration domain F is defined by |7| > 1 and -1 < 7 < 1, which is the
fundamental domain of SL(2,Z). Indeed the integral measure 752drdr, is invariant under the
transform 7 - 22 with (2 b) € SL(2,7Z).

cT+d?

2.2 Bosonic string

The bosonic string lives in 26 dimensional flat background spacetime. The classical Polyakov
action, which describes 26 scalar fields {X*(7,0)} (1 =0,...,25) on the worldsheet, and which
displays all symmetries, is already shown in Fig.2.1. The notation of worldsheet time 7 is in clash
with the Teichmiiler parameter in Eq.(2.8), but since we will never use the two together, there
will be no risk of confusion. Imposing lightcone gauge condition which eliminates X° and X1,
performing worldsheet Wick rotation 7 = —i7g and defining the complex coordinate z = e™®~i7,
we reduce the initial gauge system to a 2D CFT on the z-plane with 24 transverse free scalar
fields {X?%(z,2z)} = {X* X'}. Here we suppose that the theory is compactified on 7% and let
1 =2,...,D -1 label non compact spacetime of dimension D =26 -d, and I = D,...,25 label

compact ones. The action is
e. _ T 2 iavi
S = 3 /d 20X'0X", (2.12)

where 9 = 9/0z and 0 = /0%, and by d?z we mean dRez dImz. The string tension T is related to

the string length [, and to the Regge slope o/ by T = ﬁ = # The energy-momentum tensor is
TX(2) = ! XX, TX(2)= ! 0X'0X" 2.13
(Z)—‘Z—Q 5 (Z)——Z—Q (2.13)
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with central charge (¢X,¢x) = (24,24), and we let the associated Virasoro operators be {L;X} and
{LX}. The quantization of this system follows the standard scheme for free CFT quantization.
The following contents adopts the language in [27| and will be very concise on mathematical
aspects of CFT.

Closed bosonic string

The string coordinates satisfy periodic boundary conditions X*(e?™z) = X?(z), whose mode ex-

pansion is
X'(z,2)= X (2) + X%(E) with (2.14)

1 [2 1 ad , 1 [2 1 ad

Xi= -y Xp= =2k
2 Z \/_m&OnZn’ e 2 Z \/_mconZn’
1 12 1al 1 l2 I 1al

X] s ls I I ’s .
235L U pL \/_,;)nz"’ R=5TR™ i pR \/_n;)nz”

The zero modes are of interest since they contain physical information that the underlying CFT
does not imply. Note that for compact directions the holomorphic and anti-holomorphic com-
ponents have independent center-of-mass positions and momenta, {z 2%} and {pf,pL}. Tt is
because the closed strings can wrap around compact directions. All the center-of-mass position

and momentum components have non-trivial commutation relations:

(2", k] =6, [x] p,p] gl =16"", 0 for other commutators. (2.15)

The CFT vacuum state |0) is annihilated by all positive a-oscillators, and it can be shown that it
is SL, invariant, i.e. annihilated by Lo .; and Lg.;. A generic physical ground state is obtained

by acting on the vacuum the primary field

cls (Z Z) ezk ‘Xz, z)eszXi(z)HpR (2):’ (216)

where the superscript “cls” stands for “closed”, and &’ and p! , here are not operators but take
concrete values. The OPEs of Vj, (2, 2) with TX(2) and TX (%) tell that the conformal weight is

2 2
hX = ZZ (K*+p7), B = %S(k? +D%) (2.17)

so is the conformal weight of the corresponding ground states. The center-of-mass momentum
in non compact directions k* can be of any value, while k=~ adjusts itself to ensure k*k~ — k'k?
onshell. However the values of p! , are constrained by the compact space, which contain Kaluza-

Klein (KK) and winding numbers in the compact directions, as well as the moduli arising from
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compactification. A generic physical state | X ) can be the ground state or oscillator excitation

based on it:

[ Xas) = (0sc.) O35,(0,0)]0) = |(0sc.) s pr, prs b ). (2.18)

where “osc.” denotes collectively negative-level oscillators. These states, with specific k and py, g,
fit into a representation of the complex Virasoro algebra constituted by {L;¥ ,Ei( }, of highest
weight (hX,hX) as shown in (2.17). Especially acting zero modes of the Virasoro operators on

them gives
12 B 12 B
L | Xas) = [Z (k*+p?) +N]|de>, L X as) = [Z (K2 +p%) +N]|de), (2.19)

with N and N non-negative integers denoting left and right oscillator levels. We recall the result
from CF'T that the tower of oscillator excitations of a single holomorphic worldsheet boson is
characterized by the partition function g /n(7), where the expansion coefficient of the N-th
power of g = €2™7 is the degeneracy of the oscillator level N. In the same way we have the anti-
holomorphic partition function qi /1(7). Thus using Eq.(2.19), one finds the conformal character
of the spectrum Eq.(2.18) to be

X

. : 2
XE(7,7) = Trqho-amglom 5 = g3 (Bevk) g (%) gy ()24 (7) 24, (2.20)

where the trace runs through all the oscillator excitations. Referring to the first line in Eq.(2.9)

the total one-loop amplitude in vacuum is therefore

Vb d?T qiPLGiPR
Zz—f [dk f _ 2.21
e e 2, ) e - R E TG ER

2 pL.PR

The expansion of the integrand yields the lowest order (¢¢)~! with negative power, showing that
the ground state is a tachyon. Also one can show that all states on the same mass level form a ten-
sorial representation of the little group. Therefore the spectrum Eq.(2.18) contains no spacetime

fermions. These drawbacks decide that the bosonic string cannot lead to sensible phenomenology.

Open bosonic string

The worldsheet scalar fields satisfy the Neumann boundary conditions 0,X i‘o_: or=0; and we have
the mode expansions
VSRR S TR S TS S T ST
X'(z,2) =51 ilZk' Inzz + (osc.), X =5 - ilp"Inzz + (osc.) (2.22)
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where the nonzero oscillator parts are the same to Eq.(2.14) but with all left-moving and right-
moving oscillators identified: o' = @.. Especially the center-of-mass momenta and positions in
compact directions are no longer split into left-moving and right-moving parts, since open strings
cannot wrap around compact directions, and hence in the internal momenta p’ there is no winding
number. Also the center-of-mass momenta are defined differently from the case of closed string,
to maintain the correct commutation relation with center-of-mass positions. The CFT vacuum is
still denoted by |0), and a generic physical ground state is generated by the primary field

(’)zi(z, z) — ik XN (2,2) pip' X! (2.2) ) (2.23)

where k' can take any value and p! are constrained by the geometry of compact directions. It has
conformal weight

B o= 12 (k2 +p?). (2.24)

A generic physical state | X,p) is either a ground state generated by Eq.(2.23) or is a descendent

state with oscillator excitations, which is

| Xop) = (0s¢.) O (0,0) [0) ® i) = |(0sc.); p; ks ij), (2.25)

P

satisfying
L | Xop) = [2 (K* + p*) + N | Xop), (2.26)

where N denotes collectively oscillator excitations; |ij) is the sector carrying Chan-Paton factors
i and 7, which is a non-dynamical sector introduced in order to implement non-Abelian gauge
symmetry in spacetime. These states supply a representation of a Virasoro algebra of highest
weight A" as in Eq.(2.24). The one-loop amplitude is

2
Vp / © dry q%pQ
0

[ = —— - ,  where =42, 2.27
2(2m)P 7_21+§ > 1(2imp)% 1 (227)

This integral has UV divergence at the limit 7, — 0. Although the pathology can be cured by
including closed string and implementing the orientifold projection, the theory still suffers from
the problems of tachyonic ground state and lack of spacetime fermion. Therefore bosonic strings

cannot be a phenomenologically viable theory and we move on to superstring theories.
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2.3 Closed N = (1,1); superstring and type II strings

The N = (1,1)2 has 10 dimensional target space. Its classical action is the supersymmetrized

version of the Polyakov action for bosonic strings
T _
S = -5 f d*ov/~h {h‘w@aX“@gXu + 20 p® 0a1),, + (worldsheet gravitino)}, (2.28)

where {p®} are Dirac matrices in 2 dimensions. It is in effect a 2-dimensional supergravity with a
non-dynamical supergravity multiplet, 10 scalar fields {X#(7,0)} and 10 2-component Majorana
spinors {Y#(7,0)}. By lightcone gauge fixation, followed by a Wick rotation 7 = —itg and a
coordinate change z = e™~% the original theory is brought down to an N = (1,1); SCFT on the
z-plane. It contains 8 free scalar fields { X"} and their superpartners which are free Majorana-
Weyl spinors {¢7,9'} (i =2,...,9), with 1) and v of opposite chirality. It is a free SCFT of central
charge (c¢xwv,¢x#) = (12,12) where each holomorphic boson contribute one unit and fermion half

unit. The action is:

T I T
Sle = 3 / dQZlOX’OXZ + z'(z/ﬂ@w’ + W@W)l, (2.29)

from which we derive the conserved charges of conformal transforms
TXU(2) =~ OXTOXT+ Li oyt TX0(2) = —~ DXTOXT + ~ 7 O 2.30
(2) = 2 +l—2¢ Y*, (z) = 2 +l—2"¢ (L4 (2.30)
Here as for the bosonic string, we suppose the theory be compactified on a torus T¢, where
d=10-D and D the spacetime dimension. The convention for the indices are i =2,..., D -1 and
I=D,...,9. The quantization is straightforward: the bosonic part and the fermionic part can be

quantized as independent CF'T’s. The bosonic part has already been described in the last section,

and the fermionic part is summarized as follows.

Spectrum of worldsheet fermions

Unlike the bosonic sector, the fermionic sector gives rise to Virasoro algebra representations of

fixed highest weights. Recall from Ref. [27] that each free chiral worldsheet fermion can generate

the representation [0] +2[{-] + [5], where the numbers in the brackets are the highest weights of

irreducible components. The representation [0] + [3] is generated when the chiral fermion takes

anti-periodic boundary condition, referred to as Neveu-Schwarz (NS) boundary condition. This

leads to integer mode expansion of worldsheet fermions 7(z) = ¥, 2" 2¢% (r € Z — 1), and the
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conformal character of the resulting spectrum is!

v ([0]+[31) =1/ - (2:31)

The representation [1z] is generated when the chiral fermion takes periodic boundary condition,
referred to as Ramond (R) boundary condition. This results in half-integer mode expansion
of worldsheet fermions ¢7(z) = ¥, 2" 24 (r € Z), where the the zero modes Yy are crucial
to the emergence of spacetime fermions. Each [%] representation in the holomorphic sector is
characterized by conformal character

(lE) =\ /2. (2.32)

2n

For sake of global existence of worldsheet supercurrent, fermions of same chirality should take
the same boundary condition. The left-moving and the right-moving fermions can be quantized
independently. The spectrum of the 8 left-moving fermions is summarized as follows, where
according to the choice boundary condition, the Hilbert space is split into the NS sector and the

R sector.

NS sector

The NS sector is the ([O] + [%])8 representation of the Virasoro algebra, which contains the CFT
vacuum and all the oscillator excitations with half-integer oscillators. The spectrum has conformal

character
4
_%

<. (2.33)

8
xv([0]+[3])
The spectrum (2.33) does not lead to sensible physical specturm, because it contains a tachyonic

ground state. To fix this problem, we require a truncation of the spectrum by the GSO projection?.

In CFT language, one requires in the NS sector that physical states be those of integer highest

1
2

to requiring an odd number of -oscillator excitations. The conformal character associated to this

weights among the irreducible components in ([0] + [ ])8. In the oscillator language, it amounts

truncated spectrum is therefore

(ot o8

'For the elliptic n- and §-functions, we adopt the conventions and notations in the appendix C of [30] for elliptic

f-functions.
2 Attributed to Gliozzi, Scherk and Olive.
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Here the second term in the parenthesis 67/n? is computed as Xw([O] + [%])8, but all contribution
from representations of half-integer highest weight has the sign reversed. Thus the subtraction of

the two projects out the representations of integer highest weight representations.

R sector

The R sector of the Hilbert space is a (2[%])8 representation of Virasoro algebra. It contains

a 28-fold ground state of conformal weight <, which forms an SO(8) Dirac spinor in spacetime.
The zero modes in the oscillator expansion ¢ act on this ground state as Dirac matrices since
they satisfy the Clifford algebra {t,4]} = 0. The raw R sector spectrum contains four times
the amount of NS sector modes. To achieve spacetime supersymmetry, we need to truncate the
spectrum. First we remove half of the modes by imposing the Majorana condition, making the
ground state a real spinor. We can thus express explicitly the ground state using bosonization
formalism of worldsheet fermions, where this ground state is created out of the CFT vacuum by
spin fields3. Second we introduce the GSO condition for the R sector by requiring that physical R
sector states should be of a definite chirality, and furthermore, two adjacent oscillator excitations
should have opposite chirality. The associated conformal character is?

1 64 64 Sg +,
ITRANE o

Here the first term in the parenthesis 63/n* is nothing but x»(16[%]®), the conformal character
arising from the spectrum based on a Majorana ground state. The second term is obtained, based
on the first term, by reversing the sign of the contribution from one chirality. The subtlety is
that when going from one oscillator excitation to an adjacent one, the sign should be reversed for
opposite chirality. The sign ambiguity in Eq.(2.35) accounts for the fact that one can project out

any of the two chiralities.

Above is the quantization of left-moving fermions. The total conformal character is

61— 04 — 03 + 0}

XU (1) =XE6 (T) = XEeo (7) =

2nt
- ZI: (—1)“+b+ﬂab—9[g]4 = { Vs=Cs =0, (2.36)
a,b=0 2n* Ve—Sg p=1.

3Refer to, for instance, [28] for explicit construction of spin fields through bosonization of worldsheet fermions. A
concise description can be found in the beginning of chapter 13 of [29]. With bosonization it is then straightforward

to compute the conformal weight of the ground state using the equivalent free bosonic CFT.
4The SO(2n)-characters {O,,,V,,,S,,Cr} describe respectively the spectra whose ground states transform in

the scalar, vector and chiral spinor representations of SO(2n). The notations are introduced in [31].
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Here the R sector contribution takes minus sign because it represents fermionic contribution. In
the second line, the index a takes value 0 and 1 for NS and R sector, and for a fixed a the sum
over b effectuates the GSO projection. In the path-integral approach, a and b indicate the spin
structures of the worldsheet fermions. The right-moving worldsheet fermions are quantized in the
same way, and what we should obtain is an exact copy of the above results. It can be considered
as obtained by adding “ ~” wherever needed in Eqgs (2.32)—(2.36).

Type II strings

Now we are at the point of building up the type II strings by assembling the results for worldsheet
bosons and fermions of the SCFT (2.29). Tensoring up the bosonic and fermonic Hilbert spaces,
we have the whole spectrum divided into four sectors according to the boundary conditions that
the left-moving and the right-moving fermions take. These are NS-NS, R-R, NS-R and R-NS
sectors, where the first two sectors yield spacetime bosons while the NS-R and R-NS sectors yield

spacetime fermions. Now a generic type II state should take one of the following forms:

NS)| [ INS),
'de)@’{ R), }®{|ﬁ>w } (237

Here in the braces the upper components are NS sector states and the lower components R sec-
tor states, both satisfying the GSO conditions. Finally, physical states should be those among
Eq.(2.37) satisfying the level matching condition. The sign ambiguity in the R sector GSO pro-
jection leads to two distinct type II string theories: the type IIA (IIB) string arises, when the
left-moving and the right-moving R sectors have the opposite (same) chirality for their ground
states. To obtain the conformal character of type II spectrum, we gather the results for the bosonic

sector Eq.(2.20) and for the sermonic sector Eq.(2.36), and take the product to obtain
X (7.7) = X35, (7 DX, (1) + X8, (1) ] [X8E0 (7) + XEso (7)]

i _ a+b+abM _ &+E+u&59[g]4]
> (-1) 2t ]¢[§E( 1) o |, (2.38)

l2
qZS(k2+p%)q 1 (k2+p?{) ] [
X a,b a,b

nen®

where 11 = 0 or 1 correspond to the type IIA or IIB string, and the subscripts X, v and 1) are for
indicating the sector that the conformal characters in the brackets come from. Note that different
from the bosonic string we have only eight worldsheet bosons and they give 78778, Due to the
fact that a,a take the value 0 or 1 for NS or R sector, a + a is spacetime fermion number with

a+a=0mod2 for spacetime bosons and a + a = 1 mod 2 for spacetime fermions. Referring to Eqs
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(2.8) and (2.9), one can write down the total vacuum one-loop amplitude

Vb d*T q4qu4 prab 0151 b [
Z = / a+b+ab _Ltb4 1 a+ +Ma

T, QPLPR n*n® ab ab

Gh
4

Vi d?r T o
2(25)17/ 7 (dnd) (V= Ss)(Vs—Cs), TIA (u=0)

= 2 (2.39)

%5 >t Taa -
— (Vs —=Sg)(Ve—5g). IIB (u=1
2(27r)foTl+§’ Ul (Ve - 56) (V% - 5%) (=1)

2

22 13 .
Here we use the shorthand notation I'¢y 4y for the Narain lattice sum quiqzl’% corresponding
to the T compactification, where d = 10 — D, and we will always use this notation. The exact

form of the internal radii, when all moduli are set free, is
PLR = (ma - 1%n? Baﬁ) et F 2 ne, (2.40)

Here we suppose that the basis of the d-dimensional internal lattice is {el} with o = D,...,9
labeling distinct vectors, and {e*®} the dual lattice basis. The internal metric is obtained by
JaB = €} e . The amplitude (2.39) is modular invariant, thanks to the GSO projection. Expansion
of the mtegrand shows that the ground state is massless so that the spectrum is tachyon free.
Numerically the above one-loop amplitude vanishes since we have Vg = Cg = Sg. This is in fact the
consequence of spacetime supersymmetry, where the contribution from spacetime bosons cancels
exactly that from spacetime fermions. At ground level, the spectrum contains a graviton in
the NS-NS sector and two gravitini in the NS-R and the R-NS sector respectively. In case of
maximal number of supersymmetry, it has 32 supercharges. The low energy effective theory in 10
dimensions is the Mg = 2 Abelian supergravity. However for phenomenological application, one
should implement non Abelian gauge symmetry, and one way to achieve this goal is to construct

the type I string or the heterotic string.

Unoriented closed string

As preliminary knowledge for type I string, we anticipate here the notion of unoriented string. The
worldsheet parity operator €2, which reverses string orientation, is defined on the classical level
such that 2: ¢ - 27 — ¢ and the worldsheet time 7 left invariant. At quantum level it sends a
left-moving oscillator to its right-moving counterpart: p? SN ph, of, PRLINF, Lol £, Yl LI (i
(+/- for NS/R sector) etc, and it acts trivially on the vacuum state. Thus its action on a generic

state reverses the left and right excitations:

Q |Left, Right; k ) = +[Right, Left; & ), (2.41)
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where |Left, Right; k:) denotes any state in Eq.(2.37), and the sign is “~” when the right moving
fermions are in R sector. The unoriented string is defined as the string theory invariant under
the action of Q. Tts quantum states have identical left and right excitations: |Left, Right; k:) with
Left = Right, and can be obtained by projecting out the asymmetric states in the whole spectrum

(2.37) using the projection operator (1 +(2).

2.4 Open N =(1,1), superstring and type I string

The initial classical action describing the open supersting is the same as for the closed superstring
Eq.(2.28), which is reduced by lightcone gauge to the same SCFT action (2.29). However it is
defined only on the upper-half z-plane. While the quantization of bosonic part is as explained in
Sec.2.2, that of the fermionic sector proceeds in the same way as in Sec.2.3, but with right-moving
sectors identified with the left-moving sector so the former do not appear explicitly in the result.
Now it is each chiral fermion pair {17,797} that generates a Virasoro algebra representation [0] +
2[]+[3], with [0]+[3] associated to the boundary conditions 1|,_g = ¥|o—0 and ¥|y_r = Y|s—r (NS),
and [%] associated t0 ¥|y-0 = ¥|s=0 and Y|g—x = ~1|sx (R). The mode expansions of chiral fermions
is just like in the closed string case, but the holomorphic and the anti-holomorphic oscillators
identified: 9 = 1)7. Again, NS boundary condition gives integer mode expansion, and R boundary
condition gives half-integer mode expansion. All fermions should take the same boundary condition
in order to preserve worldsheet supersymmetry, so the Hilbert space is decomposed into the NS/R,
sector giving rise to spacetime bosons and fermions respectively. Putting together the bosonic

sector and the fermionic sector, a generic state in the whole Hilbert space is like

|NS>w} R {spacetime bosons }

2.42
IR), spacetime fermions (2.42)

Ko
where | X,;,) is an open bosonic string state as given in Eq.(2.25).

Unoriented open string

The worldsheet parity operator €2 acts on the open string coordinates in the pattern Q2: ¢ - 7—o0.

Its action on the oscillators are

Qol, Q7 = (-1)ral; QUi Q= (<1, (2.43)
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which implies that its action on any physical state introduces a phase (-1)" where N is the total

oscillator level. Also 2 acts non trivially on the ground states, which are
NS: Q0 k;i5) = ~i(v)iv (7' 103 K; 5'),
R: QISaiksig) = (v0)ir (1015 1Sai k3 5717),

where in the first line the “0” is for indicating the NS sector ground state which has no oscillator,

(2.44)

and in the second line S, is for indicating the R sector ground state which is a spacetime spinor;
also k is the transverse momentum as in Eq.(2.18). The matrix vq is a unitary, acting on the

Chan-Paton factors and satisfying
6 =Cya with (==l (2.45)

These constructions guarantee 2 = 1 on the quantum level. The unoriented open string is
supposed to be invariant under €2 and the spectrum can be obtained by acting the projection

operator (1 + ) on the whole spectrum (2.42).

Type I string

The type I string is a model which consists of closed and open unoriented superstrings of worldsheet

supersymmetry N = (1,1),. The Hilbert space is constructed as follows:

Closed string sector: containing type IIB states specified in the end of Sec.2.3, subjected in addi-

tion to the worldsheet parity invariance Eq.(2.41).

Open string sector: containing openstring stats as in Eq.(2.42), supplemented in addition with

GSO condition (same as in closed superstrings) and invariance under the action of €2; for sake
of good UV behavior, the Chan-Paton factors range from 1 to 32 and 7q in Eq.(2.44) should be

symmetric, which results in the SO(32) gauge group in spacetime.

The type I theory has maximally 16 supercharges and the corresponding low energy effective theory
in 10 dimensions is N = 1 supergravity with SO(32) gauge symmetry. The one-loop amplitude
is a sum of closed string amplitude and open string amplitude, but with only unoriented string
states circulating in the loop. To pick out only the unoriented string states, one needs only to
insert the projection operator 3(1+(2) in the trace when computing conformal characters Eq.(2.5),
ie. Tr[%(l +9) qLO*C/MchO*E/M] for closed string and Tr[%(l +Q) qLO*C/M] for open string. More
accurately, with the insertion of €2, the conformal character for closed string is obtained by
Trqlo-siglosi = (qq)" % Y. DnDyg™g"
N,N

— TrQgM gl s = £(¢q)" 5 Y D (gd)™, (2.46)
M
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where the + sign is for NS-NS sector, — for RR, and the nonzero contributions must come from
left-right symmetry modes: Dy; = Dy, ¢ = ¢ and h = h. In this case the Q-insertion gives rise to

the worldsheet topology of Klein bottle. Then for the open string, the insertion of €2 leads to

Trqglo-zi = gh = ZDNqN — TrQqlosi = ¢h = Z(—l)NDNqN, where ¢g=e7"7,  (2.47)
N N

which leads to the worldsheet topology of Md&bius strip. The result for the closed string sector
turns out to be the sum of a torus amplitude 7 and a Klein bottle amplitude K, while that for

the open string sector is the sum of an annulus amplitude A and a Mobius strip amplitude M:
2= Q= 245)
T K A M

The torus amplitude 7 is just half of the type II amplitude Eq.(2.39). The internal momenta is
as Eq.(2.40) but there is no anti-symmetric tensor B,g, since the corresponding vertex operator

is ruled out by orientifold projection. The Klein bottle amplitude is

a +a [ ] —47T
2(27T )P 2 f +g o Zq D (~1)arbrab P where ¢ =e . (2.49)
2 a,b

Here the sum over the internal momenta goes through those satisfying p! = pk, i.e. those as
in Eq.(2.40) but with no B,s and winding numbers. It is worth noticing that the Klein bottle
amplitude is from the closed string sector and contains only contribution from left-right symmetric
states. Therefore it has only contribution from NS-NS states (a = 0) and RR states (a = 1), which
are all spacetime bosons. We note that the NS-NS sector contribution to K is positive while the
RR sector contribution is negative. This assignment of phase guarantees that when switching to
the transverse channel K (putting 75 = 1/2¢ and re-expressing the integrand in K in terms of if
using modular transformations), the closed string modes propagating between the two crosscaps
are physical. As a result, the sum of 7 and K symmetrizes the NS-NS sector but anti-symmetrizes

the RR sector, and spacetime supersymmetry is preserved. The open string amplitudes are

Vp N2 [+ dn b []4
A:2(27T)D 2 0 1+% SZ Z( 1) Horab ) (250>
T2
Vo CN o dn 1o bbew
= — —]1)atbta 9251
e 2 b st ET 251

where ¢ = e”™2, and the hat on the functions in M means that terms of odd oscillator level changes
sign following Eq.(2.47), which is first introduced in [32] (c.f. also Eq.(85) in [33]). Here N is
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Chan-Paton multiplicity (not to be confused with oscillator level), and ¢ the sign introduced in
Eq.(2.45), which should take the value N =32 and ( = -1 to make the total amplitude (2.48) UV

finite. Here for simplicity we do not consider Wilson line deformation.

2.5 Heterotic superstring

The heterotic string has 10 left moving bosons with chiral fermion superpartners {X4, ¢#}, and
26 right-moving bosons {X}, XI} where = 0,...9 and I = 10,...,25. The spacetime is of
dimension 10 labeled by pu, while the extra right-moving bosons X }é are compactified on some 16
dimensional internal space. Imposing the lightcone gauge so that lightcone components (p = 0,1)
are eliminated, and we are left with an N = (1,0)y SCFT of central charge (cret,cnet) = (12,24).
The quantization of spacetime components X? and ¥ (7 =2,...,9) proceeds as in Sec.2.3. The 16
internal right-moving bosons {X {;} have mode expansions
~ 2 i

Xh= —z%pRlnz+ 27 %7113”' (2.52)
Here p{; (f = 10,...,25) should be distinguished from p% (I = D,...,9). In 10 dimensional
spacetime, pé lies in an Fg x Fg or Spin(32)/Z, lattice, while upon toroidal compactification to

lower dimensions, they can be subject to Wilson line deformation. A generic state is given by

{X7. X%} {*} {xk}
¥ J 2
NS
|XCIS> { :R) ) } ® |Nint7 qR>im . (253)

|
o1 0t expliph X1 (0)110)ins
There is one graviton and one gravitino arising from the NS and the R sector respectively. Thus
the maximally supersymmetric effective theory in 10 dimensions is the Ny = 1 supergravity with
SO(32) or Eg x Eg gauge symmetry. The total conformal character is obtained by assembling all
the building blocks corresponding to each Hilbert space sector in Eq.(2.53):

Xt (T:7) = X0, (T ) X2 (T) + X ()]

2
o) g5 ()

= ] lg;(—na“”ab 2[771 : (2.54)

n 7724
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Here by p% we mean phph, + pgp{;. The index a indicates whether the corresponding term is from
the NS sector (a = 0) or the R sector (a = 1). Thus a is the spacetime fermion number (recall
that in type I it is a+a). The sum over b implements the GSO projection. The one-loop vacuum

amplitude is

22 2 o
Vo [ @r o qirigih o
7 = / _1)e+b+abZLod
h P D Z Z( ) 2t

D D 824
2(2m) 7-2“ 2 v br nn ab
R

Vb d*1 T'(a,16+a)
- 10D (Vg - Sy). 2.55
2(2m)P ffTZHS it (Ve - 55) (2:55)

It shows that the spacetime supersymmetry is realized in the left-moving sector. The generic form

of the internal momenta is [34]

PLr = (ma ~ QY] =10 By - %”ﬂYJYﬂj) el F 12!,
(2.56)
pé =211 (Qf + naYO{) , with {Qf} in Spin(32)/Z, or Eg x Eg lattice,

where we have the same moduli fields as in Eq.(2.40) for the type II case, except that we have
Wilson lines {Yaf } of the gauge group. At a generic point in the moduli space, the gauge group
is U(1)4 x U(1)%16, each U(1) factor corresponding to the rotation around an internal circle.
Enhanced gauge symmetry can be obtained when extra massless states emerge supplying non
Cartan generators. We will come back to this point later. In particular when there is no Wilson
line deformation YC{~ =0, the lattice sum over {pé} decouples from the rest: I'(ga.16) = I'g,ayL (0,16

and the sum runs through the Eg x Eg or Spin(32)/Z, lattice, yielding

1 1 ,
5 Ze[i]g_ Z 9[21]8, Eg x Fg lattice,
17 F 2 oy 2 8
P = 20 =1 (2.57)
h 9 Z 9[57]16, Spin(32)/Z, lattice.
8y
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Chapter 3
More about compactification

Last chapter was very brief about the compactifications of string theories. In this chapter we come
back to this issue and discuss some more specific aspects encountered in our work. We will go
further beyond toroidal compactification to consider orbifold and Calabi-Yau compactifications.

From now on, we set [, = 1 for simplicity of notation.

3.1 Lattice sum and worldsheet instanton

Upon toroidal compactifications, a lattice sum appears in the one loop amplitude as in Eqs (2.39)
and (2.51), which takes the form

Dlapdn) = 9 ¢7Lq17%, or Tg=Y g2 (3.1)

for closed and open strings respectively. For closed strings (dr,dr) = (10-D,10-D) for N5 = (1,1)
superstrings, and (10 — D, 26 — D) for heterotic string. This piece of contribution to the one
loop amplitude comes from worldsheet instanton effect, where the instanton numbers describe
different ways that the worldsheet wraps the noncontractible cycles in the internal compact space.
The simplest example is compactification on a circle, say let the 9-th spacetime dimension be

compactified on a circle of radius Ry. Thus we have
PLr= 5 FnoRy, where mg, ngeZ, (3.2)
with the integers mg and ng the KK excitation level and the winding number respectively, and the

lattice sum in Eq.(3.1) running through all values of mg and ng. Using the Poisson resummation
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on mg we rewrite the lattice sum into an instanton sum

2
TR

2 2
Pay= 3 gi(Rmme) gi(fgmm) _ f eXp(_T_z

mg,ng 2 Mmg,ng

g — mgf) . (3.3)

The right hand side is an instanton sum because the path integral derivation (c.f. Sec.4.18 of [30])
reveals that each single term in the sum is from the configuration that the worldsheet, which has
the topology of torus, has one of its homological cycle wrapping mg times S'(Ry), and the other
homological cycle ng times. Taking the large volume limit Ry — oo, we decompactify the 9-th
dimension. All the nonzero instanton modes in Eq.(3.3) are exponentially suppressed, and we are

left with % which is just the contribution of a noncompact direction to one-loop amplitude.
For open strings with only D9 branes discussed in the last chapter, which cannot wrap around
SY(Ry), the internal momentum contains only Kaluza-Klein modes:

9 _ My

"Ry where mg € Z, (3.4)

p

and the instanton sum goes like Eq.(3.3) but with ng =0:
Iy = Zq;;g _ M exp (— 7T—Rgan) where e (3.5)
1 o \/FQ e 7_2 91> . .

This is exactly the instanton sum for the point particle case, where mg is the winding number of

the closed worldline around the Euclidean time circle.

Worldsheet instanton sum in more complicated cases, involving more compact dimensions and
containing more moduli fields, can always be obtained by Poisson-ressumming all Kaluza-Klein

excitation numbers in the lattice sum (3.1).

3.2 Enhanced gauge symmetry in toroidal compactification

Toroidally compactified heterotic string can have enhanced gauge symmetry at certain points in
the moduli space. We start out with the mass spectrum, which is obtained by expanding the

integrand in the one-loop amplitude Eq.(2.55) and reading off the powers of ¢g:

1 . _
My, = §(p£p£ +phph + PkpR) +2N + 2N -2, (3.6)

where the internal momenta are as given in Eq.(2.56), N and N are left and right oscillator levels,

and one has also the level-matching condition
phph +4N = phph + phph + 4N - 4. (3.7)
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Due to the fact that the ground state in the right-moving sector is tachyonic, certain oscillator
ground states (N = N = 0) of zero transverse momentum with nontrivial KK excitations and

winding numbers can arrange the moduli to have
Lol =0, PhpR+PRPR-4=0, (38)
so that the spacetime vector modes created by the vertex operators
Viy(2.2) = 0'(2) expliph XA(2) + ipk XA (Z) (3.9)

are extra massless physical states in the heterotic string spectrum. There can be many of these
states at one specific choice of moduli value, each state corresponding to different Kaluza-Klein
and winding numbers. Also they come in pairs because when py satisfies Eq.(3.8) so does —pg.

These states lead to the enhancement of current algebra

I i

10X (2) Vi (w, ) = ;—Rw Vi (w,m), 10X (2) V] (w,m) = ;—Rw Vi (w@),  (3.10)
with respect to the U(1)-currents carried by i 0X1. Define the vectors Gy = (pf:i, p%) and we
can consider them as root vectors of some non-Abelian group. Thus the current algebra (3.10)
shows that a larger gauge group arises, and the vector modes corresponding to the operators
ii(2) 0XTI(Z) and Eq.(3.9) are gauge bosons of this group, because they are massless and
transform in the adjoint representation. In particular the states associated to Eq.(3.9) are the non

Cartan components of the group.

An obvious example is the SU(2) enhanced symmetry when we compactify the heterotic
string on a circle, say, again S'(Ry) with vanishing Wilson lines. Therefore the radius Ry is
the only modulus, and the internal momenta are as in Eq.(3.2). In this case when Ry = 1, the
internal momenta with mg = ng = £1 satisfy the condition Eq.(3.8), where the two root vectors are
simply p% = +2. Thus the vertex operators $0X%(z) and exp[iQiX};(E)] form an SU(2) current
algebra, and we obtain enhanced gauge symmetry SU(2). Larger enhanced gauge symmetry can
be achieved when we carry more internal moduli into play. In fact when the heterotic string is
toroidally compactified down to D dimensions, the moduli can adjust to have SO(52-2D) as the
largest enhanced gauge symmetry. Actually fermionic construction of the heterotic string [35] can

better reveal the possibilities of enhanced gauge symmetry.

For type II strings, since there is no tachyonic states in the spectrum, any massless state
must have p? = p% = 0 upon toroidal compactification. In such cases no Kaluza-Klein or wind-
ing modes can become massless to supply the non Cartan components, so that we do not have

gauge symmetry enhancement by any chance from perturbative effects. However certain orbifold
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compactifications can reverse the GSO projection, yielding a tachyonic ground state in type II
superstrings. In such cases gauge symmetry enhancement can actually arise, for example it can
be the case for Scherk-Schwarz reduction which we will discuss shortly, where an example giving

rise to SU(2) enhanced gauge symmetry is shown in [11].

3.3 Supersymmetry breaking by orbifold compactification

Maximally supersymmetric string theories contain too many supersymmetries for phenomeno-
logical application!. Orbifold compactification provides possibilities of breaking supersymmetry,
where one compactifies the string theory on some internal manifold M having a discrete symmetry
group G, and promotes GG to gauge symmetry of the system. In this case we say that the theory is
compactified on orbifold M/G. Cases of interest are those where the metric on M is flat so that
the CFT is known and exact quantization is possible. The gauging of the orbifold group G can

break explicitly or spontaneously supersymmetry.

Explicit breaking

By explicit supersymmetry breaking one simply seeks to discard part of the supercharges. More
accurately, one choses the orbifold group such that some of the supercharges are invariant under
its action, so that the other supercharges are eliminated when the orbifold group is promoted to
gauge group. There can be many possibilities to achieve this goal but here we just take a simple
example which suffices to illustrate the idea. We look at orbifold T%/Z,, where T* contains the
directions 6789, and the symmetry group Z, sends X6789 to —X6789 and the same thing for

Y6789 and 6789 In this case the generator of Z, can be written as
g = exp [i7r(J67+J89)]. (3.11)

Here J** are angular momentum operators in the internal space, which have integer eigenvalues
for spacetime bosons and half-integer eigenvalues for spacetime fermions. Thus J%7 + J8 always
has integer eigenvalues. The definition Eq.(3.11) shows that gauging the orbifold symmetry group
amounts to eliminating states with odd eigenvalues of J67 + J%. Therefore the gauging projects
out half of the supercharges, explicitly breaking half of the supersymmery. It is worth noticing

that modular invariance requires the introduction of twisted states in the Hilbert space, but in

1 As is explained in the last chapter, we have 16 supercharges in type II strings and 8 in type I and heterotic
strings, too much with respect to 4 supercharges for Ay = 1 or 8 supercharges for N; = 2 models.
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the current example, the twisted sector has the same amount of supersymmery as the untwisted
sector. One step further, the orbifold 76/Z; x Z reduces the amount of supercharge by 1/4.

The explicit partition function description of the spectrum and the computation one-loop
amplitude is standard technical issue and is model-dependent. We are not intended to go through

it in detail but will just take the known results from references.

Spontaneous breaking

Also, orbifold compactification can induce mass gaps between bosonic modes and fermonic modes,
which spontaneously breaks supersymmetry. Still we take just an example to sketch out the idea.
Consider Scherk-Schwarz reduction [36] on a circle S'(2Rg)/Zs where the generator of Z5 is

gss = (=1)6. (3.12)

Here 0 is a shift by half of the Rg-circle X? - X + 7w(2Ry), and @ is some conserved charge
in spacetime which has different values for bosonic states and fermonic states. A most handy
example is taking () = a the spacetime fermonic number in heterotic string. To see what happens

in the spectrum when we gauge this symmetry, we write down a generic quantum state before
gauging

2Ry’

‘ 9 , 2ngRy s a ...)zei( PLXLHPRX )|0 0;a; >7 with ng,R:%q:2n9R9a (3.13)
9
the ellipses standing for irrelevant quantum numbers. To make connection to Eq.(2.53): the

quanta mg and ng are in the |Xs) part, and a = 0 corresponds to the NS sector, a = 1 the R

sector. Therefore we have boson-fermion pairs of supersymmetry

SUSY
2ngRg: 0. .. 2ngR ) 3.14
|2R9 Nglvg ; Uj ) ‘2R9 g 97 ; ) ( >

The orbifold action is

gSS

Qm_}thngRg;m"'):[gss {peXoarnX )gSS]gSS‘O 05a; )

— 6i(p%X%+p%X%)e27riRg(p%+p%)(_1)a| O7 0’ a:... > — (_1)a+m9

2ngRy; a;... ). 3.15
el ai ). (315)

Therefore the states invariant under g, in the bosonic and fermonic sector are respectively

2m9 +1
2R,

‘ 2m9

2R9 2719R9,0,...> and ‘
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Given that the mass formula is M? oc p? +p%+. .. where the dots stand for the oscillator excitations,
we see that a mass gap AM ~ Rg' is generated between bosons and fermions, so that that the
relation (3.14) no longer exists. This corresponds to a spontaneous supersymmetry breaking
at scale Ry!, and supersymmetry is restored at decompactification limit Rg — oo. It should be
mentioned that when gauging the symmetry (3.12), one needs to introduce twisted states following
from the requirement of modular invariance. These are states with reversed GSO projection and
are non supersymmetric neither. At the decompactification limit they become supermassive and
decouple from the rest of the system and the restoration of supersymmetry is restored anyway.
Technically when computing the partition function or the one-loop amplitude for Scherk-Schwarz
reduction, we do not need to consider the untwisted sector and the twisted sector piece by piece.
There is a simple way out. When Scherk-Schwarz reduction is performed on a circle of radius 2R
with orbifold action (3.12), one simply replaces the lattice sum I'¢ 1)(2R) by a weighted instanton
sum as follows

Fany(2R) — i Z (—1)Qﬁ”Q,”+€ﬁm exp (— LRQ\m - T7l|2), (3.17)
VT2 fin

T2

where Q' is the image of ) under the modular transformation 7 — —1/7, and € takes 0 or 1 in

order to respect modular invariance. We will use this in Chpater 5.

3.4 Type II string on Calabi-Yau three-folds

Calabi-Yau (CY) compactifications of string theories are in the same spirit as explicit supersym-
metry breaking upon dimension reduction, where the goal is to preserve a minimum amount of
supercharges. On general grounds, when compactifying 10 dimensional superstring theories down
to 4 dimensional spacetime, the conservation of minimum amount of supercharges requires the
internal 6 dimensional space to have SU(3)-structure. Furthermore, demanding that the vac-
uum background does not break supersymmetry imposes stronger conditions. In case where no
flux is turned on, the internal space must have SU(3)-holonomy. Compactification on CY 3-
folds (CY3’s) are the most studied cases fulfilling these criteria. Although exact quantization can
rarely be achieved for CY3 compactifications, except in some special cases for example at Gepner
points [37], yet with technical devices provided by algebraic geometry, one can acquire rich ex-
plicit knowledge of the resulting low energy effective theory from the topological and geometric
characteristics of the CYj.

Topological information of the CY3’s that string theories care most about is encoded in the
cohomology groups HP4 (p,q =0,1,2,3), whose dimensions kP4 are referred to as Hodge numbers.

For a generic nonsingular CY3 the Hodge numbers and the message that they carry are
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h'0 = hOt = 0: no globally defined covariant 1-form in 6D;

e 19 =130 =1: one unique holomorphic 3-form €;
e 700 = ]33 =1: constant solution to the Laplacian equation;
e hll = h?22: independent Kahler form deformations;

e h2l = h'2: independent complex structure deformations.

Other Hodge numbers not appearing in the above list can be deduced from the relation h?¢ =
h3=P3-4 = haP and hPY = h37PY. Here the first two lines above are consequences of SU(3)-
structure, and the third line is obvious given that a CY3 has only one connected component. It
is worth some more explanation to the last two lines. We know that any infinitesimal CY3 metric
deformation can be separated into Kahler form deformations, which are in 1-1 correspondence to
independent harmonic (1, 1)-forms, and complex structure deformations, in 1-1 correspondence to
harmonic (1,2)-forms. Also there is a theorem stating that for a compact smooth manifold, each
cohomology class contains one unique harmonic representative. Therefore with each harmonic
(1,1) and (1,2)-form representing unambiguously a class in H%! and H'2, there are in all h!!
independent Kéahler form deformations and A'? independent complex structure deformations. Let
M be the Kéhler moduli space spanned by all infinitesimal Kéhler form deformations, and in the
same way we have M the complex structure moduli space. They can be regarded as manifolds
with local coordinates the linear combination coefficients of harmonic (1, 1) or (1,2)-forms, where
dim My = h'! and dim M¢ = h'2. These two spaces are Kahler manifolds in their own right, whose

geometry can be in principle worked out precisely once the CYj is known.

Upon CY3 reduction of string theories, the resulting effective supergravity is determined at
tree level by the geometric and topological aspects described above. Basically, massless fields in
4D are the expansion coefficients of 10D fields against the harmonic forms on CYj3, and harmonic
forms are in 1-1 correspondence to cohomology classes. Therefore the cohomology groups indicate
the types and the numbers of the 4D massless fields, as well as the structure of the effective
supergravity moduli space. On the other hand the cohomology groups also control the structure
of the geometric moduli space. Thus the physical moduli space of the effective supergravity can be
related to some extent to the geometric moduli space of the CY;. Cases of interest are those where
the effective supergravity moduli space is protected by supersymmetry from quantum corrections,
or where its quantum corrections are significantly suppressed. Then part of the geometric moduli
space itself becomes part of the physical moduli space, and is just the exact quantum moduli

space. Thus the related physics is completely dictated by CYsz geometry.
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This is just the case for CYs reduction of type II strings that we have been working on. The
SU(3)-holonomy on the CYs preserves in 4D vacuum a quarter of supersymmetries in 10D. Thus
we have at tree level Ny = 2 supergravity with Abelian gauge group as low energy effective theory.
We will not enter into the details of the field reduction (c.f. for example, Sec.9.11 in [30]), but only
highlight the essential aspects. As is stated, the 4D massless fields arise from reducing 10D fields
against all harmonic forms living in the CY;. For both type ITA and IIB strings, the reduction

always yields:

e One gravitational multiplet: from field reduction against the (0,0) (3,0) and (0, 3)-

forms;

e One universal hypermultiplet: same reduction as above, containing the 4D dilaton.
In addition, for type ITA string, we have

o h'' vector multiplets: from field reduction against (1, 1)-forms, whose scalar components
are Kéhler moduli of CY3,

o h'? hypermultiplets: from field reduction against (1,2) and (2,1)-forms, whose scalar

components are complex structure moduli of CYs,
while for type IIB string, we have instead

o h!? vector multiplets: from field reduction against (1,2) and (2,1)-forms, whose scalar

components are complex structure moduli of CYs,

o h'!' hypermultiplets: from field reduction against (1,1)-forms, whose scalar components
are Kéhler moduli of CYj,

The CY3 reduction of type ITA models and type IIB models are conjectured to be equivalent,
mapped into each other by mirror symmetry. That is, type IIA string compactified on a CYs M
of Hodge numbers h''(M) and h'2(M) is the same model as type IIB string compactified on the
mirror CY3z W of Hodge numbers At (W) = h'2(M) and h'2(W') = h11(M). However, it is by no
means trivial to construct mirror CY3’s and to perform quantitative computations on both sides

to check the validity of the conjecture.

In the rest of the section, we stay on the type IIB side, since the IIB picture displays more
interesting features. Let all complex scalars in the vector multiplets be z! with I =1,...,h!2

spanning the space My; also let all real scalars in hypermultiplets be ¢® with A =1,... 4x(h'+1)
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including the universal hypermultiplet, living in the space My. By virtue of N = 2 supergravity,
My is a special Kahler manifold of complex dimension A'? and My a quaternionic manifold of
quaternionic dimension h'! + 1; they are two factorized components of the whole moduli space:
Mot = My x My. For the vector fields, let them be V4 and their field strength be G4 = dV4,
with A =0,...,h'? including the graviphoton. Thus the resulting N, = 2 supergravity action reads

1 1
SIIB/CY3 :K [S d'z V=9 [éR — 91 02'0z7 - has 8qAaqE
4
+ %Im/\/‘(z, 2)ap GAGP + %Re/\/(z, 2)ap G *GP + (fermions)]. (3.18)

Here in the sector containing vector multiplets and gravitational multiplet, ¢g;7 = ¢;7(2) is the
special Kéhler metric on My, and we also have the gauge kinetic matrix Nap = Nag(z,2). In the

hypermultiplet sector hxs, = has(q) the quaternionic metric on My.

The vector multiplet sector contains more explicit information. The fact that the dilaton lives
in a hypermultiplet excludes all string loop and spacetime instanton corrections from My,. Also
given that the scalars z! are identified with complex structure moduli of the CYjs, the moduli
space My receives no worldsheet instanton correction?, since the latter only depends on Kéhler
moduli. This makes the vector moduli space My exact at tree level and is identified with the

complex structure moduli space M. Thus inheriting from M, we have for the physical moduli

K:—ln(ifQ/\Q) (3.19)

where Q is the unique holomorphic 3-form on the CY3. Let (A4,B4), A = 0,1,...,h'? be a
symplectic basis of 3-cycles in the CY manifold, which satisfies

space My the Kéahler potential

(A4|Bg) = —(Bp|A%) = 6%, (AYAP) = (B4|Bg) = 0. (3.20)

Without loss of generality, we can call A4 electric cycles and B, magnetic cycles. Then we take
the dual cohomology basis (a4, 34), such that

LBOKA:&AB, LBﬁA=5AB. (321)

We expand the holomorphic 3-form against this basis, where arise the electric periods {X4} and

magnetic periods {Fy4}

Q=X -Fyp4. (3.22)

2In the type ITA picture, the vector moduli space is also free of string loop and spacetime instanton corrections,

but it is corrected by worldsheet instanton effects, since the scalars in vector multiplets are Kéhler moduli.
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Here F4 should not be confused with the field strength F'4 appearing in the supergravity action
Eq.(3.18). The periods {X4} can be used locally as projective coordinates on My, and in the

vicinity where X© # 0, we can use the following coordinates

1

X
tl=ﬁ for I:]_,...,h127 (323)
which are called the special coordinates. They can replace z! in the action (3.18) as scalar
components of vector multiplets. The magnetic periods which are functions on My should depend
on {X4}. It can be shown [38] that locally F4 can be obtained by taking the derivative of some
function F(X') with respect to X 4:

Fa(X) = a%f(x) = L F(X), (3.24)

and F is called the prepotential of the special K&hler manifold. Inserting Eq.(3.22) into Eq.(3.19),
we have for the Kéhler potential

K=-In[i( X*Fs- XAF4)]. (3.25)

The gauge kinetic matrix can be computed by

21 ImfAcXC ImeDXD
ImeFXEXF ’

NAB=ﬁAB+ (3.26)

where Fup = 0405 F.

The sector of hypermultiplets is less clear. At tree level My is a direct product of a sector
containing Kéahler moduli and a sector containing only the universal hypermultiplet. However it
is further corrected by perturbative and non-perturbative quantum effects, and all that we know

on general grounds is that the corrected My is a quaternionic manifold.
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Chapter 4

A glimpse to non-perturbative spectra

The end of the last century saw the emergence of various conjectures of string theory dualities
and the cumulation of their supporting evidences. Up to now, all known string theories are
interconnected by duality maps, and this strongly suggests the existence of a more profound
theory, where each string theory arises as its different weak-coupling extremities. Although we
are far from figuring out this underlying theory in all exactitude, the new vision has by all means
greatly deepened our knowledge of string theory. One most important insight is that each string
theory has a whole plentitude of non-perturbative spectrum that perturbative quantization is not
able to reveal. A great amount of work has been devoted to the study of non-perturbative aspect
of string theories. It is not only for need of supporting evidence to the duality conjectures, but also
for exploring the phenomenological consequences that the non-perturbative effects entail. Often

duality maps are used as tools for discovering non-perturbative effects.

The discussion in previous chapters ignores all non-perturbative effects, which we make up for
here in this chapter. Certainly our discussion covers only the non-perturbative effects used in our
work, which is merely a tiny tip of the whole panorama of the non-perturbative realm. The devices
that we use to indicate the existence of non-perturbative effects are the S-dualities between string

theories and also the singularities in the moduli spaces.

The S-duality concerns two weakly coupled theories where one is deep in the strong coupling
regime of the other, with some duality map sending the two theories into each other. Thus the
perturbative spectrum on one side turns out to be the non-perturbative spectrum on the other
side. Among all the duality maps conjectured for string theories, the S-dualities include the
self-duality of type IIB string, the duality connecting T-compactification of heterotic string and
K 3-compactification of type II string, and also the duality connecting type I string and heterotic
string, both of SO(32) gauge group. We will use the type I/heterotic duality [39] to tell about
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non-perturbative effects in the type I theory from the heterotic theory in Chapter 7.

Singularities in moduli spaces can indicate non-perturbative effects. In particular, here we care
about the logarithmic singularities, which can be the signature of light states that are wrongly
integrated out from the Wilsonian effective action. In order that such prediction is viable, the
moduli space should be exact at quantum level. Generically, quantum corrections can modify the
singularity of the moduli space. Thus extra massless states predicted by the quantum moduli space
singularities are generically different from those predicted by classical moduli space singularities.
A famous field theory example can be found in [40], where the author shows that instanton effects
in /=1 SQCD can correct the moduli space singularities and the resulting light states. For this
reason, we study type II strings compactified on CY3’s, where the vector multiplet moduli space
My develops local singularity when certain sort of extremal transition undergoes in the CY;. As
explained in Sec. 3.4, the vector multiplet moduli space on the type IIB side at tree level is the
exact quantum moduli space. For this reason we can rely on its singularities for prediction of

non-perturbative states.

The two non-perturbative effect indicators mentioned above are not string theory peculiari-
ties, but have already been well explored in field theories. It is worth mentioning Seiberg and
Witten’s work [41], which greatly inspired works on non-perturbative effects in string theories. In
that work both S-duality and moduli space singularity are exploited, leading to the discovery of
non-perturbative states. The model considered is pure N = 2 super Yang-Mills theory which has
asymptotic freedom. Through an S-duality transformation one switch to the magnetic representa-
tion, where the theory becomes weakly coupled at IR. In the IR regime, logarithmic singularities
are uncovered, whose monodromies imply the arising of massless magnetic monopoles or dyonic

states.

4.1 D1-brane states in type I string

The conjecture of the S-duality relating the SO(32) heterotic string and the SO(32) type I string
is motivated by the observation that the low energy effective field theory on the heterotic side
can be mapped to the type I side and vice versa by suitable field redefinition. In 10D in Einstein

frame, the bosonic effective supergravity action from the type I side and the heterotic side are

respectively
10 1 2 L oy 1 40
SI:[d tVg[R-5(Véen) - s TR - e,
2 4 12 (1)
1 2 1 4 1 '
_ 10 — _ - P nY ) 2
Su= [ duymg[R-5(ven)’ - 5 ¥ F2o e ]
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where g, is the spacetime metric in the Einstein frame; ¢rj is the dilaton on the type I and the
heterotic side; H is the field strength of 2-forms: on the heterotic side, H3 = dBy with B,,, the
NS-NS anti-symmetric tensor, and on the type I side H3 = dC5 with C),, the RR 2-form; also we
have F' = dA the field strength of SO(32) gauge bosons. We observe that the two actions are sent
into each other by the following map

gzy = g,{un (bh = _¢Ia B,uy = C,u,u’ Aﬁ = AL (42)

We emphasize that the metric here is in Einstein frame. Since the string coupling constant in 10D
is the exponential of the dilaton Ay = exp (¢Lh), the change in the sign of dilaton in the above
map shows that A, = 1/A\; under the duality map so that it is an S-duality.

One pertinent consistency check of this S-duality arises from the identification of B, = C,,, [42].
On the heterotic side, the perturbative F-string is electrically coupled to B,,,, while on the type
I side the object electrically coupled to C),, is the non-perturbative D1-brane. This suggests that
the heterotic F-string is just the D1-brane in the type I picture. In the weak coupling regime of
type I string, one can examine the quantum fluctuations of D1-branes by considering two types of
open strings: those with both ends attached to the D1-brane, and those with one end on D1 and
the other on D9. The D1-D1 string gives rise to 8 bosonic states and 8 chiral fermionic states,
while the D1-D9 string gives rise to 32 chiral fermionic states, whose chirality is opposite to the 8
chiral fermions from the D1-D1 sector. In all, the quantum fluctuations on the D1-brane match
perfectly the field content on the heterotic F-string world sheet in the light cone gauge. This
confirms the identification of the D1-brane in type I string with the F-string in the dual heterotic

string.

Upon toroidal compactifications down to D-dimensional spacetime, the duality map between
moduli fields can be derived from Eq.(4.2). In the most generic case the compactification gives

rise to moduli fields including

e The D-dimensional dilaton ¢}(1[I)) = SIO ) _ %ln Vﬁ), with ‘A/h(?) the internal space volume in

string frame;
e The internal metric ggg in string frame, so that V(@ = \/det j;
e The internal NS-NS field B,s and RR 2-form Cpg;

e The Wilson lines of the SO(32) group vi with I label of Cartan components.

(h,Da’
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Here we hat the quantities measured in string frame, and will always adopt this convention when-

ever we need to specify the reference frame. The duality map for these moduli fields is therefore [43]

R 1A A (dN\-1/4 _ (D)
ggg = )‘11 9&5 = (Vh(,l)) e g

afB >
D-6 D-2_ .
R4 Al A/ (4.3)
Bug=Cap, Yl =V,

while Eq.(4.2) always holds for the 10D dilaton and for the spacetime fields!. The inverse of
the above map is obtained by exchanging the subscripts h <> I. Note that Eq.(4.3) is no longer
S-duality for spacetime dimension D < 6, where the dilaton sign is kept. In 6D, the dilaton is
exchanged with the internal volume while below 6D, weakly coupled type I string is mapped into
weakly coupled heterotic string and strongly coupled to strongly coupled. We stress that D1-
brane states on the type I side are BPS states whose masses are protected by supersymmetry.
Therefore non-perturbative D1-brane spectrum in type I at weak (strong) coupling, obtained at

D <6 (D >6) from the weakly coupled heterotic dual, still holds at strong (weak) coupling.

4.2 Extremal transition I: singular nodes

Topology change

We consider type ITA string compactified on CY3 denoted by M, and suppose that mirror symme-
try maps it into type IIB string compactified on the mirror CY3 denoted by W. We consider the
type of extremal transition? where 2-spheres in M shrink to separated nodes so that M takes a sin-
gular configuration M, and then the nodes are deformed into 3-spheres so that M is desingularized
into M’. In such cases the singular nodes in M present conical structure of basis S2x.S3 [45], which
justifies the name conifold and therefore such extremal transition is called conifold transition. To
be more precise, at conifold transition, let there be R 2-spheres shrinking to zero size in the CYj
M, to arrive at the conifold configuration M containing R singular nodes. We suppose that the
R shrinking 2-spheres span an S-dimensional subspace of the homology group H; (M), or stated

in another way, they are subject to R — S constraints from homology relations. When R -5 > 0,

!The map for the dilaton had been discussed independently earlier in [44].
2The extremal transition of CYs’s is a sort of topology change relating two distinct CYs’s M and M’ of different

Hodge numbers through a singular configuration M. In such transition, one obtains M from M through a birational
contraction (2-spheres shrinking), and by deforming singularities in M into 3-spheres one obtains M’. See [46] and
the Ref.[49] therein.
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we can deform the singular nodes into 3-spheres to obtain a nonsingular CY; M’ topologically
different from M, where these R 3-spheres span an R — S dimensional subspace in the Hy o(M")
homology group?®. Therefore at the conifold transition from M to M’, the H;; homology group
loses an S-dimensional subspace while the H; 5 group earns R — S new independent components,

so that the change in Hodge numbers is
hll(M,) Zhll(M)—S, hlg(M,) Zhlg(M)-’rR—S. (44)

An intuitive way to understand this Hodge number change is shown in Fig.4.1 which is an illus-
trated example with R =5 and S = 2.

In the same way we describe this transition on the type IIB side to have W and W' connected
by the conifold W, but now we see R 3-spheres subject to R — S homology relations shrinking in
W, to produce W and then the nodes are blown up into R 2-spheres to have W', which span an
R — S subspace of Hy ;(W'). Thus the change in Hodge numbers is

hlg(Wl) = hlg(W) - S, hll(W’) = hll(W) + R- S (45)

Conifold transition can be described very explicitly. We have for example the famous model with
quintic in type IIB picture [45]|, where W = [4]5] and W’ = [‘H ‘ﬂ]

It should be emphasized that the two sides of the transition do not necessarily exist simulta-
neously. In type IIA picture, when all of the shrinking 2-spheres are homologically independent,
i.e. R=S, the transition stops at M and the branch of M’ cannot be obtained. In the opposite
direction, when all the R 3-spheres in M arising from deforming singular nodes are homologically
independent, then the R nodes cannot be blown up into 2-spheres to obtain M. The same ob-
servation holds for type IIB models. In our discussion of low energy effective theory, we always
suppose that the branch M or W is available. As far as our current knowledge can reach, we need
to sit in this branch to know how to write down the effective gauge theory. It is because with the
shrinking of 2-spheres in M (3-spheres in W), states from non-perturbative D-branes (D2 in M
and D3 in W) wrapping these shrinking spheres become light and should be re-included in the

low energy effective theory.

Non-perturbative black hole states

To bring into light these non-perturbative effects from D-branes, we use the type IIB picture

where the vector multiplet moduli space My exact at tree level, and let the emergence of the light

3Tt is always possible to choose the complex structure such that the 3-spheres arising from deformation lie in

the H; 2 group.
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Figure 4.1: An intuitive illustration to understand the Hodge number change Eq.(4.4). It shows the
situation where R = 5 2-spheres, which span a subspace of the Hy ; homology group of dimension S = 2,
shrink to zero size. This gives birth to R — S = 3 new 3-spheres which are obviously homologically
independent, and this leads to the result that hio should increase by R—.S = 3 when deforming the nodes

into 3-spheres.

non-perturbative states be suggested by logarithmic singularities in it. Let the shrinking 2-spheres
be {C%} (a =1,...,R), and we arrange the complex structure so that these shrinking 2-spheres
can be expanded against the basis of electric cycles C% = n%.A4, where the matrix n4 is of rank
S. Here we use the notation introduced in Eq.(3.20). Thus the vanishing locus of the sphere C%
is n% X4 =0, which is of co-dimension 1. We will refer to the intersection of all these R vanishing

loci the conifold locus. By requirement of monodromy [47]
& — E£+CYCYE), (no sum over a), (4.6)

for any 3-cycle £ upon a transportation in the moduli space around the vanishing locus of C&.

This determines the singular piece in the magnetic periods n

L, Y nfn% XPIn (ndCXC) + (reg.), (4.7)

Fu=
A2m&

and inserting this into Eq.(3.26) we have that the gauge kinetic matrix has the singular behavior
_ 1 . .
Nag = - Y n4ng In (nkXY) + (reg.). (4.8)
g

Due to the fact that the gauge coupling constant g. is given by ¢-2 ~ ~ImMNyp, as is displayed
in Eq.(3.18), there appear in the gauge coupling constants the logarithmic singularities as g;2 ~
—ln| nd X C‘. Here we especially display the minus sign to show that the gauge theory become

weakly coupled when approaching the conifold locus. This predicts the emergence of light states
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since such logarithmic singularity arises exactly when states of mass M ~ ‘n“CX C| are integrated
out from the action (3.18). Again we emphasize that this prediction is credible because the moduli
space is exact. In [20] it is postulated that these are R BPS black hole states becoming massless
at the conifold locus, which are described by R hypermultiplets charged under U(1)®. Since
the gauge vectors are obtained from dimensional reduction of RR 4-forms, which are electrically
coupled to D3-branes, the charge black hole states should arise from the D3-branes wrapping the

vanishing 3-spheres.

This postulate is further supported by the analysis of Nambu-Goto action of the D3-brane.
Upon reduction of the Nambu-Goto action on the supersymmetric special Lagrangian cycle rep-
resented by the vanishing 3-sphere C%, one obtains in the 4D spacetime the action describing a
point particle, which is in fact a black hole, of mass M ~ ‘n‘éX C|, and of electric charges n? .
Therefore we have a BPS black hole state of mass exactly as predicted by moduli space singularity.
To see that the gauge group is U(1)°, we chose the basis such that the matrix n% takes the form
n?+0 (i=1,...,5) and n%_ g = 0. Thus the a-th hypermultiplet has charge n? under the U(1)
associated with the vector multiplet containing X*. In this basis the conifold locus is situated at
Xi=0@G=1,...,9).

Effective gauge theory

Now by “integrating in” the BPS black hole states in the Wilsonian effective action, we cure the
IR singularities in the effective gauge theory. The conifold transition M — M — M’ matches
perfectly the Coulomb-Higgs phase transition in this repaired nonsingular effective gauge theory.
Here we illustrate this qualitatively in the field theory limit, while analysis based on supergravity

will be carried out in Chapter 8.

Following from the fact that each of these black holes is charged under U(1)S associated to
the scalars X with charge nf, the field theory Lagrangian in the N = 1 superspace language is

Lo = le[ [ 410 Btexp(V) B + - [ d?@WiaWia]
167 2
+ f d*0 [H&Texp(Q ndVYH® + Heexp(-2 nfvi)ﬁ&T]
+v2nd (f ?0 H O HY + h.c.) , summing over all repeated indices. (4.9)

Here the superfields (®¢ V?), each pair consisting of a chiral superfield and an N, = 1 vector
super field, constitute the U(1)% N, = 2 vectormultiplets, while the doublets of chiral superfields
(H%,H%) (a =1,...,R) constitute the charged black hole hypermultiplets. The complex scalars
X% are contained in ®?, and we denote the scalars in the R charged black hole hypermultiplets by
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A% which are SU(2)x doublets each containing four real scalars. For simplicity we take diagonal
prepotential: F = %@i@i, without losing generality on the qualitative level. The the effective scalar

potential derived from the above Lagrangian is

A o] S o o S X
Veon =2 Y, nind X' XTI 4 A% + 7 2 DiDi with D, = Y i, (4.10)

a,1,J
where ¢ are Pauli matrices. The flat directions defined by this potential can be separated into the

Coulomb branch and the Higgs branch.

The M side of the conifold transition corresponds to the Coulomb branch of the gauge theory,
where X obtain nonzero vacuum expectation values (VEV’s), while .77 have vanishing VEV’s.
This renders the charged hypermultiplets massive through the first term in the potential (4.10).
On the other hand the vector multiplets containing X*? are massless, leaving the gauge group
U(1)% unbroken.

On the other hand, the M’ side of the conifold transition corresponds to the Higgs branch of
the effective field theory, where the vector multiplet scalars X* have vanishing VEV, while scalars
in the charged hypermultiplets ¢ acquire nonzero VEV’s. The latter should be subject to the
condition that the D-terms D; = ¥, nd "G #°% vanish. This imposes 3S constraints on the 4R
real variables contained in 7% leaving us with 4R — 35S flat directions. However all these flat
directions do not represent physically inequivalent vacua since points can lie on the same orbit of
the gauge group U(1)%. Modding out this gauge redundancy further eliminates S flat directions so
we are left with 4(R-.S), which can be arranged into R - .S massless hypermultiplets. Meanwhile
the rest S charged hypermultiplets become massive through the ), D;-D; term in Eq.(4.10). The
vector multiplets associated to U(1)% also obtain mass through the X X.#1# term and they
absorb the S massive hypermultiplets, forming S long massive vector multiplets. Therefore the

gauge group U(1)® under which the black hole states are charged is completely “Higgsed away”.
Thus going from the Coulomb branch to the Higgs branch, the effective field theory loses

S massless vector multiplets and acquires R — .5 massless hypermultiplets, matching exactly the
Hodge number change Eqs (4.4) and (4.5).

4.3 Extremal transition II: uniform singular curves

Topology change

Another type of extremal transition that our work concern is the case where the singular config-

uration of CY3 develops a rational curve of ADFE-type singularity. This situation arises in the
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cases where the CYj is defined as algebraic variety embedded in some weighted projective space.
The ambient space already contains orbifold singularities, and the restriction of the singular locus
in the CYj3 is some rational curve. The standard toric geometry procedure [48] to resolve these
singularities results in a bunch of PVs with AD E-type intersection matrix. We call this nonsin-
gular CY; M. On the other hand, the singularities can be deformed into 3-cycles, giving rise to a
nonsingular CY3, to be denoted by M”, of different topology than that obtained from resolution
of singularities. We also let M be the singular configuration connecting M and M”. We denote
the mirror manifolds by W, W and W".

The cases that we are interested in are those where the intersection matrix of P’s in M, arising
from the resolution of ambient space singularities, is of type Ay_;. Thus we have N -1 P!’s along
the singular curve, spanning an (N - 1)-dimensional subspace of Hy1(M). Let the rational curve
be of genus g and we denote the curve by Cy. At the singular locus where the P'’s in M shrink
to zero size leading to M, there are (g—1)(N? - N) independent non-toric deformations available
allowing that the shrinking 2-spheres be deformed into 3-spheres, giving rise to the nonsingular
CY3 M". Therefore the branch M" of the extremal transition exists only for ¢ > 2, and we have

the Hodge number change

hiy(M") = hy (M) = (N =1), hip(M")=hio(M)+(g-1)(N*-N)-(N-1), (¢g>2). (4.11)

Non-perturbative states

We then consider type II strings compactified on such CY3’s, and check the low energy spectrum
that they give at the extremal transition locus. We adopt the type ITA picture, and start out
from the M-side of the transition. We denote the 2-cycles arising from resolving ambient space
singularity by T'; (i = 1,..., N —1). We arrange these 2-cycles so that T'; and T';,;; have nonzero
intersection. All connected 2-cycles built out of the I';’s are of the form I';; = I'; u---u T, for
1<i<j<N-1, and can be wrapped by BPS D2-branes or anti-D2-branes (obtained by reversing
the orientations). The former (latter) are associated to the (N2 — N)/2 positive (negative) roots
of Axn_1, while the perturbative spectrum provides the remaining N — 1 massless multiplets in the
Cartan subalgebra. In the large volume limit of the curve C,, the model leads to an N = 2 theory in
six dimensions describing an SU (') gauge theory [49]. Thus, one can think of the four dimensional
case as arising from an additional compactification on the curve Cy, which breaks further half of
the supersymmetries. The resulting effective theory is an N =2 SU(N) gauge theory coupled to
g hypermultiplets in the adjoint representation [46], and among all the g(N?-1) hypermultiplets,

the g(N — 1) Cartan components are perturbative. An analysis of beta function with these field
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contents show that the effective gauge theory is asymptoticly free when g = 0 conformal when

g =1 and non asymptoticly free when g > 2.

Effective gauge theory

We perform field theory analysis to describe qualitatively the consequence of the extremal tran-
sition M — M — M’ in the effective gauge theory, while analysis based on supergravity will be
presented in Chapter 8. With the physics that we expect near the transition locus, that g hy-
permultiplets in the adjoint of SU(N), we can write down the Lagrangian in N = 1 superspace
language

1 a ce \2 1 aayy/a
LHA:m—WIm[[d‘lGCD foxp (VTS ) <I>"+§[d29W Wa]

v [ @0 [HHexp (2V Tey) " HYA + H*Aexp (- 2V° T

adj

ab ~
) HbA]
+iV/2 (/ d20 fobc oA A + h.c.) , summing over all repeated indices. (4.12)

Here fob¢ are the structure constants of SU(N), where a,b,c = 1,...,N? — 1 are the gauge in-
dices; T;
are (Tyy;)t = —i fobe; (®2,V*) are the Ny = 2 vector multiplets of the gauge group SU(N); the
hypermultiplets (H®A, H*4) carry at once the gauge index and the index A =1,...,g counting
distinct (N2 -1)-plets each in the adjoint of SU(N). We denote the complex scalars in ®¢ by X,
and the scalars in the hypermultiplet (Ha4, He4) by SU(2)x doublet #%4, each containing four

real scalars heA* (u=1,2,3,4). Without loss of generality on the qualitative level, we again take

are generating matrices of SU(NN) in the adjoint representation whose components

diagonal prepotential: F = ®2®2. The effective scalar potential obtained from the Lagrangian
(4.12) is

_ _ _ 1~ = .
Vaa = [X, X[ X, X]% + 2[ X, hA%]e (A, X0 + JDD with D = —i feeP MG A (4.13)

where X = XeT9

adj’
into the Coulomb branch and the Higgs branch and we show that they correspond to the type ITA

hAw = heAvTa, . Like in the previous section, the flat directions can separate

compactification on M and on M" respectively.

The Coulomb branch is characterized by nonzero VEV’s of X@ and .74 lying only in Cartan
subalgebra of the gauge group. We suppose without loss of generality that the components acquir-
ing nonzero VEV’s are X% and 24 (i=1,..., N - 1), with {T};;} forming the Cartan subalgebra
of SU(N). The VEV’s of X? supply N —1 complex directions in the vector multiplet moduli space
My and those of 4 supply g(N -1) quaternionic directions in the hypermultiplet moduli space

48



My. The rest of the N2— N vector multiplets and g(/N2- N) hypermultiplets that are non Cartan
obtain mass. This is just the situation arising from the compactification on M, where the massive
non Cartan components are from D2-brane wrapping shrinking 2-spheres. At generic values of X*
and 74, all the non Cartan vector multiplets become massive, and the gauge group is broken to
U(1)N-1. Tt is possible to assign VEV’s which give mass only to part of the non Cartan compo-
nents, so that the gauge group is a rank N -1 subgroup of SU(N). Also there is a subtlety about
the massive field content: when we switch on VEV’s only for X? the N2 — N non Cartan vector
multiplets acquiring mass stay short, while if we switch on VEV’s also for %A, each of the non

Cartan vector multiplet absorbs a non Cartan hypermultiplet and become long vector multiplets.

Then we examine the Higgs branch, where all SU(N)-vector multiplet scalars have VEV’s
fixed at 0, while all SU (N )-hypermultiplet scalars are allowed to move freely in the flat directions
defined by Da = 0. This imposes 3(IN2 - 1) constraints on the 4g(N2 - 1) real degrees of freedom
included in J#%A. Among the (49 — 3)(N? — 1) real flat directions that rest, not all of them
parameterize physically inequivalent vacua because they accommodate the orbit of gauge group
SU(N). Fixing this gauge freedom wipes out another N2 -1 real flat directions. Therefore we
have all physically inequivalent vacua parameterized by 4(¢g—1)(N?-1) real flat directions, which
can be arranged into (g — 1)(/N? — 1) massless hypermultiplets. This counting shows that the
Higgs branch exists only for g > 2. On the other hand, all SU(NV)-vector multiplets obtain masses
through the second term in the potential (4.13) and the rest N2-1 charged hypermultiplets obtain
masses through the DD term. Further, these massive fields are combined and form N2 -1 long

vector multiplets. Thus the whole gauge group SU(N) is “Higgsed away”.

Therefore when moving into the Higgs branch from the Coulomb branch, we loose the N — 1
massless vector multiplets and the g(/N — 1) massless hypermultiplets in a Cartan subalgebra of
SU(N), but meanwhile we gain (g—1)(N?-1) massless hypermultiplets. Thus the Kahler moduli
are reduced by N -1 while the complex structure moduli are increased by (g—1)(N?-1)-g(N-1) =
(g-1)(N2-N) - (N -1), corresponding exactly to the Hodge number change Eq.(4.11). Thus

the compactification on M" gives rise to the Higgs branch of the effective gauge theory.
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Chapter 5

Ideal string gas at finite temperature

For cosmological application of string theory, we need a thermodynamical description of string
gas in a closed system. The goal of this chapter is to clarify this issue. We adopt the canonical
ensemble prescription, where the derivation of all thermodynamical quantities is based on the

partition function
Z=TrePH, (5.1)

Here 8 = 1/T is the inverse temperature and H is the Hamiltonian of the string gas. Once the
partition function is obtained, the thermodynamics of string gas follows the standard formalism.

We can derive from the partition function the Helmholtz free energy F' and its density

A F A
F=-ThZ=-—, F=—=-— 5.2
n /6 ) V /BV Y ( >
with Z =InZ and V the space volume. We point out here that the free energy density will play a
key role in cosmological application. Based on F we have the pressure P and the energy density

of the gas, given by

OF oOF 0 oP
P:——:— _— :——IZ:T__P .
T Vav F, p 55" a7 (5.3)

These are just the quantities appearing in the Friedman equations sourcing the cosmological

evolution.

A direct evaluation of the partition function in second quantization formalism should appeal
to string field theory. However here we would rather adopt a first quantization approach of which
the technique is better established. We will show, through point particle analogue, that this first
quantization alternative is feasible at weak coupling regime, which is because InZ for an ideal gas

is just a one-loop amplitude computed against a Euclidean background.
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5.1 Lesson from point particle

Partition function as one-loop amplitude

We recall the standard result of Z = Tre ##, the canonical partition function for an ideal gas of

particle of one degree of freedom:
Vp_ |1 B
InZ = (—)F+1# /dp {55%+1n[1— (-1)FeB ]} (5.4)

where Vp_; is the space volume, dp = dP~!p, w, = \/]m with M the particle mass, and F
takes value 0 for bosonic degree of freedom, 1 for fermionic. The explicit computation is presented
in Appendix A.1. The result is easily obtained by path integral against a Euclidean background
with the Euclidean time circle of perimeter 3 = 2w Ry, where periodic (anti-periodic) boundary
condition is assigned to the bosonic (fermionic) field. This result has the interpretation of one-loop
vacuum amplitude, which can be seen very explicitly when we expand the logarithmic in power
series of e Pwr:

_ 1 nF+F
1nzz—(—)F—VD . /dﬁ B;"p Vp-1 Z( ) fdp’ e B (5.5)

(QW)D—l 27T D-1

The physical significance of the summation on the right hand side can be better elucidated by
noticing, for the n-th term, that

11
ol [aperre= L [apipleilp) =+ [ dniee ), (5.6)

(2m)P-1n

where [p) and |Z) are single particle states in the momentum and position representation, ap-
propriately normalized. This is the amplitude that a particle launched at any spatial point,
circulating the Euclidean time circle n-times (n = 1,2,...) before finally returning to the initial
point. The division by n is because in (Z|:e™#:|Z ) the cases that a particle launched in the 1st,
the 2nd,..., until the n-th S-interval of Euclidean time are redundantly counted. The first term
on the right hand side of Eq.(5.5) can be considered, referring to Eq.(A.16), as the n — 0 limit of
Eq.(5.6), up to a physically irrelevant infinity. Therefore it is from the particle loop which does
not wind around the Euclidean time circle, i.e. the vacuum bubble. Therefore Eq.(5.5) is the total
one-loop amplitude of a single particle in the ideal gas, with the subtlety for the fermionic case
that the winding number n is summed up with interchanging signs, which is the consequence of

spin-statistics.
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First quantization: an alternative approach

With the one-loop amplitude interpretation of the logarithmic of the partition function, we are

InZ - QL , (5.7)

where the diagram on the right hand side is understood as obtained by first quantization formalism

now attempted to write down

with boundary conditions satisfying spin-statistics. Indeed a direct first quantization evaluation

shows that (see detailed computation in appendix A.2)

_ BVpa & o dl F(n+1) TR 2 2
Q‘B— 2(2m)P n;oo/; gD/2+1(_1) exp(—Tn -l M ) (5.8)

This is nothing but the Schwinger parameter representation of the standard formula (5.4), where
¢ is just the Schwinger parameter, proportional to the size of the particle loop. Here the result
Eq.(5.8) can be obtained more easily by second quantization path integral, as is shown in Eqs(A.8)
and (A.10). Indeed it is shown in the same appendix that the n-th term in the summation in
Eq.(5.8) is identical to the n-th term in the summation of second quantization result Eq.(5.5).
Therefore the first quantization and second quantization evaluations of InZ match, confirming
the validity of the schema Eq.(5.7). The significance of this statement is that in case where a
second quantization evaluation of partition function is not possible or not convenient, there can
be a first quantization alternative, where one evaluates the one-loop amplitude against a thermal

background. We will see in the next section that this is just the case for ideal string gas.

However before turning to the string gas, we still have lesson to draw from point particle.
We need to consider an ideal gas consisting of several species of particles. In such case the total
one-loop amplitude should be the sum of the amplitude of each degree of freedom. This is due to
the additivity of InZ, the consequence of the fact that the whole Hilbert space is a tensor product
of the Hilbert spaces of each degree of freedom. Therefore if we let each degree of freedom in
the ideal gas is labeled by s, with mass spectrum {M;} and fermionic numbers {Fy}, the total

one-loop amplitude reads

_BVpa S < dt Fyn+F,s TRy 2
QL_ 2(2W)DZ > /; W(—l) exp(—Tn —WEMS). (5.9)

S N=—00

This shows that the one-loop amplitude for an ideal particle gas cares only about the spin and the
mass of states in the spectrum. That is, for any ideal gas of point particles, once the spectrum
of the system is known, we can obtain its thermal one-loop amplitude by plugging in the masses

and fermion numbers into the above formula. However we will see in the next section that for an
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ideal string gas, its thermalization follows more subtle steps inspired by the formalism Eq.(5.9).
To handle the subtleties in string theory, we need to go somewhat further in the interpretation of

Eq.(5.9).

A closer look at thermalization

We first rewrite Eq.(5.9) in a form displaying more details:

Q‘ = Ay + Ay, where (5.10)
B

A = 26(‘2/7?;) /(;ooE;j%[zb:exp(—ﬂﬁ\/[f)—Zf:exp(—wfl\/[f)], (5.11)

_ ﬁVD—l o dl WR% 9 ) . WR% ) )
.,41—2(27)[)/0 5D/2+17;)[Zb:exp(_7n —WﬁMb)—(—l) Zf:exp(—Tn —WEMf) . (5.12)

By distinguishing A; from A, we separated the thermal part from the vacuum bubble contribution,
and in each piece we further distinguished the bosonic contribution from the fermonic contribution.
In particular, we let the index s in Eq.(5.9) be split into bosonic indices and fermonic ones:
{s} ={b}u{f}, so that F,, =0 and F; =1. Eq.(5.11) shows that the vacuum bubble contribution
generically has UV (¢ — 0) divergence unless some cancelation happens between bosons and
fermions, for example in case of supersymmetry, or unless the spectrum contains an infinity of
states, the infinite sum over which regularizes the divergence. This above expression shows that
the thermal one-loop amplitude is obtained by pending a thermal piece A; to the non thermal
piece Ay where the information needed to construct A;, the masses and the fermion numbers, can
be simply read off from Aq. Certainly we also have to take into account the change in spacetime
volume: Vp — fVp_1. This method is perfectly designed for free string theory, where we know the

technique to compute the zero temperature one-loop amplitude as is shown in Chapter 2.

Another instructive point of view provided by Eq.(5.9), is based on instanton interpretation of
thermal effect. To see this we compare Eq.(5.9) the zero temperature case. By switching off the

temperature letting 5 — oo in Eq.(5.9), the terms with n # 0 are exponentially suppressed, so that

O

which is just the pure vacuum bubble contribution Eq.(5.11). This conforms to the fact that

we get

W © dl 7, )
o 2(2m)P Zfo gD/2+1( 1) eXP( MMS)7 (5.13)

a particle feels temperature only when it circulates the Euclidean time circle, while the vacuum

bubbles tell nothing about the temperature. Comparing to the T # 0 case in Eq.(5.9), we find that
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operationally the temperature is turned on by the inserting into Eq.(5.13) a weighted worldline

mstanton sum
C1VE oy (= 7O 2
2 (1) exp ( ; n?) (5.14)

and at the same time taking into account the change in spacetime volume: Vp — BVp_ ;. This
insertion corresponds to the compactification on the Euclidean time circle, with anti-periodic
boundary condition assigned to fermions. In string theory application, the worldline instanton

sum will be replaced by worldsheet instanton sum.

5.2 Ideal gas of closed superstrings

With all the preliminary analysis done for point particle, we are at the point of addressing the
thermodynamics of ideal string gas. The main focus is the computation of the partition function
Eq.(5.1). The discussion in the last section, which leads to the schema Eq.(5.7), shows that the
computation can be achieved by first quantization formalism. The starting point of technical

computation is to coin up a string version of Eq.(5.7).

In this section we do this for a gas of closed strings and the open string gas will be discussed
in the next section. In fact cases of open strings are relatively easier since open strings behave
more like point particles, while closed strings show more stringy subtleties, in that closed string
can wrap the Euclidean time circle, what point particles and open strings cannot do, and also the
resulting one-loop amplitude has to be invariant under modular group SL(2,7Z). To begin with,

we write down the closed string version of Eq.(5.7)

mZ=C_) ]ﬂ . (5.15)

In the rest of this section we discuss the computation of this one-loop amplitude.

Intuitive thermodynamical argument

To obtain the amplitude (< |ﬁ , a naive idea is taking Eq.(5.9), and plugging in the mass
spectrum of the closed string model. However this approach is not correct beause the result is not
modular invariant, moreover we do not really recover the zero temperature vacuum amplitude at
T — 0 limit, and the result suffers from UV divergence. It means that this prescription fails to give

proper credit to the good UV behavior of string theory. An obvious example is when spacetime
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supersymmetry is spontaneously broken, the vacuum amplitude is nontrivial and finite, but when

applying Eq.(5.9) to this case, we observe UV divergence in n =0 terms.

We should proceed more delicately to avoid the pathology in the naive recipe. The improved
version is to first take Eq.(5.10), then plug the string mass spectrum only into .4y, while let Ay
be simply the one-loop vacuum amplitude at 7" = 0 whose computation is presented especially in
Chapter 2, and finally let the thermal one-loop amplitude be the sum of the two. Thus obviously
the zero temperature limit yields the correct result. However we do not know whether Ay + A;
is modular invariant although Ay is. Indeed it is the case, and we will show this later. Now we
describe the technical steps in more detail. To distinguish from point particle case, we denote the

string theory counterpart of Ay and A; by Zy and Z;. Mimicking Eq.(5.10), we write down

@ |6 = Z(T) = Zo+ Z1 . (5.16)

For the zero temperature part Z,, we can assume its generic form

Vp_ d?r A A
%= 335 ff D l 2 Pus 070" = ) Q"0 (5.17)
T, 2 LB,B

2(2m)P Y,

which is always the case for all closed string models that we have or have not encountered. In
the bracket, the two terms represent the spacetime boson contribution and the spacetime fermion
contribution respectively. The powers {B, B} and {F, F'} run through discrete values that are
model dependent. The multiplicities of any specific power of ¢ and ¢ are {P,_.} and {Q, .}
for bosonic and fermonic contribution respectively. All multiplicities are positive integers. In
the case where spacetime supersymmetry is unbroken, the permissible values of powers are the
same between the bosonic and the sermonic sector: {B,B} = {F,F}, and the corresponding
multiplicities are also identical: {P,_} ={Q, _}. As a result Eq.(5.17) vanishes. To compute Zi,
we need to read off the mass spectrum from Eq.(5.17) and insert into Eq.(5.12). The physical

states should be level matched: B = B and F = F. Thus the mass spectrum communicated by

Eq.(5.12) is that at the level B (F), the mass is 2v/B (2V/F), with degeneracy P, (Q,,). Thus
inserting these data into Eq.(5.12), we get the thermal piece
BVD—l foo d7_2 7LR(2)77T7'2(4B) 7 77FR(2)77r7'2(4F)
1= ™ —(=1)mo ™ . 5.18
f2@emP o 1B méo ZB: Pose ™ 1) ; ere ™ (518)

The steps presented above are more for giving general principles that the thermal one-loop am-
plitudes should respect, than for providing technical algorithm for explicit computation. Indeed,
in practice when dealing with specific models, these steps are not convenient to operate. It is
because the computation of Z; as in Eq.(5.18) requires a full description of the mass spectrum,

i.e. specifying each mass level and its degeneracy, which is a very complicated thing to achieve.
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In explicit computation we will go through another way round, which is inspired by the dis-
cussion in the end of the last section giving rise to Eqgs (5.13) and (5.14). This amounts to first
taking the 7' = 0 amplitude of the closed string that we want to thermalize, and then, mimicking
the insertion of Eq.(5.14) in the point particle case, inserting a worldsheet instanton sum into the
T = 0 amplitude. The inserted instanton sum should correspond to the compactification on the
Euclidean time on a circle, with a suitable phase weighting the instanton sum in order to respect
spin-statistics. This construction is more stringy than thermodynamical, but in the end we will
show that one recovers precisely, from the stringy results, Eqs (5.17) and (5.18) from intuitive

thermodynamical argument.

Thermalization of ideal heterotic and type 1I string gas

We consider thermalization of ideal gas of the heterotic string and type II strings. For the heterotic
string, the one-loop amplitude at zero temperature is given by Eq.(2.55). With the compactifi-
cation on the Euclidean time circle, the instanton sum to be inserted is as the right hand side
of Eq.(3.3), with the subscripts 9 replaced by 0. Taking also into account spin-statistics, there
should be a phase insertion in the instanton, and the phase is further constrained by SL(2,Z)
modular invariance of one-loop amplitudes. We give directly the weighted instanton sum, which

turns out to be

T2

Z (—1)amorbrotimono ey, (— W—R(Q) mg — Tn0‘2) , (5.19)
mo,no

Note that a and b are the indices summed over in Eq.(2.55), which indicate the spin structures
along the two independent cycles of the worldsheet which is of the topology of torus. Therefore
they are the string theory counterpart of the fermion number Fy in Eq.(5.14). The cycle of
spin structure a is the transversal direction of the string, which wraps ny times the Euclidean
time circle, while that of spin structure b is in the propagating direction of the string, wraping
mo times. This motivates the expression amg + bng in the phase in Eq.(5.19), in analogy to
Fsn in Eq.(5.14). It is natural that the spin structure indices a and b appear in the phase on
equal footing, since a and b are transformed into each other through the modular transformation
7 — —1/7. The additional mgng term in the phase is included just for sake of modular invariance.
A more rigorous way to obtain the phase Eq.(5.19) is to postulate the phase (-=1)*"0 for ng = 0,
and then use modular invariance to find out the full expression for all values of ng. This is done

in [50] for the heterotic string, although the result is expressed in a different form. Therefore the
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thermal partition function is

BVp asvrar O[04 winsbmesren — om0 —rnof? | T(d16+d
Zh(T)__Q(QW);‘[; = E:( 1)a+brab 2;4 S (~1)merbrormone oyt ool | (IOHD i )

24
mo,no nn

In type II strings, the spacetime fermion number is a + a as is clarified below Eq.(2.38). Thus

by the same reasoning as for the heterotic string, the weighted instanton sum to be inserted into
Eq.(2.39) is

N - R2
3 (cayermm s (- i, - ), (5.21)

mo,n0 T2

so that the thermal one-loop amplitude is

BVpa f b+ab [§]4 a+h 7[%]
Z T _ 1 a+o+a _1 a+b+pa
II( ) 2(2 )D QZ( ) 2774 75( ) 2774
[ Z ( 1)(a+a)m0+(b+b)n0 e T2 |m0 TnOl ] F(d d) (522)
Mo,no nén®

We have two remarks to add. First, the string models considered above can possibly be
compactified on some internal torus before switching on temperature. However actually the scheme
of thermalization can by all means be applied to models compactified on any internal space as
long as the noncompact spacetime is flat, since obviously, the insertions of Egs (5.19) and (5.21)
do not care about the internal space. The models giving rise to flat spacetime solutions are just
the no-scale type models [8]. Second, by construction the above finite temperature results Eqs
(5.20) and (5.22) are modular invariant. In fact referring to the discussion at the end of Sec.3.3,
we see that switching on temperature amounts exactly to the implementation of a Scherk-Schwarz
reduction S'(2Ry)/Z,. Here the orbifold action is as in Eq.(3.12), with § the order two translation

along the Fuclidean time circle of radius 2Ry, and () the spacetime fermion number.

Back to intuition on thermodynamics

We still need to show that the results Eqs (5.20) and (5.22) obtained in a stringy way makes sense
thermodynamically. That is, we verify that they conform to the initially advertised forms Eqs
(5.17) and (5.18). We observe that Eqs (5.20) and (5.22) take the form

T)./

> fomo) (17, (5.23)

2 mo,Nno
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where the integrand Y f(;gm) (7,7, ...) is modular invariant. In fact, let 7/ = (a7 +b)/(cT + d)
with M = (2%) € SL(2,7Z), then fingne) (7,7, ) = fimomoym-1 (7,75 ... ). In such cases one can

apply the unfolding technique [51] to decompose the instanton sum in the following way

()= [ ° lDf(om(w o+ [ ng 5 e (rrn). (5:24)

2m#O

where in the second term the integral domain is the strip —% <1< % and 75 > 0. Clearly the

first term is just the zero temperature vacuum amplitude so that when expanding the integrand

Jw00)(7,7,...) in powers of ¢ and ¢ we find exactly Eq.(5.17):

7 Vp-1 g F-F
/fr Df(oo)(TT )= 25(271:)]3[ 1 [ZPBQBQB—%;QFFq q] (5.25)

2

In the second term in Eq.(5.24), only the sum over winding number 7y is concerned. Therefore the
2
effect is to insert into the above expression the instanton sum Z;ﬁo exp (—i—i"m%), and assigning

the phase (—1)™0 to the fermonic sector

fu D Z feio.0) (7,75 0)

7‘2 il mo=0
V) "Rgﬁ,p
A
6‘/ N B mo Rgrhg
s r Y [%7’ (@) (1 T Qs (a0 ]
_ BVp_1 e . r2
2(2m)P /o 13 ,%; [;PBB S Qe ] (5.26)

Here when going from the second to the the third line, we have just performed the integration over
71, which imposes the level matching condition. This is possible because the integration domain
is unfolded on the strip. Finally we obtain precisely Eq.(5.18), so that the splitting Eq.(5.24) is
just the splitting between Z; and Z;.

5.3 Ideal gas of type I string

In Sec.2.4 we have mentioned that the type I string one-loop amplitude at zero temperature

can be decomposed into a sum of four amplitudes with different worldsheet topologies. We can
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implement finite temperature to these four amplitudes separately, and the canonical partition

function is obtained through

an::ZI(T):[@++@+©L, (5.27)

which again is motivated by Eq.(5.7) in the point particle case.
In the closed string sector, we have the torus amplitude and the Klein bottle amplitude. The

former is nothing but the type IIB amplitude, whose thermalization is obtained in the last section:
1
T(T) = 3 Zn(T), (5.28)

with Z(T) given in Eq.(5.22). To thermalize the Klein bottle amplitude, we recall the remark
made below Eq.(2.49), that only NS-NS sector and RR sector, i.e. spacetime bosons, contribute
to the amplitude. Therefore what we are left to do is just inserting the instanton sum arising from
compactification on S*(Ry) with only bosonic statistics, so we have

BVpa 1 [ drn TR e b b@[] Lq
- e ™ —])arora . 5.29
2(2m)P 2 Jo TQH% ,,21; GZ; ) 2t B (5:29)

K(T) =

In the open string sector, we observe from the zero temperature one-loop amplitudes (2.50)
and (2.51), that open strings behave just like point particles, so that the point particle scheme
can be simply transplanted to this case. The spacetime fermion number being a in Eqgs (2.50) and

(2.51), we insert the instanton sum as Eq.(5.14) with n - my and F; - a. Thus,

BVD 1 N +00o dTQ amo ring atb+a 8[ ] Fd
A(T) = 2000 3 o TQT% a,b[%(_l) e ]( 1)e+brab ot (5.30)
M(T) _ ﬁVD—l CN +oo dTQ Z[Z(_l)aﬁ%oe rigmo]( 1)a+b+ab9[ ] Fd‘ (531)

202m)P 2 Jo T;% L 20t 0®

The results Eqs (5.28)—(5.31) can also be considered as the implementation of Scherk-Schwarz
reduction SY(2Ry)/Zs just as in the closed string case. The total one-loop amplitude at finite
temperature is the sum of Eqgs (5.28)—(5.31)

Zi(T) = T(T) + K(T) + A(T) + M(T). (5.32)

It is straightforward to see that this result for type I string conforms to the intuition from ther-
modynamics that is, it can be separated into a thermal piece and a non-thermal piece, where
the former is the 7" = 0 amplitude, and the latter takes the form Eq.(5.18). The case of T(T) is
already explained by the end of last section in Eq.(5.26). In the rest amplitudes K(7T), A(T') and
M(T), we identify the non-thermal part which is the mg = 0 part, and for the rest with mg # 0,

we expand them in power series in ¢, and result takes exactly the form of Eq.(5.18).
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5.4 Hagedorn singularity

A remarkable feature of the thermal one-loop amplitudes computed above is that the sum over
the mass spectrum diverges when temperature goes high enough. It is due to the characteristic of
string mass spectrum, that the degeneracy grows exponentially with mass: degen.(M) ~ econst-xM
On the other hand the contribution to the one-loop amplitude from a heavy state of mass M,
satisfying M > T, is always dressed by a Boltzmann factor e~™/T. When computing the one-loop
amplitude, at each mass level we sum up e M times the exponentially suppressed Boltzmann
factor e=M/T and then we sum over all mass levels until M — co. Thus when the temperature is
above a critical value, the number of states e“2st-xM wins over the Boltzmann factor e /T so that
the sum over M diverges. The singularity in the thermal partition sum arising from the above
mechanism is named after Hagedorn, who first unraveled this phenomenon in QCD [52]. The

critical temperature is referred to as Hagedorn temperature, which we will denote by Ty = 1/8y.

Hagedorn singularity as UV effect

Here we describe in more detail the qualitative discussion made above, and we first examine the
closed strings. Recall that we have separated the thermal one-loop amplitude Z(T') into a zero
temperature part Zy and a thermal part Z;, as in Eq.(5.16). Obviously the divergence comes from
the thermal part. For convenience in the following discussion, we change the notation in Eqs (5.18)
and (5.26), rewriting the degeneracies as Ppp — P(M,,) and Qpr - Q(M;) for the bosonic sector
and the fermonic sector respectively where My, ¢ are mass of states. This is legitimate because as
is stated above Eq.(5.18), B and F' being the powers of ¢g are related unambiguiously to the mass
by My = 2/B and M; = 2¢/F. Thus we rewrite Eq.(5.18) with the new notation and perform the
integration over 7, using Eq.(A.53), and this yields

Vo d 0m2—nro " —0mZrry
5o [ T TP Ty gy

2(2m)PJo 1+
= PV, I[ZP Myp) Wy (BM,) + ZQ(Mf) Wf(BMf)], where (5.33)
Wa(BM) =2 3] (fﬂi") K (1o fM,),
o=l 0 P (5.34)
Wi(BM;) =2 Z( 1)””(%@) K (o 8M;),
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where K, () is the modified Bessel function of the second kind. In fact, We report the asymptotic

behavior of the quantities as mass tends to infinity:

P(M),Q(M) ~const. x M~P e2m@rrwr)M = (N 5 00) (5.35)
M\ "z
Wi (BM) ~ (627) e M (BM - o0), (5.36)

where wy, and wg in the first line are positive numbers depending on specific models, and one can
find the derivation of Eq.(5.35) in [53|, while the second line is due to Eq.(A.56). This justifies
the qualitative arguments made in the beginning of this section: we see the exponential growth of
the degeneracies in Eq.(5.35) as well as the Boltzmann factor e/ in Eq.(5.36). For the models
that we have encountered, we have [53|, for heterotic string Eq.(5.20), (wL,wR) = (72, 1), and for
type II string Eq.(5.22), (wL,wR) = (%ﬁ, 4) The asymptotic behaviors (5.35) and (5.36) show
that the Hagedorn temperature is

(2+V2)7, heterotic;

5.37
2/27, type II. ( )

BHzTﬁ1=27r(wL+wR)={

The sum over mass spectrum in Eq.(5.33) diverges when 7' > Tj.

We present briefly the situation in type I string. Obviously the Hagedorn temperature in the
closed string sector is just as the type II string case. Then in the open string sector, basically
the thermal one-loop amplitude also takes the form Eq.(5.33), and the counterpart of Eq.(5.35)
is P(M), Q(M) ~ const. x M~-D/2¢2v27M  Thus Hagedorn singularity in the open string sector
happens at the same temperature as in the closed string sector: By = 2v/2, which turns out to

be the Hagedorn temperature of type I string.

The Hagedorn divergence discussed above arises as a UV effect since the asymptotic behavior
(5.36) results from the 7 — 0 limit of the integral in obtaining Eq.(5.33).

Tachyonic state in the spectrum and phase transition

All precedent sections describe thermal one-loop amplitude with sum of worldsheet instanton aris-
ing from S'(Ry). We now switch to the lattice sum representation, following the discussion in
Sec.3.1, which offers more insight into the problem. We only investigate the maximally supersym-
metric heterotic string for simplicity, while the discussion for other string models is just similar.
Performing Poisson resummation to the instanton sum Eq.(5.19), we obtain

9 \/_ [mo- a+ng 2 [mo- a+ng 2
LEATTE 2 T 7[72—11 R, ] 7|: 2 +noR ]
5 5 - mo—Tn 2 4 R 070 1 R 070
2 : (_1)amo+bno+mon0 e 2 o ol — E : (_l)bnoq 0 q 0

R

(5.38)

mo,no 0 mo,no
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For convenience we introduce a shorthand notation
Z qi(%—nR)Qq%(%HLR)Q - Fm,n(R) (539>
m,n

where the subscripts on the right hand side are not to indicate a particular index, but to indicate
deformations of the lattice sum. Using Eq.(5.38) to rewrite Eq.(5.20), yields an expression in D -1

dimensions

Vb d>r
Zh(T) = 2(25);_1L % I:Vé Fm0,2n0(R0) - SS Fm0+%,2no(R0)
T2

L4,16+4
+0Os Fmo+%,2no+1(R0) -Cs Fmo,2n0+1(]i’o)]—7(787176;4 ) . (5.40)

The sector of interest is 78772405l +12m .1(Ry), where we observe that the two ground states,

arising from string winding the Eulidean time circle, are of mass squared

1
M32(Ry) =R+ — -3 5.41
O( 0) 0 4R8 ) ( )
which is negative for 1 — \/75 < Ry <1+ g Therefore if we gradually raise the temperature

V2
2
states become tachyonic. The contribution of one ground state to the thermal one-loop ampli-

which is initially low, at a critical value corresponding to the radius Ry = 1 + %=, the ground
D+1

tude ffdQT T, e Mg diverges at the integration limit 7 — co. Comparing to Eq.(5.37), this

divergence arising as IR effect is just the Hagedorn singularity described before as UV effect. The

same analysis can be carried out for type II strings, where we can also predict the Hagedorn

temperature by the appearing of tachyonic states in the spectrum.

On general grounds, the appearing of tachyonic states is a symptom of destabilization of the
vacuum, where the initial local minimum of scalar potential becomes a local maximum. Therefore
the Hagedorn singularity, induced by tachyonic states in the thermal spectrum, indicates rather
such an instability than a pathology of the theory. As the temperature raises as high as the Hage-
dorn temperature, the destabilization of thermal scalar potential should trigger a phase transition

carrying the system into a new thermal vacuum |50, 54].

Interesting observation in microcanonical language regarding the heterotic Hagedorn temper-
ature has been made in [55]. Considering the temperature 5 as a complex variable, the ther-
mal one-loop amplitude (5.40) can be continued onto the whole complex plane, where Hagedorn
temperature fy is an isolated singularity besides many others situated in the region Ref < fy.
Especially, the singularity Sy leads to a branch cut on the complex [-plane. The discrepancy
of Z,(T') on the two sides of he branch cut tells, at high energy regime, the leading term in the

density of states 2(E) in the microcanonical ensemble description. The result shows that in case
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where there are noncompact directions in spacetime, the microcanonical ensemble temperature
is B = m%—%m = fu + O(E~'), which approaches Ty but can never surpass as the energy raises.
Intuitively, if we try to raise temperature by injecting the more and more energy into the sys-
tem, we end up with the temperature Ty but no more, because when we approach Ty, more and
more injected energy is converted into the internal wiggling of strings. In canonical description
it is always possible to mathematically make T higher than Ty, by contouring the singularity in
the complex plane. However in such case the equivalence between the canonical and the micro-
canonical descriptions breaks down and the  on the canonical side is no longer the § on the
microcanonical side. It is because with Q(F) ~ efnF | the saddle point approximation, the key step
in proving the equivalence, is no longer valid when < fy. This is the indication in microcanonical

description that the system should enter into a new phase as the temperature approaches Ty.

5.5 Application to ideal string gas with unbroken spacetime

supersymmetry

In the following up chapters we will often consider the thermodynamics of string gas having
spacetime supersymmetry. Although such cases have little phenomenological interest, our goal
is however being concentrated on the non-perturbative effects and get rid of other factors that
makes the problem complicated. Therefore here we set up the framework for description of such
string gases, and give two examples which will be used later. We will simply use Z to denote the
thermal string one-loop amplitude obtained for any model in the previous sections. Also we let
Z = Zy+ Zy with Zy the T' = 0 amplitude and Z; the thermal part just as indicated in Eq.(5.16).
Due to spacetime supersymmetry, Z, vanishes, while Z; takes the form Eq.(5.33), and the same
thing is true of open strings (see the end of Sec.5.3), where now P(M) = Q(M) := N(M). Thus

the one-loop amplitude becomes

Z=3'"PV Y N(M,) [Wh(BM) + Wi(BM;)] = 8PV 3T N (M) G(BM,) (5.42)

where we refer to Eq.(5.34) for definitions of the functions W, ¢(-). Here we use the index s to
label the mass spectrum and each s represents a boson-fermion pair of degenerate mass. We have

also defined the function

D

x 2 ~
G(x)=Wy(x)+Wi(x)=2 ——— | Ko(z|2ko+1]). 5.43
) =W+ =25t ) Koo+ ) (549

Then using Eqgs (A.55) and (A.56), we get the following asymptotic behaviors

D-1

G@)=ep- P22+ 0" (2=0), G(x)Nz(Qi) Tt (@), (5.44)
T s
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where

INED)! 1
cp=G(0) = —2 - : 5.45
The Helmholtz free energy density becomes
F=-TP Y N(M,)G(BM,). (5.46)

In cosmological application we consider low temperature regime where the temperature is
much below the string scale. In such case we do not have Hagedorn instability, and the one-loop
amplitude is calculable. Indeed we need not sum up all the mass spectrum in Eq.(5.42), since
given the asymptotic behavior in Eq.(5.44) at « > 1, contribution from states of mass heavier

than the temperature is exponentially suppressed by e~/

We also notice that due to the asymptotic behavior in Eq.(5.44) at x ~ 0, the function G(z)
reaches its maximum at z = 0. Therefore the free energy density Eq.(5.46) reaches its local
minimum when some states become massless M # 0 - M = 0. This can happen when there
are states whose masses depend moduli fields, which can vanish at certain values of moduli. We
anticipate the important fact that the local minima of F play crucial role in moduli stabilization

since F plays the role of effective potential. Now we examine some specific examples.

Example I: maximally supersymmetric SO(32)-heterotic string gas

We consider a simple example used in [18], where we take the SO(32) heterotic string compactified
on a factorized torus [T5._, S'(Rha) down to D-dimensional flat spacetime, here the subscript h
for heterotic. The temperature is Ty = 1/, = 1/(27 Ryo) which is much lower than the Hagedorn
temperature so that the thermal one-loop amplitude is well defined. We stress once again that the
hatted quantities are string frame quantities, and the internal radii, even though unhatted, are
by default string frame quantities. The one-loop amplitude is computed in the appendix of [18],
which is:

A N 9 1
Zh = 5}1‘/}1 X ThD{ Sobg Cp + Z 280b_1 G(QWRh0|K - Rha|)

a=D

9 213 5.47

m .
+ Z sAbAG(QWRhO[ZLAJr Z (—5—nﬁRh5) ]2) , ( )
A20, A2-1,7m, 7 B=D Rhﬁ
A-A=m-i
(A, m,7)#(0,e€q,€€q )

Va,Ve=-1,0,1

where the function G(-) and c¢p are as defined in Eqs (5.43) and (5.45). The coefficients {s}

and {b;} arise from the expansion in powers of ¢ and g, where A=0,1,2,... and A=-1,0,1,....
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They give the degeneracy of the corresponding oscillator level. The integers m, and n® label
respectively the momentum and winding number along the a-th cycle of the internal torus. The
first contribution in Zj, is associated to the massless states labeled by (A, 7, #) = (0,0,0). They
arise from the Ny = 1 supergravity and SO(32) super-vector multiplets in ten dimensions. The
second contribution comes from modes whose masses can vanish at particular values of the internal
radii. For each «, these states are labeled as (A,m,n) = (0,€é,,€€,), where € = £1 and €, is the
unit vector in the direction . The last line in (5.47) arises from the states which are never
massless. It becomes substantial when Kaluza-Klein (winding) states become light, in the regime
where some Ry, ’s are large (small) compared to 2mRyg (5=%—). All other modes, being always

27’I’Rh0
super heavy as compared to the temperature scale, yield exponentially suppressed contributions.

The general behavior of the free energy density F = —BZ‘IE/ is summarized as follows, and is
h

h

represented in Fig.5.1:

e When all radii satisfy |Rpo—1/Rnal < 1/(27Ry), o = D, ..., 9, the heterotic free energy density
derived from (5.47) takes the form :

~

9

. 1

‘7:h = —T}? {Sobg Cp + Z 2806_1 G(Q’/TRh(]’R
i=D

ha

- Rha

) + O(e‘Z’TRhO)} : (5.48)

Due to the asymptotic behaviors (5.44), the states with quantum numbers (A, m,n) = (0, €é,, €€,)
induce a local minimum of .7:"h at Rup = -+ = Ryg = 1. In each internal direction, there are two

states of mass
Ny = | Rua = BiL]. (5.49)

which become massless at the self-dual point Ry, = 1. As is mentioned in Sec.3.2, they supply the
non Cartan components and enhance the gauge symmetry U(1) — SU(2) in the corresponding
internal direction. If we vary one of the radii Rys while fixing all others at self-dual point Ry, =1

for a # 9, the corresponding graph is as shown in the region I in Fig.5.1.

e In case where Rys > 27w Ry, while the rest 9— D remaining ones still sit at the self-dual point,
the behavior of Z), represented by the region III of the figure, the free energy density deduced
from (5.47) becomes

[ms|

Fi = -1} (sobo + (9 - D) 250b_1)ch + G(2WRhOR_M)] + O (e, (5.50)

mgs+0

We see that in addition to the massless supergravity and SO(32) super-vector multiplets, there
are also contributions coming from their Kaluza-Klein descendants, which are light since Rys is

large.
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Figure 5.1: Plot of the free energy density derived from Eq.(5.47) against a given internal radius Rys,
with other internal radii set to the self T-dual point 1.

e Similarly, if one radius satisfies Rys < 1/(27 Ryg), while the others are set at their self-dual

point, corresponding to the region III” of the figure, we have

Fu=-T;" (s0bo + (9 - D) 230b_1)[cp + ) G(27rRho|n5|Rh5)] + O (e 2 o), (5.51)
ns=0
In this case, substantial contributions arise from the winding modes along S'(R}s), which are

light since Rys is small enough.

Example II: gas of type II string upon CY3; compactification

The second example concerns the CY3 compactifications of type II strings, where the CY3 is close
to some singular locus described in Sec.4.2 (conifold locus) and Sec.4.3 (non-Abelian locus). Since
the models have A, = 2 supersymmetry, thus in principle, Eq.(5.42) can be applied in weakly
coupled regime. However in practice the exact thermal one-loop amplitude cannot be worked out
since we generically do not know the whole spectrum. We are only informed of the perturbative
massless states, deduced from the topology of the CYs, as well as the light non-perturbative
states from D-brane wrapping shrinking spheres. Nonetheless the knowledge of these light states
suffices for us to write down the thermal one-loop amplitude at low enough temperature since
contribution from heavier states are exponentially suppressed. For example in type ITA picture,
we have in the perturbative spectrum, 1 gravitational multiplet, h'! vector multiplets and h'? + 1
hypermultiplets, each multiplet containing 4 boson-fermion pairs. Furthermore in the vicinity of

some singular locus, we should have additional non-perturbative light states charged under gauge
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groups. Inserting this mass spectrum into Eq.(5.42), we obtain

Zijov, = BV x T [4 +ARM + 4(R12 + 1)] G(0) + Y G(BM) + O(e#Mmin) L (5.52)
light
B-F pairs

where M, is the lower mass bound of heavy states whose masses never vanish in the vicinity of

the singular locus.
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Chapter 6

Thermal superstring cosmology

In this chapter we formulate the thermal string cosmology scenario. The motivating idea on the
technical level is to regard cosmology as solutions issue from the effective supergravity of string
theories, where supersymmetry should be spontaneously broken. Whereas tree level effective
supergravity accommodates only static solution with flat or AdS space background, corrections
from thermal and quantum effects beyond tree level play a crucial role in generating nontrivial
cosmological evolution. We consider string theories in weak coupling regime so that we compute
the thermal /quantum corrections up to one-loop level. We show that the correction is implemented
by adding the Colemann-Weinberg effective potential [56] to the tree level action, while the effective
potential is just the free energy density of the string gas. We will also show simple applications
of the formalism, and with all the results available, we will go as far as we can to illustrate out a
global overview of early history of the universe. During the computation we will especially stress

the aspect of moduli stabilization, which will be the theme of Chapters 7 and 8.

6.1 Setting up the scenario

The theoretical framework of thermal string cosmology is developed in a series of works [2-7,18,19]
and in this section we gather the essential building blocks and give a systematic presentation. As
is stated in the introduction, we consider no-scale type supergravity at tree level whose action in

string frame takes the form
= _ R 1, -
Stree[§, P] = f dPz\/=g e 2" [5-5%(@)8@13@1 . (6.1)

We have displayed above only the bosonic action, and the hatted quantities are measured in string

frame. The dilaton ¢(P), being one of the moduli, is included in the collective notation . In
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cosmology, we search for homogeneous and isotropic solutions with no background scalar motion.
Under such condition the equations of motion derived from the action (6.1) yield a trivial static
universe, with the background space RMP-1 x M, the product of a D-dimensional Minkowskian
spacetime with some internal compact space M;,. It is therefore expected that nontrivial cos-
mological evolution can be generated when corrections induced by the thermal string gas are
taken into account. Given the fact that the sting gas is nothing but the quantum fluctuations
about the background, the goal is actually to consider the back reaction of quantum fluctuations
on the underlying static background. We restrict ourselves to cosmological solutions, so we let
the thermal /quantum induced cosmological evolution be described by the following spatially flat

Robertson-Walker metric
ds* = =N2(t) dt? + a>(t) di?, (6.2)

where we keep the lapse function N (t) explicit which will be useful when studying thermal back-
ground. The noncompact space is understood as a huge torus 7P-! of volume V = aP-!, which is
for the regularization of volume when doing thermodynamics. The time evolution of the metric
components and all the background fields are supposed to be quasistatic, as perturbation around

the static solution.

1PI effective action in thermal background

We then need to construct the quantum corrected effective action based on the tree level action
(6.1), and to this end, we first refer to a field theory analogue. In field theory the back reaction
of quantum fluctuations on the classical background is described by 1PI effective action. For the
tree level action Syee[¢] describing some field ¢ at weak coupling, the 1PI effective action I'[¢],

of some generic background configuration ¢, is obtained through the path integral

I'[¢o] = -In fm D exp (— Stree[P0 + 1] ) (6.3)

where we integrate perturbatively over the quantum fluctuations around the background ¢, taking
into account only the 1PI diagrams with no external legs of 7. The result is an expansion in terms

of n-loops:

[[¢o0] = Siree[ 0] + S1t00p[P0] + - -, (6.4)

where we omitted contribution from higher orders. The one-loop part is the sum of one-loop
diagrams with all possible dispositions of external legs of ¢y, and the same thing should be un-

derstood to all orders in the loop expansion. Due to the ¢g-dependence of the n-loop diagram
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amplitudes, the equations of motion derived from the action (6.4) is perturbatively corrected, with
respect to those derived from Siee[do], by effects beyond tree level. This makes the solutions of

¢p that these equations yield incorporate effects from quantum effect back reaction.

In our problem of thermal string cosmology, where we search for nontrivial cosmological evolu-
tion as quantum corrections to the tree level static background, the situation is comparable. The
action dictating the evolution should be a string theory analogue to the field theory 1PI effective

action (6.4), which we write down diagrammatically as

SE[gEa ] Stree[gE’ ] Sl IOOp[gE7 (I)] cee (65>
1-loo vertex operator
SE V= @ @,ﬁ B ( itnsertl:i)onst ) ) (66>

and a similar expression including other types of worldsheet topology when open strings are
considered. In obtaining Eq.(6.5), the loop amplitudes are supposed to be evaluated against a
thermal background where the Euclidean time is compactified on S'(Ry) whose perimeter is the
inverse temperature in string frame B =T-1=21Ry. The subscripts “E” in Eq.(6.3) actually mean

“Euclidean”. The spacetime metric g, appearing in Eq.(6.5) is the Wick-rotated metric of Eq.(6.2):
= B2 di? +a®(tg) d72, (6.7)

where the gauge choice of tg is such that its metric component is 32.

In case where the background fields {a, ®} are static (as the tree-level solution), the result

which is the thermal vacuum-to-

for the one-loop part in Eq.(6.5) is merely S5 '° = - b
vacuum one-loop amplitude InZ = Z (T) the central issue in Chapter 5. However here we actually
consider a background {a, Cf>} varying in cosmological time whose motion should be determined by
the whole 1PT effective action Eq.(6.5). In such case it is necessary to consider one-loop diagrams
with vertex operator insertions, which introduce kinetic corrections: SE'IOOP =-InZ - [6G 0POD.
Here for simplicity of notation we let 0GOPOP include also the correction to kinetic terms of the
scale factor a. Counting the power in string coupling gs = /™), both InZ and 6G are of order
g%, small compared to the tree level which is of order g;2. However in our context of perturbative
approach where the tree level background is static, nontrivial motions of @ and @ are induced
at least at one-loop order, making 0®0® be of order g2. By consequence the kinetic correction
0G 00 in total is of order g2, so that it ends up in higher order corrections than InZ and can
be neglected. Therefore in the one-loop diagram in Eq.(6.5) we need only to consider vacuum-to-

vacuum amplitude, so finally we are allowed to rewrite Eq.(6.5) as

Selde: B = SE“[9,. ) - (=) |, = 5E[9... B] - Z(7. ). (6.8)
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Using the definition of Helmholtz free energy density F (string frame) in Eq.(5.2), we have

A A A

nZ(T, &) = 2(T, &) = -BVET, &) = - [ dPrpn/3, F(T, B) (6.9)
so that Eq.(6.8) becomes

St ®] =Sk el G, @]~ Z(T, D)

- [ dP /9, [e-%“’) (E——g”aqﬂaqﬂ) +ﬁ(:ﬁ,i>)]. (6.10)
E

We stress here that F is the free energy density in string frame and that the spacetime indices
in the action are raised or lowered with the string frame metric g,. This result shows that the

one-loop correction induces a Coleman-Weinberg effective potential [56].

There are two remarks to make at this point. First about the reference frames, the thermal
one-loop amplitude InZ being a dimensionless quantity is independent of the choice of Einstein
frame or string frame. However the free energy density does, since it is of mass dimension D. More
accurately let the Einstein frame free energy density be F and the string frame one be F then
F =exp [DQ—’?Q(b(D)] F. Second, although technically finite temperature is implemented through a
Scherk-Schwarz reduction on S'(Ry), however in the tree level action no concrete Scherk-Schwarz
reduction is carried out, i.e. no mass gap of order Ry! is induced. In fact the Scherk-Schwarz
reduction on S*(Ry) is just a technical device which sets in only in the computation of the one-loop

amplitude.

Back to Minkowskian background

To do cosmology, we rotate back to Lorentzian signature from Eq.(6.7) to Eq.(6.2), and again we
mention that the background is supposed to evolve quasi-statically in the real cosmological time .
Consequently at each instant the universe is in thermal equilibrium, which allows us to quantize
the underlying string theory with technique in Chapter 2 and to compute the thermal one-loop as

in Chapter 5. The inverse Wick rotation yields from Eq.(6.5) the following action:
.z D el EVIE) R 1x TaxJ NP
S[g, 3] = [d /7 | e 5 - 501001007 | - F(T.8) | (6.11)

Note that the sign of F should be reversed with respect to the Eulcidean action (6.10). The action

in terms of Einstein frame quantities is obtained by rescaling the metric as § = eﬁ‘bw)g.

S[g, ] = fd%\/g [% - %gu 0D 907 — F(T, ci>)] , (6.12)

71



where F = ¢52%"” F is the Einstein frame free energy density, and T = 1/8 = e539” T is the
Einstein frame temperature. We observe that F interfere in the action as an effective potential
for the moduli fields, showing that the vacuum structure is corrected at one-loop level. The

Robertson-Walker metric involved in the above action is actually
ds? = e7dE? = —N2(t) di? + a*(t) di?, (6.13)

where d$§? is as in Eq.(6.2). Among all the gauge choices of the lapse function, we single out the

one which makes N = 3, under which the cosmological time is denoted by = £(t):
2 207\ A2 1 o 2(T) 72 y dt
ds® = =[(%(t)dt* + a*(t) dz®, N(t)=B(t(t)) x I (6.14)

To derive the equations of motion from the action, we refer to Appendix B, where Eqs (B.13)—
(B.16) can be fit into our scenario by setting s = 1 and k = 0. Therefore we are led to the following

equations of motion, where for simplicity they are written out in the gauge N = 1:

1 1 -
5(D—1)(D—2)H2—§QMN<I>MQ>N—/):O, (6.15)
%(D—Q) [2H+ (D—l)H2] + %gMNchchp:o, (6.16)

d . 1 .. .
E(QMNQN) - 5gMD,McIﬂchP +(D - 1)HGyun®N + F = 0. (6.17)

Referring to Eq.(B.12), we can read off the energy density and the pressure of the string gas

oF a OF
p:lNa—N+}"]N_l, PZ_D—l%_}—' (6.18)
Note that these quantities sourcing the cosmological evolution arise at one-loop level. Therefore
the cosmological evolution is a pure thermal/quantum effect. We still need to verify whether
the above p and P are the really the thermodynamic quantities . Using the second equation
of Eq.(6.14), we have in the first equation N(OF/ON) = B(0F[0). Also provided that the
(D - 1)-dimensional space volume is V = aP~! we have 9/da = (D -1)a 'V x 9/0V. With these
observations, recalling that the free energy density is related to the partition function by Eq.(5.2),
then Eq.(6.18) turn out to be

OlnZ P OF 9(I'hZ)

_ _OF _ , 1
P=""a5 oV oV (6.19)

These are exactly the thermodynamic formulae in the canonical ensemble description Eq.(5.3).

Remarkably they are obtained purely from cosmological dynamics, showing that cosmological
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dynamics is compatible with thermodynamics. To complete the set of equations of motion we

finally have the continuity equation
p+(D-1)H(p+P)=d"F,,. (6.20)

When F does not depend on a, meaning that the Helmholtz free energy is extensive, which is
usually the case, we have F = —P. Thus using ®M Py = P - T 0P, the continuity equation
becomes the conservation of entropy S = (E + PV):

draP(p+P
__[ (p+P)

- - ]—i[%(E+PV)] = 3. (6.21)

Cdt

6.2 Thermal-quantum induced cosmological evolution in su-

persymmetric models

We present here general features of the thermal-quantum induced cosmological evolution with a
simple application. The approach to be presented is valid only in the cosmological era where the
temperature T satisfies My > T > A, which is identified as the intermediate era. The upper
bound is imposed to avoid Hagedorn singularity, and the reason for lower bound will be clarified
later in Sec.6.4.

Solving the equations of motion at one loop

To illustrate the cosmological evolution, we take the first example in Sec.5.5 to begin with. We
study the cosmology induced by the maximally supersymmetric heterotic string gas. The low

energy effective action containing the one-loop correction is
(g R 2 oo L (D)
Sh = d”x —-q E—m(‘?gbh ath —5 Z a(lnRha)a(lnRha) —‘¢'h(7ﬁ7 ¢h 7Rha) (622)
- a=D

where F, is the Einstein frame free energy density related to the string frame counterpart Eq.(5.47)
(D) 4~

(D) . . -
by Fu = eP 5% Fun = —eDE% BZ—{‘/ We have also the Einstein frame temperature T = e Th,
h Vh

where there is no need to put the subscript “h”. The equations of motion Eqs (6.15)—(6.20) can
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be applied directly, and we have

D-1)(D-2 2 o2, o

( )2( ) H? = 55 [ qu)] +2 Zq;ﬁa + P, (6.23)
D) 4 (D - 1)HéP E}‘ =0 6.24
47 + (D= DHY + == Fis =0, (6.24)
Dpoy + (D = 1)Hdpy + Fr = 0, (6.25)
aD—l

T (pn + Py) = const. (6.26)

where &y, := In Ry, and the subscripts “, ¢” and “, ” in the last two lines denote respectively the
derivative against the dilaton and against the scalar field ®,. The equation containing second
time derivative of a is omitted because it is redundant. We look for solutions at minimum of the
scalar potential, which is motivated by the need of stabilizing the moduli. According to Sec.5.5,
this is located at the self-dual point Ry, =1 or @y, =0 for all « = D,...,9. The expression of free
energy density, or of the effective potential, is already give by Eq.(5.48), which in Einstein frame

becomes

9 2 o) M
Fu(T, ¢ Ryo) = -T" {sobo co+ Y. 280b1 G (em¢f.D) 7}3&) + O(ez’rRhO)} : (6.27)

a=D

where the masses My, are measured in string frame and are given by Eq.(5.49). At the minimum
its derivatives with respect to the dilaton and to the internal radii vanish, and thus Eq.(6.24)
yields gble) = const. and Eq.(6.25) is automatically satisfied. Then we use the thermodynamical
relations Eq.(6.19), and find, at local minimum of F,,

Po=-F,= TD{[Sobo +2s0b_1 (10 - D)] Cp + O(ei%Rho)}v pn=(D-1)P, (6.28)

which is nothing but the Stefan-Boltzman’s law of black body radiation. Plugging these into Eqs
(6.23) and (6.26) we get the particular solution

a,(t) o< T, (1) oc t/P ) H2(t) oc a7P(1). (6.29)

This shows that the metric evolution is of the pattern of a universe dominated by radiation. Indeed
it is a radiation-dominated solution because the total energy of the universe is supplied by the
massless modes in the string gas as is given in Eq.(6.28). We mention this because there is the risk
that small initial background fluctuations can be amplified during cosmological evolution and end
up supplying dominating contribution to the total energy. If this would happen it would upset
moduli stabilization, but in the thermal string scenario this problem does not exist. We will come

to this point shortly in the next subsection.
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Some more comments should be added for the cases when some of the internal radii do not sit
in the potential well. When some of the radii are stationary on the plateau, the region II or IT" in
Fig.5.1, it is obvious that the solution Eq.(6.29) is all the same, since we still have F, 4, = 0 = Fy, 4.
The case where some of the radii go beyond the region II or II’ and fall off the plateau requires
careful computation. The result can be found in [5,6], which shows that the rolling of the internal
radii down the slope accelerates the drop of the temperature, and thus accelerates the growth of
the plateau to the two sides because the size of the plateau is of order In(27wRy). Finally it turns
out that the plateau catches up the running away radii, which end up stationary in the region II
or II’, and we have once again the cosmological evolution Eq.(6.29). Therefore in any case, we
have the particular solution Eq.(6.29) with each internal radius becomes stationary in the range

1
—— < Rpo < Ryg, where a=D,....0. (6.30)
Ryo

The same analysis can be generalized to cases with more internal moduli switched on. We
discuss this issue on a more general basis in order to apply this discussion later to other cases.
Here we do not specify string model, so we will discard all subscripts “h”. We let the moduli space
contain the dilaton ¢ and other moduli denoted collectively by ®. We let the model be described
by Eq.(6.12), but with the dilaton factorized out, that is

S - f de\/_[— - 750000 - —gMNa<1>Ma¢>N ] (6.31)

The equations of motion are the same as Eqs (6.15)—(6.20) but with the dilaton equation factorized
out, taking the form Eq.(6.24). At a certain vicinity of ® = ®, in the moduli space, we suppose the
low energy spectrum contains ng massless boson-fermion pairs and n; light boson-fermion pairs.
The latter are supposed to have string frame mass MS(CT)) (s =1,...,m) not depending on the
dilaton, and vanish at ® = ,. The free energy density reads

F=-TP {nocD + ZG(GD MIE(I))) O(G_M”Fm)}, (6.32)

where M., is the lower mass bound of the massive modes whose masses never vanish in the
vicinity of ®,. Clearly the heterotic model Eq.(6.22) is a special case of this model. At low
enough temperature, the exponentially suppressed terms can be neglected and we may derive

identities for the thermal source terms at ®,, including the equation of state,
Flg, =-T (no+m)ep, Flsg. =0, Fulg, =0, plg, =(D-1)Plg, ocTP. (6.33)

Solving the equations of motion at this particular point, one obtains the particular solutions

identical to those in the model (6.22) corresponding to radiation eras:

a,(t) o<

T(t) oc tAP (1) = ¢ , d(t) = P, , (6.34)
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where dilaton is a flat direction. This describes the evolution of a radiation-dominated universe.

However we still need to see if this solution is stable given small initial fluctuations.

Fluctuation of the solution and moduli stabilization

We have seen that the effective potential at one loop can lift flat directions, and particular solutions
where moduli fields sit in the potential well are well established. However this does not allow to
conclude that the solution (6.34) is stable and that moduli are stabilized, because the expansion
of the universe can amplify small initial background fluctuations and can eventually alter the
behavior of the cosmological solution. Therefore we analyze the following small time-dependent

deviations

a(t) =a,(t)(L+e(t)), T(t)=Tu(t)(1+er(t)),

B(t) = de + (1), DPM(t) = DM + €M (1), (6.35)

which represent homogeneous and isotropic fluctuations. Denoting H, = a./a., the perturbation
of the internal moduli equation (6.17) gives to the leading order the standard equation of scalar

dynamics:
My (D-1D)H, M+ AMy N =0 where AYy = QML|5>*]-"’LN|(T*,¢*§*). (6.36)

AMy is an effective “time-dependant squared mass matrix” evaluated for the background (6.34).

Since A
o 02M?

R TD—2 D4—f CD-2 s

é. N 2 DMV |

Fun (6.37)

is semi-definite positive, AMy is diagonalizable with non-negative eigenvalues!, which we denote
as DQ;(’\%. Here we stress the peculiarity of the thermal string senario, that the scalar mass the
one-loop effective potential generates is actually time dependent. Now we can solve Eq.(6.36). In
the case when some Ay;’s vanish, one needs to take into account quadratic terms in Eq.(6.36) (see
the discussion of the dilaton equation below). In particular, this is required when moduli sit on
the plateau of their thermal effective potential (see Fig.5.1). For simplicity, we analyze the most
interesting case, where all internal moduli are “massive”, which means all scalars oscillate in the
bottom of a potential well so that AM > 0. Switching to a diagonal basis of perturbations €M, one
obtains from (6.36)
/D

M_t oM g, 2/D Mg 2/D .
M= [c+ o2 (A t/7) + CM T pea (At )], (6.38)

1Since the matrices F~'/2 and F are (semi-)definite positive, F1RFR-112 = P12\ F-1/2 i semi-definite positive.
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where CM are integration constants and J,(-) are Bessel functions of the first kind?. Using
the asymptotic behavior of the Bessel function we see that these oscillations have the late time

behavior
1
eM 7i sin (/\M AP 4 phase). (6.39)

When ¢ is large enough |éM| « 1 is satisfied.

The dilaton perturbation is more involved because the dilaton potential is monotonously in-
creasing, and becomes a flat direction only when all M,(®) in Eq.(6.32) vanish. We derive from

Eq.(6.24) the dilaton perturbation at leading order

4

D~ i = ——
* ® " D-9

(a?7éy) +al™! %f,aaMNl(n,m,@)ﬁMﬁN =0 where  Fgoun Funls,  (6.40)
Since the constants C'M are a priori of order one, we take into account the quadratic source in
“massive” epsilons. Thus, €4 can be written as the sum of the general solution to its homogeneous
equation, plus a particular solution to Eq. (6.40). The former is of order 1/aP-! and turns out
to be dominated at late times by the latter. Actually, using (6.38), the quadratic source term
involves products of Bessel functions with arguments Ap t%/? and g t*/P. Integrating it once, the
dominant contribution to aP1¢, is found to arise from “constructive interferences”, i.e. quadratic
terms with Ap = A\g. This yields the asymptotic behavior,

Co

ab-2 — % +1-4/D

*

€p ~ — for D>5 and €5 ocInt for D=4, (6.41)
where C, is a fully determined coefficient quadratic in CM’s and positive. For D > 5, the consis-
tency condition |es| << 1 is automatically fulfilled at late times. On the contrary, the case D =4
yields formally to a logarithmically decreasing €4 and one may worry that the our expansions
breaks down. However, the numerical solution of the full non-linear equations of motion shows

that the perturbative analysis gives the correct late time behavior [18].

To analyze the evolution of the scale factor and temperature fluctuations, we expand the energy
density and pressure around the background (6.34) and find from Friedmann’s equation (6.15) and
the continuity equation (6.21),

.1 AN D -3 M_N
(D_].)(D_2) H* €q = §gMN|i>*€ € +Dp|(T*,¢*,é*)€T_TFMNl(T*,(f)*,(B*)G € ; (642)

D -2
D(ea+e€r)plir, 4.4, = —— fMN|(TM¢*§*)eM€N. (6.43)

2For D =6, J_; should be replaced by the Bessel function of the second kind, Y_;.
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It is then straightforward to solve for €,, whose asymptotic behavior is again dictated by the
source terms in “constructive interferences” arising from the products éMéVN and eV in (6.42)

and (6.43). The late time scaling property of ¢, is found to be

a? 1
€q X 7 < m, (644)
which can be used in Eq. (6.43) to find
€r < i (1 + oscillations with constant amplitude). (6.45)

In (6.44) and (6.45), the coefficients of proportionality are again fully expressed in terms of the
CM’s. Direct numerical analysis have been carried out to the unperturbed system of differential
equations in some examples [18|, and the results confirm the above solutions. We then verify that

the moduli are stabilized based on these solutions of fluctuations.

For D > 5 all fluctuations have damping amplitude. By consequence, the metric evolution
stays the same as the particular solution (6.34), where scalar fields sitting in the potential well
have damping oscillation, and the dilaton, which is a flat direction, has its fluctuation converging
to zero without oscillation. These fluctuations have the energy density and the effective pressure

1 . 2 . 1 2-3D
Pm = igMNEMGN + Do 265) ~ s ~ay, ?, Py=pm, (6.46)

where the contribution from dilaton fluctuation scales as 5+ and is therefore neglected. Mean-
while the total energy density and pressure, consisting of the contribution from the string gas and
the background field fluctuations, are

Ptot = Pm T Prad, Ptot = Prn + Prad7 (647>

where pp,, and P, are those introduced in Eq.(6.46), while p.q and P,.q are from string gas and
are just p and P in Eq.(6.33), where we add subscript “rad” for “radiation” to emphasize that the

massless modes supply substantial contribution. Therefore p,,q and P,,q have the behavior
Prad = (D - 1)-Prad ~ t_D/z ~ a;D, (648)

Comparison between Eq.(6.46) and Eq.(6.48) shows that with cosmological time, the initial back-
ground fluctuations dilute. In particular p,, becomes negligible compared to pr.q, Pn negligible
compared to Paq, and Piot/prot = Prad/praa = D — 1 with ¢ - oco. Therefore initial background
fluctuations do not upset the particular solution Eq.(6.34). With the universe being driven to a

radiation-dominated evolution, moduli ® are stabilized in the potential well (f)*.
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For D =4, moduli @ still converge to @, while the dilaton value decreases logarithmically with
time. However the running away behavior of the dilaton is not harmful, since it just drives the
model to even weaker coupling regime. This behavior has been confirmed by numerical solution
of the equations of motion. The computation of energy density stored in background fluctuations
gives exactly the same result as in Eq.(6.46), but now the contribution from the dilaton fluctuation
and other moduli that are of the same order. We have, for the background fluctuations and for

the radiation,

M N

1
Pm = 63; + 5 gMNE €'~ CI,;4, Prad a;4' (649)

Therefore with pr.q o< pm, background field fluctuations do not dilute with cosmological time,
neither do they dominate the total energy. The universe is not radiation-dominated but the
metric and the temperature still follow the pattern of a radiation-dominated evolution as the
solution Eq.(6.34). It is because the fluctuations to this particular solution, Eqs (6.44) and (6.45),
being of order O(1), results only in a constant rescaling. Therefore as the cosmological moduli
problem does not arise, the background scalar fields are therefore stabilized at ®,. We call this

situation the radiation-like cosmological evolution.

We have one more remark to make about the scalar masses. It is stated in Sec.5.5 that the
effective potential develops local minima where extra massless states appear in the spectrum, but
meanwhile we have shown that it is just at these points that moduli are stabilized and become
massive scalars. Naively one may wonder if we have the risk of finishing up with more massless
scalars when moduli are stabilized. The answer is negative. In fact the effective potential computed
at one loop level cares only about the masses at tree level, and reaches local minima whenever
encountering states whose tree level mass vanish. This does not prevent these states obtain a one

loop level mass when the corresponding moduli are stabilized.

We would also like to mention is the moduli trapping mechanism which attracts the background
scalar to specific values through dynamical process at tree level. The setup is M-theory or type
IT string compactified on CYj3, where with the tree level supergravity action, either one lets the
background scalar take its initial value away from the local minima of the potential [57] or let it
lie initially in the flat direction with a nonzero initial velocity [58]. In both cases it is shown that
the expectation value of the background scalar is dynamically attracted to some locus associated
to extra massless states. However this is not really address the moduli stabilization problem,
since it does not really give the moduli fields mass which end up frozen in some flat direction,
and moreover if the background scalar is initially stationary in the flat direction, this trapping

mechanism does not function.
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6.3 Non-supersymmetric vacuum

Models considered in the previous section have little phenomenological interest because of the
supersymmetric vacuum at zero temperature. Although supersymmetry is spontaneously broken
by finite temperature, however since the the temperature decreases in cosmological evolution, we
will anyhow end up with restored supersymmetry at late time. Therefore a phenomenological
viable scenario should account for the situation with broken supersymmetry at zero temperature.
This problem is dealt with in the previous works [3—6] and here we just qualitatively illustrate
the essential points. The models considered in those works have Ny = 2 — N, = 0 and N, =
1 — N, = 0 pattern of zero temperature supersymmetry breaking. These are realized with
orbifold compactification of the Eg x Eg heterotic string, where supersymmetry is partially broken
to Ny =2 or Ny = 1 by a non-freely acting orbifold, and then the rest of the supersymmetry is
spontaneously broken by a Scherk-Schwarz reduction on one or more internal circles, where the
charge () involved in the orbifold action Eq.(3.12) can contain the spacetime fermion number, the

R-symmetric charge and the Eg charge.

For simplicity and without loss of qualitative features, we first look at the cases with only

one internal circle, say S'(Ry), implementing zero temperature supersymmetry breaking [4, 6],
e
. 27 Ry
T =57 (¢ is the dilaton in 4D), and other internal radii. Supposing M and T' be much lower

the model is characterized by the supersymmetry breaking scale M = and the temperature
than the string scale while other internal radii are at about the string scale, the free energy density

takes the form
F =T*f(%, {other moduli}) = M*g(%, {other moduli}), (6.50)

where f and ¢ are some functions. We observe that M appears differently from other moduli which
do not participate in supersymmetry breaking. This leads to the result that while moduli other
than R9 and ¢ can be attracted to particular values in the same way as in the previous section for
supersymmetric models, the supersymmetry breaking scale acquires runaway behavior M = M (¢).
More characteristics of this model can be revealed by defining the variable z = % Writing down
its equation of motion yields an effective potential for z. According to the choice of charge involved
in the Scherk-Schwarz reduction in the internal direction Ry, the effective potential can develop a
minimum at some critical value z., where z can be stabilized. The equations of motion yield the

following particular solution
T(t) o« M(t) oc a(t)™ oc e¥® o 1/3/t, (¢ is the 4D dilaton). (6.51)

Just as the example discussed in the last section, this is a radiation-like solution and is insensitive to

the initial condition. The computation of the thermodynamical quantities of the string gas yields
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pin/Pin — 4 as the universe evolves. Here the string gas does not behave like radiation, because
with Ry ~ Ry the tower of KK modes along Ry has non negligible contribution to the free energy
density. For this reason we use subscript “th” standing for “thermal” instead of using “rad” as in the
last section. When taking into account also the background scalar coherent motion we have the
equation of state (pg + pm)/ (P + Pn) — 3. Here py, is from scalar coherent motion and P, = py,,
where the leading contribution is from the motion of M (t), and the contribution from other moduli
not participating in the spontaneous breaking of supersymmetry is negligible. Most significantly,
the result Eq.(6.51) implies the generation of the hierarchy M <« Mp, which is a crucial step
leading to a realistic MSSM-type model. In case where several internal radii are involved in
supersymmetry breaking, there exist solutions where all these scales drop proportionally with
temperature, while the solution still represents a radiation-like universe where the state equations

become

of internal directions + Pm .
@_)3+(#f t 1 direct )) M—>3’ with ¢t = oco. (652)

Pth Pth+Pm

breaking supersymmetry

Clearly the universe cannot evolve in the pattern of Eq.(6.51) forever since when M and T
become very small, we will still recover supersymmetry. As is mentioned in the Introduction this
evolution halts at the electroweak phase transition point where the M is expected to be stabilized
at about TeV scale by infrared effects. At the stabilization of M, the moduli participating in the
spontaneous supersymmetry breaking obtain mass of order %—; and the non participants obtain
mass of order M. Meanwhile for the fermionic superpartners of these scalars the assignment of
mass is reversed: the superpartner of the former acquire masses of order M and the superpartners
of the latter, %—i At this stage, these induced masses are real constant masses, instead of the
thermal masses which decrease with M(t) in time. Thus the light states are expected to be the

candidate of dark matter.

6.4 Panorama of thermal string cosmology

Based on the previous discussions in this chapter, the cosmological evolution in the thermal string
scenario breaks into three eras. Having established the fact that the radiation-like cosmological
solutions break down at early epoch where it meets with Hagedorn instability, as well as in the
late epoch when temperature is at about A.,, we distinguish the Hagedorn era when 7" ~ M, the
intermediate era when Mg > T > A., and the standard cosmology era when T < A.,. In the
intermediate era, the picture of attraction to a radiation-like universe, moduli stabilization, and

the runaway behavior is well established, which all the previous discussion in this chapter has
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Figure 6.1: Chronology of the universe in the thermal string scenario, based on all result that we

have obtained to the present day.

been devoted to. However the results in the other two eras stay more or less speculation while
supporting calculation and evidence are cumulating. While some models have been suggested for
resolving the Hagedorn singularity where Hagedorn phase transition can be described dynamically
as the temperature goes high [11-14| leading to a nonsingular bouncing or emerging universe, the
work to clarify the issue of electroweak phase transition and the stabilization of supersymmetry
breaking scale is strongly expected. Assembling all results of intermediate era in Refs [2-7,18,19],
those of Hagedorn era in Refs [11-14], as well as the speculations about the standard cosmology era
based on supergravity results |9, 10|, we illustrate out in Fig.6.1 as far as we can the chronology
of the thermal string universe. What needs more specification is the evolution of dilaton ¢.
During the intermediate era, once zero temperature supersymmetry broken is included, e3¢ evolves
proportionally with the temperature, as is specified in Eq.(6.51). Therefore the dilaton value can
be globally small, which guarantees that the string model is always at weak coupling and the

perturbative approach is always valid.
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Chapter 7

Moduli stabilization in type I string by
D-string states

In this chapter we explore the non-perturbative effects in the type I string which can stabilize
moduli in the framework of thermal string cosmology. For simplicity, and in order to be concen-
trated on the non-perturbative effects, we consider maximally supersymmetric compactifications,
while the results can be generalized to cases containing less supersymmetry. The type I/heterotic
string-string S-duality will be used to uncover the non-perturbative effects in the type I string.
The principle of this S-duality is depicted in Sec.4.1. However here it is a simple but non-trivial
fact that S-duality stays valid at finite temperature. Technically, the thermal backgrounds are
obtained by Scherk-Schwarz reduction with the orbifold action (-1)¥dy, where dy is an order-two
shift along the Euclidean time circle and F is the fermion number. Using the “adiabatic argument”
of [59], after such a free action, the two theories remain dual. Since the cosmological evolutions
we study are quasi-static, it is valid to apply at each instant an S-duality transformation on the
heterotic side, in order to derive non-perturbative contributions to the type I free energy and its
resulting backreaction. In the following, we will first show on the heterotic side the possibility
of stabilizing all moduli but the dilaton at points of gauge symmetry enhancement. The latter
is due to the perturbative F-string states. Then applying S-duality maps, we show the stabiliza-
tion of dual type I moduli at points where D-string states become massless and enhance gauge
symmetry. Therefore cosmological evolutions induced by type I strings can lead to non-Abelian
enhanced gauge symmetry by non-perturbative effects, which should be treated at equal footing

as the perturbative gauge groups.
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7.1 Naive perturbative type I cosmology

We have the goal of making connection with the heterotic model that we have investigated in
the previous chapter. Therefore we consider the same background for the type I string with
SO(32) gauge group, where the internal space is the factorized torus []}., S*(Ry.). Therefore the
moduli space contains the dilaton ¢§D) and the radii Ry,, and we will solve for their dynamics.
We implement the temperature by compactifying the Euclidean time on a circle of perimeter
B =2 Ry = 1/T5.

Working in a perturbative regime, we compute the torus, Klein-bottle, annulus and Mobius
strip vacuum-to-vacuum amplitudes 7, X, A and M against the thermal background. A little
work following the guidelines given in Sec.5.3 yields (see appendix in [18]),

A N 9 m 2 %
T=pVixTP{siep+ Y, SASAG(QWRIO[4A+ > (—a—naRla)] ) , (7.1)

A >0, m a=D lo

o
o 3

=

JSLQ

(=l

S

>0,
A-A=m-
(A,m,7)#(0,0,

where V] is the regularized volume of the (D - 1)-dimensional space, G(-) and ¢p are defined in
Eqs (5.43) and (5.45). The integer s4 (sz) counts the degeneracy at oscillator level A (A) on
the left (right)-moving side of the worldsheet, while m,, (n%) is the momentum (winding) number
along the a-th cycle of the internal torus. The constraint A — A = m -7 is from the level matching
condition. In (7.1), the first term in the braces is the contribution of the massless modes, with
quantum numbers (A, m,7) = (0,0,0) and associated to the Ny = 1 supergravity multiplet in ten
dimensions. The Klein-bottle contribution K vanishes. The annulus plus Mébius amplitude takes

the form

o 2 _ 2_(_1)A 9 293
e 2 i)

A0, 2 a=D Rla
(A,m)#(0,0)

where N =32 and the first term is associated to the N =1 SO(32) super-vector multiplet in ten
dimensions. The partition function is given by the sum Z; =7 + K + A+ M. We recall that the
temperature of the system is set to be below the Hagedorn temperature. According to Sec.5.4,
the Hagedorn temperature measured in string frame is T = (2v/27)1, where the corresponding

Euclidean time circle is of radius Ry = v/2.

We can follow the lines in Sec.5.5 to figure out the behavior of the free energy density Fj =
~Z1/(BiVi). Without loss of generality, we can set free one of the internal radii Rys for a given

0, while fix all the others at about the string scale. The contribution from the latter is thus
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exponentially suppressed, and the free energy density behaves as

. N2-N
f[ = —TID (88 + 80) Cp + Z G(27TRIOM) + O(@izﬂRIO) s 27TRIO < R15
2 m(;#:() RI(S
2

. . N2 -
Ji= —TID{(S(Q) +

. .| N2-N
f[ = —TID{ SoCp + 8(2) lCD + Z G(ZWR10|H5|R15)] + 0(6_27TR10)}. R15 <

80) ep + O(e 2Ry | <Ry <2rRo  (7.3)

27 10

1
27 RIO

2 ’n]‘¢0

Its plot against In Ry in Einstein frame is shown in Fig.7.1 by the dashed line. A difference
compared to the type II and heterotic string cases, is that the open string sector is not invariant
under T-duality, Ry, - 1/Ry, for any «, due to a lack of winding quantum numbers in the open
sector. When Rjps < 1, the theory is actually better understood in the T-dual type I’ picture
obtained by inverting Rjys.

It is straightforward to apply the analysis in Sec.6.2 to solve for the dynamics of the internal
radii, from which we find again the solution Eq.(6.29) for the scale factor and the temperature in
Einstein frame. The dilaton and the internal radii Rp,’s are frozen in the flat directions and the

former sit in the range

2 R < Ry < 27TR[0 , Q= D, . ,9, (74)

just as in Eq.(6.30). However a very important difference is that here we have no local minimum
of the free energy density where Rys, and neither is the case for the other R;,’s, can be attracted
and stabilized. However, we shall find that this type I picture obtained by purely perturbative

analysis is not accurate, where we are missing important contributions from massless solitons.

7.2 D-string soliton corrected type I cosmology

Cosmology in the dual heterotic model has been investigated in Sec.6.2. Therefore we would like

to find out what is missing in this naive perturbative type I cosmology from its heterotic dual.

The S-duality mapping

The type I/heterotic S-duality on general grounds are discussed in Sec.4.1. The duality maps have

been given in Eqs (4.2) and (4.3), from which we derive the maps for the case being examined
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here with factorized internal torus:

dsi(D) = ds?(D)

RI* 6_%¢§D)
Rya=—==Ria , a=0orD,..,09,
\/)\_I (H%:D 27TRIB)1/4 (75)
D D-6 (py D-2 2
1(1 ):_—4 § )—TZHI(27TRIQ).
a=D
Here the D-dimensional dilatons become gbfg) = 51110 ) - %ZZ: pIn(27Ry1,). The inverse maps

are obtained by exchanging the subscripts h <> I. Note that the Euclidean radii Ry and Ry are
included in the above relations, implying the identification of the heterotic and type I temperature
in Einstein frame. Also, with the first relation we identify the the Einstein frame scale factor.
Therefore we use T' = 57! for the Einstein frame temperature without specifying the type of string,

and the same thing for a the Einstein frame scale factor.

We let the heterotic string be at weak coupling: e « 1. Therefore on the heterotic side the
cosmology is determined at the one loop level, so that the result for the heterotic model in Sec.6.2
is valid. We then examine the dual type I evolution obtained by sending the heterotic result to
the type I side using the maps (7.5). In other words, we forget the perturbative computation on
the type I side and let its cosmology be generated by the image action of Eq.(6.22) under the
S-duality maps (7.5). It is obvious that the tree level action on the two sides are identified under

S-duality. However the free energy density on the heterotic side is mapped to the type I side as

fl#(Ta ¢§D)7Rlo¢) = fh(T7 (ble)?Rha)a

D 2 1 Rla
=T S()bo Cp + Z 2806_1 G 27TR10 —_— -
a=D

Rla )\I
~ 4A 9 TI’L5 6R[5 2 %
+ Z SAbAG(Qﬂ-RIO[ﬁ*—ﬁZ:D(R_w_n )\—I> ] )}, (76)

where we put the symbol # to stress that it is different from the perturbative case result Eq.(7.3).
We notice that even though the type I string can be either at strong coupling or weak coupling,
the free energy density .7-"1# always takes the form corresponding to an ideal gas. The reason is
that the heterotic string is sent into type I D-string by type I/heterotic duality map, and in the
current setup, the D-string is always at weak coupling even if the type I string can be strongly
coupled. From type I point of view, since .7-"1# is induced by the D-string states, thus it takes the
form of the free energy density of a weakly coupled system. Especially it follows from the equality
by = so + (N2 — N)/2 (see appendix of [18]) that the massless level in .7-"1#, which is =TPsgbgcp,
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Figure 7.1: Thermal effective potential (in Einstein frame) for Rys, when all other internal radii satisfy
(7.4). The dashed curve takes only into account the perturbative type I states. The solid one is obtained

by heterotic/type I S-duality and receives corrections from light D-string modes.

matches the massless level in perturbative result Eqs (7.1) and (7.2) whatever the type I coupling.
It is because supergravity and SO(32) super-vector multiplets are short, whose mass is protected

in strong coupling extrapolation.

We plot the behavior of F* in Eq.(7.6) against one internal modulus while fixing all others
at /A1, the self T-dual point on the heterotic side, as what we did to plot Fig.5.1. The result is
shown in Fig.7.1 by the solid line below the dashed line representing the result from perturbative
computation. In fact it is just the image of Fig.5.1 under the maps Eq.(7.5). We will show
that the discrepancy between the solid line and the dashed line is induced by the D-string state

contributions.

D-string effect correction and resulting cosmology

e When all radii are around the heterotic string self T-dual point % - RL‘ < ﬁ, a=D,..09,
I T T Iv10

corresponding to the region near the potential well in Fig.5.1, the type I free energy density derived
from (7.6) takes the form :

1 Rla

9
j:I# - _TD {Sobo cp + Z 2801)_1 G(??TRIQ
a=D Rla )\I

o R10
+0(e V)¢ (7.7)
The second term in the braces is of interest: it induces a local minimum at

R1D=“':R19=\/)\—1. (78)
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The states responsible for this local minimum have mass

1 Ry,
T 7.9
RIa AI 7 ( >

~

Mla =

and these are just the S-dual states of the heterotic string states with mass given by Eq.(5.49).
These states have the natural interpretation as D (or anti-D)-strings wrapped once along the
circles S'( Ry, ), with one unit of momentum. These states lead to gauge symmetry enhancement
U(1l)q — SU(2), in type I string, which is a purely non-perturbative effect. Therefore Eq.(7.7)

takes the form of (massless level contribution)-+(D-string soliton contribution)+(small).

Provided that we regard Eq.(7.7) as the effective scalar potential, then using the same argument
as in Sec.6.2, we see that Eq.(7.8) is an attractor where these internal radii can be stabilized. Since
the late time value of the string coupling in 10D satisfy A = A;! > 1, the open string cosmology
is well understood in type I picture rather than the T-dual type I’ picture. If we denote by (bﬁj)
the asymptotic value of the type I dilaton in D dimensions , and use the inverse map of Eq.(7.5),

the type I moduli converge to the following values

_M¢(D)

(D) (D) e 1 %nx 2 (D) 10-D 1

eft (), et = — ) RIi(t) — 5 eDs%1 (27?) D=6 = —— TR (7.1())
(27) 8 €2 (2m) 1

while the temperature and scale factor asymptotic behaviors are those of a radiation dominated

era, T(t)' ~a(t) ~ t*/P, where t is the cosmological time.

Subtleties arise when we vary the spacetime dimension. According to the S-duality map for
the dilaton in Eq.(7.5), we have:

o For D > 6, (7.10) shows that the type I cosmology is at strong coupling, where solitons
are generically light. Therefore it is natural to include the effects of states (7.9) in the
low energy effective action. Moreover these D-string soliton contributions and the resulting
gauge symmetry enhancement should persist at non strongly coupled regime since these
states are BPS. Especially at weak coupling \; < 1 (D-string states become heavy), we are
tempted to state that the free energy density should still be given by Eq.(7.7), but with
the function G(BM,) be replaced by some other function G(f, M,,...). Moreover once
the soliton states become massless at the internal radius \/A;, they should give the same
contribution as perturbative massless states, due to the SU(2) gauge symmetry. Therefore
we should have G(, M,, ... )‘MQ:O
figure out exactly the free energy density because Eq.(7.7) should be corrected in addition

= G(0). In the intermediate regime e4t” ~ 1 we cannot

by higher string loops.
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o For D <6, the type I cosmological evolution is at weak coupling. However it is necessary to
take into account the contributions arising from solitons which are light, when we sit in the
neighborhood of the enhanced symmetry points. Additional non-perturbative states may be
induced by D5-branes of the type I theory, or NS5-branes in the heterotic context, can wrap

the internal manifold in analogy with the D-strings we have considered®.

o For D =6, the asymptotic values of the moduli are edie = 1/(2m)? and Ry, (t) — e‘%¢$)/(27r).
The type I picture is perturbative. Therefore for the same reason as for D < 6 cases, the

solitonic states should be counted.

In summary, for D # 6 on type I side, the internal radii are stabilized while the dilaton qﬁ%D)
freezes somewhere along its flat direction. On the contrary, for D = 6, the dilaton is stabilized, all
complex structures Ry,/Rg are stabilized at one, while the internal space volume [12_, (27 Ria)
freezes along a flat direction. This is because in D = 6 the heterotic/type I duality exchanges

(6)
internal volumes and string couplings : [12_s(27 Rp1a) <> 1 /62¢L6h.
e When one of the type I internal radii satisfies Rys > 2w Ry, while the other 9 — D radii are
stabilized, Ry, =1 for a # 6, the free energy density derived from (7.6) becomes

Ff = -TP(sobo + (9- D) 2306_1)ch + > G(27rRm |g5|

mgs#0 16

)] L O T, (7.11)

This result matches that obtained from perturbative computation, the first line of (7.3), up to
an additional contribution (9 — D)2s¢b_; to the overall numerical coefficient. This discrepancy
is given by the extra massless D (or anti-D)-strings responsible for the stabilization of the Ry,’s
at v/Ar. With respect to the pure perturbative analysis the D-string states makes plateau of the
effective potential lower and the slope for Rys > 2w Ryg steeper (see figure 7.1). The cosmological
evolution is however similar to the one discussed in Sec.6.2 in the paragraph above Eq.(6.30). As
their heterotic counterparts [5,6], Ris(t) and Rig(t) evolve such that the growth of the plateau

eventually catches up the internal radius rolling down the slope. After that, Rys freezes along its

plateau.
e When one of the dual heterotic radii satisfies Ry < ﬁ, which translates in type I picture
into Rys < 27?—1%10’ while the others are stabilized at their self-dual points, Ry, = 1 for a # §, we have
_or Al
fI# = —TD(SobO + (9 - D) 280b_1)[CD + Z G(27TR10|715| Af1R15>] + 0(6 ? ﬁ) (712)
ns+0

'Note that these states may contribute even for D = 5. This is to be contrasted with 5-brane instantons at zero

temperature, which require an internal space of six dimensions.
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Substantial contributions arise from the modes of string frame mass
M = [nf] =2 (7.13)

which include to two sets of towers of D-string winding modes along S'(Rjs). The first one
contains “solitonic descendants” of the perturbative massless supergravity and SO(32) super-
vector multiplets. Following the same logic as in the former case, we find that if at some moment
Ryis < %’\T}ho, the plateau speeds up its growth in size and prevents Rys from falling down the slope.

We end up in a regime where %’\T}ho < Ry, after which the internal modulus freezes or is stabilized
at / >\I'

To finish this section, we would like to add a final remark on the Hagedorn temperature. We
first observe that under the duality map (4.3), the Hagedorn radii do not match. We thus infer

from the perturbative heterotic side a new value of the Hagedorn radius in type I, when J; is large:

2 for \ < 1
RIH={ V2 or (7.14)

VA2 for A > 1
From a cosmological point of view, Ry in the regime A;(¢) > 1 is thus a time-dependent scale.

Note that this non-perturbative expression for Ryy obtained once D-strings are taken into account

can be relevant even at weak coupling, e?’ « 1. This is for instance the case for D < 6, when

V1 and the Ry;’s reach the asymptotic value v/ > 1.

7.3 El-instanton interpretation

In the previous section we have stated that D-string states can supply substantial contribution
to the type I free energy density, giving rise to moduli attractors. In the Euclidean background
where we compute the thermal one-loop amplitude, the D-string can be regarded as El-brane.
Especially the states responsible for moduli stabilization arise from E1-brane wrapping at once the
Euclidean time circle and an internal compact direction. Therefore the non-perturbative effect
revealed by type I/heterotic duality can have El-instanton interpretation. We can clarify this
issue using the technique in the work in [60] where El-instanton contributions to holomorphic
couplings are analyzed in supersymmetric cases by type I/heterotic duality. We want to infer E1
corrections in type I from dual heterotic worldsheet instantons, and for simplicity, we restrict our
analysis to the case D = 9. This is to be contrasted with the zero temperature case where K1

corrections would only arise for D < 8.

We start on the heterotic side where the model is at finite temperature compactified on S*(Ry).

We first work out the one-loop amplitude Z},, expressing the lattice sum associated to the internal
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direction in the form of worksheet instanton just as given in the right hand side of Eq.(3.1).
Thus we have in 7}, a double instanton sum, where the second one is as in Eq.(5.19) due to the
finite temperature. In such case we can perform a double unfolding with respect to the internal
space S1(Ry) x S*(Ry) [18,60], which splits the worldsheet instanton sums into the zero orbit, the
degenerate orbit and the non-degenerate orbit. Accordingly, Z; into the sum of an integration
over the fundamental domaine (which vanishes due to supersymmetry), one over the strip and the

third over the upper half complex plane:

Zh:Zd+an with
th d?T F(() 16) _TBno 2 _7Bng 52 -
7= L i Fo BT o] o)
mo, Mg

th d?T 1—‘(0’16) ThO ~2 _ fhs} [n97 -+ 2 o
- B [ 0T 3 s

mo+0

n® >mo>0

For the unfolding to be valid we should let Ryg > 1, while the case Ry < 1 may be obtained by
T-duality?. Performing the 7-integrations, the degenerate part Z& can be brought into the form

Zid = BV x T {sobo co+ Y saba G(2th0[4A + ( 9 )2])} (7.16)

A0, me Rig

while the non-degenerate contribution Z can be written as,

o o2 SR (1) A=A,
= BuVh x T AZZO%;Z_ISAI)ATG(QWRhO[4A+<n9 — - Rig) | ) (7.17)
n9>ﬁ1920

Summing over 7g in (7.17) enforces the level matching condition A — A = n%myg for some integer
mg, whenever n # 0. Therefore Z + ZP yields exactly Eq.(5.47), which can be analytically
continued in the range 1 < Ry < v/2. However we need to keep the sum over 7y to exhibit the

Instantonic structure.

In Z2 there is only contribution from KK modes along the 0 and the 9 directions, and thus it
is not informed of nontrivial instanton configuration. Therefore, it suffices to examine the non-
degenerate part ZP to extract the instanton contributions. At low temperature approximation,

the terms with A > 1 are at least of order O(e=#fro) and are exponentially suppressed compared

2 In fact the by judging directly from the integrand one should find that the unfolding is valid for Ruo > /3
and Ryg > /2. The first condition is not problematic as we are focussing on the dynamics at low temperature.
Actually we are interested in the stabilization of Ryg around 1, and hence the second condition could be a problem.

However it can be shown that the final expression (7.17) can be analytically continued all the way to Rpg = 1.
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to contributions from A = 0 level. We can define the instanton configurations by the following

Kahler and complex structure moduli T and Y:

B T= ZTQ = 2(2/270 + 1)Rh0 nthg
Instanton with n° >mg >0, kg>0: 2%ka + D Rra (7.18)
YV=V1+1)s= %
h9

where (2ko+1) n? is the instanton number, which counts the number of times the worldsheet wraps
around the target torus. Introducing further the coefficients «,, € N defined in the expansion of
the Bessel function in (5.43), Ky () =\/7/(2x)e* T _o an /™, We rewrite (7.17) as

V(10) p2in 4

5 2 Z 5077 Y Zl(%ﬂ,?) Z bA(l A,Jr)z) nQZ”yA]+cc +O(e ) - (7.19)

1nstantons n=0 A>-1 2

nd _
Zh

where Vh(m) is the ten-dimensional Euclidean volume. Applying the S-duality maps Eq.(4.3), the
complex and Kéhler structures ) and T are sent to ) and Tj/A;. Consequently, the exponential
factor of T in (7.19) yields the exponential of the Nambu-Goto action for a D-string, and ZP¢ is
mapped into a sum of El-instantons as in [60],

{7(10) x4

AL
ZEl — I 2 S € b
b (2m)w E;i;ls_o TV 56 (27TTI2)nA§:1 A

tantons

(515

4-n 4Pl
) 2“’3’1‘4]+ ce.+0(e V). (7.20)
In order to reveal that the D-string contribution responsible for moduli stabilization in Eq.(7.7)
issues from the above El-instanton sum, we first notice that the dominant contribution for A =0
arises when A = -1 and n? = 1, while the remaining terms are exponentially suppressed. Then
we recognize that the second term in Eq.(7.7) arises from the configuration with A = -1, n9 = 1,
g =0 and ko > 0.

The result Eq.(7.20) is obtained in the strong coupling regime of the type I string A\; > 1. It
will be interesting to perform a direct computation of El-instanton correction, which is feasible
at weak coupling regime A\; << 1. Recall that in the discussion made below Eq.(7.10) for D > 6,
we speculated the weak coupling extrapolation of Eq.(7.7). We hope that the result of direct

El-instanton calculation can give further clarification to the speculation.

7.4 Type I moduli stabilization and examples

The analysis of moduli stabilization in Sec.6.2 can by all means be applied in this chapter, and

in fact we can generalize to cases including all moduli arising from toroidal compactification.
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On the heterotic side according to Sec.2.5, the moduli ® displayed in Eq.(6.31), apart from the
dilaton gblgD), include the components of the metric fjgﬁ and antisymmetric tensor B,gs, together
with the Wilson lines Y{! (a,8 = D,...,9; I =10,11,...,25). Following the lines in Sec.6.2 it
can be show that when the heterotic string is at weak coupling, all these heterotic moduli except
the dilaton can be attracted to values of some enhanced gauge symmetry. The reason is that the
perturbatively computed vacuum-to-vacuum amplitudes in heterotic theory reach local extrema at
enhanced gauge symmetry points [17] whenever the enhancement leaves no U(1) factor. For our
case this can only induce local minima to the effective potential, giving rise to moduli attractors.
This is because the extra massless states responsible for the gauge symmetry enhancement always
contribute negatively to the free energy density, as is seen from Eq.(6.32). Provided that the
gauge symmetry enhancement concerned here on the heterotic side is induced by F-string states,

the resulting moduli stabilization is purely perturbative effect.

Moduli stabilization in the dual type I picture can be implied through the duality maps
Eq.(4.3), where we need to reverse “h” and “I”. The type I moduli involved include the dila-
ton ¢§D), the internal metric g! 5 the RR 2-form C,p, and the Wilson lines YIQ Here we make up
for an subtlety that has been ignored in the previous discussions on type I theory. In Sec.7.1 we
have only examined type I moduli in closed string sector and we did not find moduli attractor
through perturbative calculation. However in the open string sector, perturbative states can in-
duce moduli attractors for the Wilson line moduli. Noticing that for generic values of Wilson lines
the gauge group SO(32) is broken down to U(1)6, the attractors for the Wilson lines are located
at points of enhanced gauge symmetry. When the enhanced gauge group has no U(1) factors, all
Wilson line flat directions are lifted. Therefore in type I picture interpretation, the stabilization
of all moduli is a mixture of non-perturbative D-brane effect and perturbative open string effect.
The cases that needs attention is for D =6 and D =4. For D =6 since the duality map exchanges
the dilaton with the internal volume, the type I dilaton is stabilized while the internal volume
is frozen at some value. For D = 4,the logarithmic behavior of the heterotic dilaton Eq.(6.41) is
transferred to the type I dilaton.

Example : Dual heterotic/type I strings on T2

Here we illustrate the above general analysis with examples for D = 8. The internal space being
T2, the moduli space of the heterotic string contains the dilaton ¢, the Kéhler modulus and the
complex structure modulus of the torus 7 = Bgg +i\/m LU = ( Js9 +i\/m—§§9 ) /gss and
the Wilson lines YC{~ (a=38,9; I=10,11,..., 25). Here since we work extensively on the heterotic
side, and for simplicity of notation, we omit the label “h” for heterotic moduli. These translates in

the type I side into the closed and open string internal moduli via the duality map 7 =Ty, U = U,
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Y=Y/ where

Ta?

2 AT AT a1 2\1/4 S| \/m
Ti = Cyo + 9599 = Gsy” _ Cio + e~ (985990 — Iso’) RPN 5{818999 985 (7.91)
>\I 2w 988
The only remaining flat direction of the thermal effective potential corresponds to the heterotic

and type I dilatons in eight dimensions, which are related as : ¢;=-1¢-31n ((27r)2\ / Gs8Goo — f]gg).

The heterotic effective action in the Einstein frame is (see for instance appendices D and E
in [30])

R (09)% 1[|oUf? |07 )[£6)9€|2 |Z/{(?YI~ —(‘)Yf|2
8y /—al | = - 8 9
S_fdx g{[2 3 U22 7_22 + T U, -F. (722)

If we arrange the thirty-four entries of the moduli vector as ® = (7'1,75,2/[1,1/{2,}/8i ,Ygi'), where
indices 1 and 2 refer to real and imaginary parts, the metric components of the general expression
(6.22) are

4

1 _y bl
oz 00 000 77 7
1
IF: 0 0 0 0
1
i 2z 0 0 0
(Fun) = 1 0 0 (7.23)
L2
7 7 T 4
U cij, YoYs __ U sTJ Yq Yy
Sy 75150 872 3Toll ST2
1 5I’J’ YSI Y8]
2TaUs 8TF

The free energy density F is determined by the mass spectrum as in Eq.(6.32), which is specified
by the left (right)-moving oscillator level A (A), the internal momenta and winding numbers m,,,
ne (a = 8,9), and the root vector Q! of the right-moving internal lattice Ispin(32)/2,- The mass
formula is M2 = 2(A + A) + 3 (p3 +p2) - 2 as in Eq.(3.6), where the internal momenta are given

by Eq.(2.56). Therefore this gives the explicit mass formula

3 N o 2
(T, U,Y) = —mgl +mg +Tn®+ (TZ/{ - %WIWI)ng +WIQM +4A4, (7.24)

A"Q

Tolds
where we have defined

- N N ~ 1. = =
Wh=uy{ -y, T=T+ W (7.25)

and used the level matching condition, A - A = mon® + %Qi Q. At generic points in moduli space,
the gauge group is U(1)2 x U(1)% x U(1)3¢, where U(1)3 x U(1)% arises from T2 compactifica-

tion, and U(1)3 is the Cartan subgroup of SO(32)z. We now examine special points in moduli
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space where ng pairs of bosonic and fermionic superpartners generically massive are accidentally
massless. Since at zero temperature the model is maximally supersymmetric, such points are as-
sociated to enhanced gauge symmetries. In fact, the additional massless modes arise at oscillator
levels A =0, A = -1, so that ng is proportional to sor_; = 23 (see the appendix in [18]) and the
enhancements of the gauge theory arise from the right-moving sector only. In the following two
examples, we will simplify the notations by omitting the subscript “R” in the right-moving gauge

group factors.

Local attractor 1 : U(1)% x SU(3) x SO(32)

We start with the most obvious attractor where all Wilson lines vanish, Y = 0, leaving the SO(32)
group unbroken. The torus moduli take the values T =U = % + z’?, implying an additional SU(3)
gauge factor. The ng states responsible for the enhancement of U(1)2xU(1)' - SU(3) x SO(32)

are divided into two groups :

e 6 x 23 boson/fermion pairs imply U(1)? - SU(3). Their quantum numbers are (m,7n) =
+(1,1;0,1), £(0,1;-1,1) or £(1,0;1,0), and Q@ = 0. In this case, p5” = 0 = p&1% and (p%,p%)
realize the root vectors of SU(3)g, which represent a hexagon.

e 480 x 23 boson/fermion pairs to recover U(1)¢ - SO(32). They have (m,#n) = (0,0),
Q = +(1,£1,0,...,0), £(1,0,%1,...,0) or any other permutation. In this case, pi’g =0= pfég, while
(pi219) realize the root vectors of SO(32).

To find out the scalar mass induced at one-loop level, we need to compute the squared mass
matrix A% defined in Eq. (6.36) through Eq.(6.37). The one-loop scalar masses are given by the

eigenvalues of A™.

The resulting matrix of squared masses is diagonal, with strictly positive eigenvalues [18§].
Therefore, all flat directions of the internal moduli space are lifted. Reading off the eigenvalues of
AM, we find the induced one-loop mass squared are

M2=893504e™ T8 or M2 =593%240¢" 19, (7.26)
4 41

The first one has degeneracy 4, corresponding to 7y, T2, Uy, Us, while the second is of degeneracy
32, associated to the Wilson lines Ygl~ and Yg . The additional factor of ten for the latter can be
understood from the fact that they are coupled to ten times as many additional states as compared

to the torus moduli.

Local attractor 2 : U(1)% x SU(2) x SO(34)

The second example we consider is at the moduli values 7 = U = i/\/2, Ygzm =0 and Yy =

Y = -Y2 =+ = =Y? = -1/2. This moduli configuration is much less trivial than the previous
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one, since it is going to give rise to the gauge group SU(2)s x SO(34)g... 25, where the subscripts

denote which directions a = 8,9 and I = 10, ..., 25 are associated with the gauge factors. There are
ng = 546 x 23 extra massless boson /fermion pairs of states, which can be divided into 2 x 23 for the
SU(2)g and 544 x 23 for the SO(34)g

from an enhancement of the U(1)g symmetry of the 72 torus, with the SO(32) symmetry of the

o5 factor arises

..........

internal lattice. The detailed quantum numbers of the extra states are as follows :

e 2 x 23 boson /fermion pairs give U(1)s - SU(2)s. They have (1, 7) = +(1,0;1,0) and Q = 0.
In this case, p}, = +1/2 while other internal momenta components vanish, realizing the root vectors

For 50(34)9

are subdivided into :

25, the 544 x 23 pairs of bosons and fermions giving U(1)7 5. - SO(34)e

e 420 x 23 pairs transform in the adjoint representation of SO(30) and are giving rise to
U1} — SO(30)11...25. 210 x 23 have (7,7, Q) = £(0,1;0,0;0,1,1,0,...,0) or any permuta-
tion of the last 15 entries. The other 210 x 23 have (ﬁl,ﬁ,@) = (0,0;0,0;0,1,-1,0,...,0) or any

permutation of the last 15 entries.

.....

e 60 x 23 pairs transform as (2,30) under SO(2)19 x SO(30)11,... 25, giving the enhanced group
SO(32)10....25. 3023 of them have (17,7, Q) = +(0,1;0,0;-1,1,0, ...,0) or any permutation of the
last 15 entries. The other 30 x 23 have (7,7, Q) = +(0,0;0,0;1,1,0,...,0) or any permutation of
the last 15 entries.

e 64 x 23 pairs transform as (2,32) under SO(2)g x SO(32)10,.25, giving the enhanced gauge
group SO(34)g, 5. 32 x 23 of them have (1,7, Q) = £(0,1;0,-1;1, ..., 3) and £(0,1;0,-1; -3, -3,

)9

.....

%,...,3) or any permutation of the last 15 entries. The other 32x23 have (1, i, Q) = +(0,2;0,-1; -
%, e %) and £(0,2;0,-1; —%, %, %, s %) or any permutation of the last 15 entries.

Evaluation and diagonalization of the squared mass matrix in (6.36) reveals two groups of

eigenvalues,

M1:4—23x1663 TS, M2:4—23><25663 T?. (7.27)
™

The first one with degeneracy 2, is associated to 77 — Uy — 3 (Vg - Y8 — - = Y2) and T5 - Uo,
while the second with degeneracy 34, corresponds to 71 +U;, To +Us and all 32 Wilson lines. Thus,
we find a second point in moduli space where all internal moduli are stabilized by the thermal

effective potential.
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Discussion

In this chapter, moduli stabilization is realized in maximally supersymmetric models. It is not
hard to extend the analysis to models with supersymmetry broken at zero temperature, by taking
orbifold compactifications on both sides of the type I/heterotic S-duality. We expect that the
model mentioned in Sec.6.3 can be implemented in the context of this chapter. With the presence
of a zero temperature supersymmetry breaking, analysis of moduli stabilization proceeds in the
same way. Especially in 4D, the energy density in the background scalar oscillations becomes
dominated by (instead of being proportional to) the thermal energy. However we will still have a
radiation-like evolution because the motion of the supersymmetry breaking scale has non negligible
contribution to the total energy density of the universe. In addition as the spacetime dimension
is 4 or 5, it is possible that NS5-brane states in the heterotic string or D5-brane states in the type
I string give substantial contribution, and we expect this effect can play a role in the stabilization
of the dilaton. Perhaps this effect can be revealed by type II/heterotic duality in 4D.
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Chapter 8

Moduli stabilization in type II Calabi-Yau

compactifications

In this chapter we consider a class of models of less supersymmetry, which are type II strings
compactified on Calabi-Yau three-folds. We aim to show that at finite temperature the loci corre-
sponding to shrinking 2-spheres or 3-spheres are moduli attractors. This is due to the states from
D2-brane states (in type ITA description) wrapping the shrinking spheres becoming massless at the
singular loci. Since the CFT is generically unknown, we carry out the analysis based completely
on the effective N, = 2 supergravity action. We will show that it is possible to write down in the
vicinity of such singular loci the tree level supergravity action containing all perturbative states
and light soliton states. Based on the scalar potential, the tree level mass spectrum of soliton
states can be obtained, where the masses turn out to be moduli dependent. In low temperature
regime, this mass spectrum suffices to determine the one-loop correction, whose local minima
indicate the moduli attractors. We show that this mechanism can stabilize all the Kahler moduli
as well as the complex structure moduli related to the shrinking 3-cycles which can be desingu-
larized by blowing up. However the moduli contained in the universal hypermultiplet, which are
not related to CY3 geometry, stay flat directions. An example is analyzed in the end, where the
lifting of the entire Kéhler moduli space is realized, with some of the complex structure moduli
also stabilized. Necessary elements of Calabi-Yau compactification are reviewed in Sec.3.4, and
the singular configurations of the Calabi-Yau space to be investigated are reviewed in Sec.4.2 and
Sec.4.3.
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8.1 Stabilization at a conifold locus

We adopt the notation in Sec.4.2. The type IIA string is compactified on a CY3 denoted by
M, of Hodge numbers hy; and his. Near a conifold locus, let R be respectively the number of
shrinking 2-spheres and S be the number of independent homological 2-cycles that these shrinking
2-spheres represent. The conifold configuration is denoted by M, containing R isolated singular
nodes. When R > S, the R nodes can be deformed into 3-spheres, desingularizing M into M,
where these R 3-spheres represent R — S independent homological 3-cycles. The change in Hodge
number is as displayed in Eq.(4.4). When R = S, the branch M’ does not exist. However we
always suppose that the branch M exist, that is, S > 0.

Abelian gauge theory at conifold transition locus

We sit in the branch M to specify the low energy effective supergravity action near the conifold
locus. The local behavior of the action is constrained by the physics that we expect to arise at

the conifold locus, as well as the N = 2 local supersymmetry.

When taking into account only perturbative field contents, the effective supergravity action
should contain h;; massless vector multiplets and his + 1 massless hypermultiplets in addition
to the gravitational multiplet. The gauge group is U(1)"1*1 with no charged matter, so the
scalar potential vanishes. Logarithmic singularity develops near the conifold locus because the
initially integrated-out soliton states, from D2-brane wrapping the R vanishing 2-spheres, become
massless. The singularity is repaired by integrating in these D2-brane states, represented by R
hypermultiplets charged under a certain U(1)® component of the whole gauge group. We denote
the space of vector multiplet scalars by My and the space of hypermultiplet scalars by My,
where we put the tildes to stress that they are different from the moduli space introduced in
Sec.3.4. However they are still special Kdhler manifold and quaternionic manifold respectively.

The bosonic part of the repaired effective action is
R _
S:fd%d—g{;—gljﬁXI(?XJ—hAEVqAVqE—V}. (8.1)

Here {X7} (I'=1,...,hy;) are complex coordinates of My and {¢*} (A=1,...,4hyy +4R +4) are
real coordinates of My. In the kinetic terms of the latter, the covariant derivative V is introduced
because the D2-brane induced hypermultiplets are charged under U(1)®. The metrics g;; and hax

are regular in the vicinity of the conifold locus. The gauge coupling induces a scalar potential V.

We can choose the parameterization of { X'} such that X (i =1,...,.5) vanish at the conifold
locus. On the type IIB side, this corresponds to the choice of setting X* as the periods of the S
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3-cycles represented by the R shrinking 3-spheres. Thus we separate these scalar fields into two

groups:
(XY ={X" XP}, (I=1,...,hy;i=1,...,8; p=S+1,...,hy1). (8.2)

The soliton states are charged to the gauge group U(1)? associated to X7, and X? the rest of the

scalars are spectators of conifold transition.

Also using the fact that My contains a 4R-dimensional subspace of U(1)S-isometry, and the
properties of quaternionic manifolds, it can be shown [19] that the real coordinates can be chosen
such that

{*}y={c*,¢"}, (a=1,...,4R; N\=4R+1,... 4hjy +4R +4), (8.3)

where {c¢*} parameterize the U(1)*-isometric subspace, and at the conifold locus ¢® = 0. Further-
more to the lowest order expansion in ¢®, the quaternionic metric has the block associated to the
isometric subspace factorized out, and {c¢*} can be arranged into quartets, each representing a

charged hypermultiplet. More precisely, we have
{ey={c™}, (a=1,...,R; u=1,2,3,4), (8.4)

where for each quartet of a given a, the four vectors {9/0c,d/0c??,0/0c?3,0/0c*} transform

among themselves under the three complex structures. The kinetic terms become
1. .
has V@ vg® = §Vc““Vc““ + hf\?aq’\ﬁq" ..., (8.5)

where the superscript “(0)” means the lowest order in ¢®-expansion around 0, and the ellipses
are terms of higher order in ¢. Let the a-th hypermultiplet have charge @% under the i-th U(1)

factor of the gauge group U(1)®. Thus the covariant derivative is
V™ = 9, = QL Vi ™, (8.6)

where V! is the vector field associated to X* in the same vector multiplet.

With all these approximations we can write down the bosonic effective action more explicitly
near the conifold locus using the A, = 2 supergravity formalism (c.f. for example [38]). The

resulting action contains a scalar potential due to the gauging:
S = d4 R (0) ) XIauXJ 1 Auop Au h(o)a )\a o
= /-9 E_g[j u —§VC Vi = h, ,0q70q

=] s o
-V (2Q0Q1 XX 00 + 197D Dy)+... } (8.7)
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The superscript “(0)” indicates that the quantity is obtained by setting X% =0 and ¢ = 0. The
second line is the scalar potential, where Ky is the Kahler potential of My, which can depend

on the spectator scalars { X?}. For simplicity of notation we have introduced the D-term and the
SU(2)r doublets, which are

(0&3 + ic‘“)

o ~al ;L2
Di =Y Qi 6% %ﬁ=(2(c e )*). (8.8)

It is interesting to note that the above action is that of the rigid N = 2 supersymmetric Abelian
gauge theory with charged hypermultiplets and formally coupled to gravity.

Lifting the flat directions at one-loop

The scalar potential in the second line of Eq.(8.7), valid around the conifold locus, admits flat

directions which are parameterized by
Lo 0 N = N .
X’Q?‘gaz(o) (nosum over a) and D; =0, (a=1,...,R;i=1,...,9). (8.9)

The conifold locus lies on these flat directions, defined by (X? = 0,c¢% = 0; X?, ¢ arbitrary). We
can let the scalars X* and ¢® move away from the locus in different ways in the flat directions
given by (8.9), carrying the effective action into the Coulomb branch or the Higgs branch, and
consequently the internal manifold is desingularized into M or M’. Here we recall that the Higgs

branch, or the desingularization into M’ exists only for R > S.

e Coulomb branch

The Coulomb branch of vacua corresponds to arbitrary values for the gauged vector multiplet

scalars and vanishing VEV’s for those in the charged hypermultiplets:
Coulomb branch : {(XZ arbitrary, ¢ = 0)} X {(Xp, qa) arbitrary}. (8.10)

Following this assignment of VEV’s we have, besides the spectator massless fields, S massless
vector fields and R massive hypermultiplets. Table 8.1 summarizes the superfield content and
associated scalar VEV’s in the Coulomb branch!. The latter are just the D2-brane states. We

!See [61] for a general discussion about field contents following a Higgs mechanism in A/ = 2 supersymmetric

gauge theories.
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evaluate the Colemann-Weinberg effective action, based on the tree-level action (8.7) against this

background, and obtain

Sl—loop = f d4$ VA’ {% - glja,uXIauXJ - haﬁ auqaauqﬂ -F+ } (811)

The method of calculating the one-loop effective potential is given in Sec.5.5 in the second example.
Referring to Eq.(5.52) the result is

F=-T* {[4 + 4Ry + 4(ho + 1)] G(0)+4) G(]\;@) + O(e—M?m)}, (8.12)

We stress again that the computation is valid because the gauge theory is weakly coupled near
the conifold locus. The masses M; in Eq.(8.12) of the R light hypermultiplets are given by

M2 = 4V |QIXT? + -, (8.13)

which is obtained by expanding the scalar potential about the vacuum (8.10). The dots stand for
higher order terms in vanishing scalar fields. Near the conifold locus all other masses are bounded
from below and heavier than the charged black holes and we denote the lower bound M,;,. All
contributions G(M,/T) with M, > M, are exponentially suppressed, provided the temperature
is low enough, 7' < My, as indicated in Eq.(5.52). Eq.(8.13) is consistent with the standard mass
formula of BPS black holes [20,62]. In particular, it acquires a dilaton dressing e~ once measured

in string frame, as expected for D-brane masses.

The behavior of the G-function (5.44) shows that F reaches local minimum when all masses M
vanish. According to Eq.(8.13), and due to the fact that the matrix Q% is of rank S,2, this happens
only at the conifold locus when X? =0 for all i =1,...,S. Thus all classically flat directions X* of
the Coulomb branch are lifted, while the spectator scalars X? and ¢® parameterizing the conifold
locus remain moduli. Then we use Eqs (6.36) and (6.37) to compute the the masses M.™°?) that

the fields X obtain at the potential minimum. Therefore we consider the squared mass matrix

_ . O2F T ; 0?M?
Al - = g(OIK _ = gOIK 4Ny _ 7 Ta 8.14
79 OXEOXT |yizg 167 Z(?XKaXJ i 814
a Xi=0
which satisfies
Af]— _ T2€K(0)g(0)fk Q% ;1 7 Ajm = 0. (8.15)

2Otherwise, some of the R vanishing 2-cycles would be linear combinations of the others and would not give

independent degrees of freedom once wrapped with D2-branes.
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Following from the fact that {Q?} is a matrix of rank S, one can show that A is diagonalizable
with S strictly positive eigenvalues (J\/.I'i(l'lOOP))2 and hi; — S vanishing ones. The trace of A leads

to

-loo 2 (0) 77 ana
Z(Mz(l p)) _ TZGICV g(O)jk QkQ] (816)
Thus, the scalars of the U(1)® vector multiplets acquire one-loop masses of order the temperature
scale, while the gauge bosons remain massless and the full Abelian gauge theory U(1)"11+1 is

unbroken.

e Higgs branch

Now we suppose R > S and move to the Higgs branch of the U(1)® gauge theory, and we will
show that the flat directions are lifted by the one-loop thermal effective potential. In this phase,
the doublets €@ are such that the D-terms in Eq.(8.9) vanish, while the U(1)* vector multiplet

scalars have trivial VEV’s,
Higgs branch : {(X’ = 0,%"® such that D; = 0)} x {(Xp, qo‘) arbitrary}. (8.17)

The 3S D-term constraints leave 4R — 35 flat directions among the charged scalars ¢’s, along
which the U(1)® gauge group is Higgsed. S of the 4R - 3S directions are U(1)-gauge orbits
corresponding to physically equivalent vacua. Introducing S gauge fixing conditions, we are thus
left with 4(R-S) flat directions, which can be arranged in R— S massless neutral hypermultiplets.
This shows that R > S must be required for the Higgs branch to exist. Moreover, the S Higgsed
vector multiplets become massive and long by combining with the remaining S hypermultiplets.
The superfield content and VEV’s in the Higgs branch can be found in Table 8.1. Thus, besides the
supergravity multiplet, the massless spectrum includes hy; — S vector multiplets and his+ R—S+1
neutral hypermultiplets, corresponding to the type ITA compactification on the smooth CYs M’,
with Hodge numbers h}, and A}, given in Eq.(4.4).

To describe the one-loop effective action in the Higgs branch, it is convenient to param-

eterize the D-term flat directions with some coordinates £&m (m = 1,...,4(R - S)) satisfying
QIEM(£)5€*(&) = 0 and such that the Jacobian matrix (‘3‘;:) is of rank 4(R - S). We de-

note by &* the origin of the Higgs branch, i.e. the conifold locus. In a neighborhood of the

conifold locus, the one-loop effective action valid in the Higgs branch takes the form,

S1loop = f d*z /=g {% - g\ 9XPOX ~ hin) 9EmIE™ - hY) 9g*0q” - J—"}, (8.18)
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where we have defined

o) _ 1 Octv| Qe
mn = ; 8.19
2 9¢m & ocn ¢ (8.19)
and the free energy density F is
M‘ min
F=-T* {[4 +4h5, +4(hhy +1)]G(0) + 8ZG(?Z) + o(e-MT)}. (8.20)

The factor 8 in the above expression counts the number of boson/fermion pairs in the long vector
multiplets of tree level mass M;. The (’)( 7) term includes all contributions of the modes
whose masses do not vanish in the neighborhood we are considering and thus admit a lower bound
M in > M;. For T < M, these contributions are exponentially suppressed. Therefore F reaches
its minimum when all M;’s vanish. Obviously this is true only at the conifold locus where {™ =
where we have ¢® = (. Thus all flat directions £™ are lifted.

To obtain the scalar masses that F induces at one loop, we proceed as for the Coulomb branch.
Therefore it seems that we need to find out the mass spectrum {M;} by expanding the tree-
level scalar potential around the vacuum Eq.(8.17), to obtain an expression similar to Eq.(8.13).
However this is very hard to achieve here since the mass-squared matrix is too complicated to
diagonalize. Fortunately, observing Eq.(6.37) we see that actually only the sum of the mass
squared Y, M? is evoked in the computation of one-loop mass. Thus we only need to simply

compute the trace of the coefficient matrix, instead of computing the eigenvalues. The result
is [19]:

ZMQ 2V Ok Q2 Qi e . (8.21)

Referring again to Eqs (6.36) and (6.37), the one-loop squared masses MSP) of the fields &m at

their minimum & = &, are determined by the matrix

Lom PF | T2 1, gy gy PME

A™ o = =
"ty oelde |, ~ 16 2 2. Sien .
dctu | Qciv
— 0)5 Nnaa (0)ml =
T2 O QAQe o |, oer, (8.22)

where we have used the fact that ¢®|¢, = 0 to obtain the last equahty. The eigenvalues of A’ are

the desired squared masses we are looking for. Taking the trace, they satisfy

dc| et
MT(nl'IOOP) =T2¢ IC( ) 0)z NHa ah(O)nl
2 ) = T O QR | |

Thus, the £™’s have acquired a mass of order the temperature scale. Due to the arbitrariness in the

(8.23)

choice of parametrization £™ of the D-term flat directions, all charged black hole hypermultiplets

scalars c@ have a mass of order 7.
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Scalars acquiring VEV’s Superfields
In vector In hyper- Vector multiplets Hypermultiplets
multlplets multlplets %\I/Inaosgll?lss 1\1?155;1\;,6 Mla;r?éve %\frla()s(si]lflslﬁ Massive
Coulomb 4
ot X none S 0 0 0 R
phase
¢ mod.
Higgs auge orbits
88 T 0 0 S |R-S| o0
phase such that
Di = 0

Table 8.1: Superfield contents in the Coulomb and Higgs branches (when R > S) associated to the N/ =2
U(l)S gauge theory coupled to R hypermultiplets, which is encountered in the neighborhood of a conifold
locus in My x Myy. The scalars XP and ¢ of the massless spectator vector multiplets and hypermultiplets

are not represented.

Cosmology and moduli stabilization

The cosmology induced by the effective actions (8.11) and (8.18) can be worked out following
the lines in analyzing the model (6.31), provided that the free energy densities (8.12) and (8.20)
fit into the form of Eq.(6.32). Therefore the resulting cosmology evolution follows the pattern
of Eq.(6.34), which is a radiation-like universe where energy stored in the background scalar
motions is proportional to that stored in radiation. Moduli involved in the conifold transition are
attracted to the conifold locus while the spectator moduli X? and ¢* are frozen at some value in
the flat direction. Therefore cosmological evolution dynamically attracts the CYs to the singular

configuration M.

8.2 Stabilization at a non-Abelian gauge symmetry locus

We consider moduli stabilization at the extremal transition locus described in Sec.4.3, where the
CY3 becomes singular due to the shrinking of 2-spheres along a rational complex curve instead of
at isolated points. This configuration gives rise to SU(N) gauge symmetry enhancement. Our
aim is to show that the flat directions are lifted at one-loop level, and the internal CYj is attracted

to the singular configuration.
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Non-Abelian gauge theory at extremal transition locus

Keeping to the setup in Sec.4.3, we let the initial non-singular CY3; be denoted by M and the
singular configuration arising from shrinking 2-spheres be M. We let the shrinking 2-spheres rep-
resent N — 1 homologically independent 2-cycles with intersection matrix of type Ay_1. Suppose
the resulting singular curve in M has genus g. Then there are (g — 1)(N?2 - N) non-toric defor-
mations for desingularizing M into another manifold M”, where the change in Hodge number is
given in Eq.(4.11). The branch of M" exists only when g > 2.

All analysis in the rest of this section is carried out in the cases with ¢ > 2. Actually, when
g =0, the pure SU(N) gauge theory is asymptotically free and is Abelian in the IR, with gauge
group U(1)N-1. Thus, this situation is expected to be dual to a particular example of the conifold
case we have already studied, for R =S5 =N - 1. For g = 1, the vector and hypermultiplet in the
adjoint representation combine into an NV =4 SU(N) gauge sector. This case is conformal and
has already been considered in Chapter 7, leading to an attraction of the moduli at the origin of
the Coulomb branch, thus restoring the full non-Abelian symmetry. On the contrary, new physics
is encountered for g > 2, since the SU(N) gauge theory is non-asymptotically free and moreover

admits Coulomb and Higgs branches.

We write down the low energy effective action in M near the singular locus. The N, = 2
supermultiplets representing perturbative modes include the hy; massless vector multiplets and
the his+1 massless hypermultiplets. There are also N2—N vector multiplets arising from D2-brane
wrapping shrinking 2-spheres, which combine with N—1 of the perturbative vector multiplet to give
the SU(N) gauge group. Moreover there are g(N? — N) extra non-perturbative hypermultiplets,
which combine with g(/N—1) of the perturbative ones giving rise to g hypermultiplets transforming
in the adjoint of SU(N'). We let My and My be the space of vector multiplet scalars and the space
of hypermultiplet scalars. The effective action is just as Eq.(8.1), with X! (I =1,...,h;;+ N2+ N)
complex coordinates of My, and ¢ (A=1,...,4hys +4g(N2 - N) +4) real coordinates on My.

R _
Stree = / d*z /=g {5 — g1 VXIVX — hys Vv - V}, (8.24)

Here all quantities appearing in the action are non-singular at the locus of M, since non-perturbative
D2-brane states are “integrated in”. The covariant derivatives are with respect to the SU(N)
gauge symmetry. We further constrain the action using conditions from the physics that we ex-
pect. The latter require that My contains a (N2 - 1)-dimensional (complex dimension) subspace
of SU(N)-isometry, and My has a g(N? - 1) dimensional (quaternionic dimension) subspace of

SU(N )-isomety. It can be shown that the coordinates of My can be chosen in the following way

{XT} ={X*XP}, (a=1,...,N2-1; p=N? ..., h;1+ N2-N), (8.25)
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Here a is the gauge index of SU(N), transforming in the adjoint; index p is for labeling fields
neutral under SU(N), which we call spectator fields. On the other hand, the quaternionic manifold

My accommodates the following coordinates

{g"} = {0}, (8.26)
(A=1,...,9; u=1,2,3,4; A=4g(N?-1) +1,...,4hi» +4g(N* - 1) +4),

where we have the same separation of spectator fields, neutral under SU(N) labeled by A, from
those transforming in the adjoint of SU(N) carrying the gauge index a. Moreover each hypermul-
tiplet transforming in the adjoint of SU(N) is labeled by A, containing 4 real components labeled
by u. The action of the triplet of complex structures only touches the index w. With the above

choice of coordinate system, the singular configuration M arises at the locus X@ = 0 = c*Au,

Using the formulae of Ny = 2 supergravity, we can work out more details of the action (8.24).
The strategy is the same as for the conifold case: we expand all quantities in terms of X@ and

c®Av the fields vanishing at the singular locus. We find that the kinetic terms become

917 VXTVX = PUXevXe + gl DoXPOX + ..., (8.27)
1
hanVg'vg® = SVt ey W00 9¢7 + ..., (8.28)

where only the leading contributions are displayed, and the superscript “(0)” symbolizes the
leading order in the expansion. The SU(N)-isometric subspace has diagonalized metric in the
leading order. It can be realized by proper parameterization that ggg) = [24,, for vector multiplets
where 2 depends spectators XP, and also hﬂu,bm = 0ap0 450y, for hypermultiplets. We can also
obtain the leading contribution to the scalar potential, but we are not intended to show all the
details here, which are just applications of standard supergravity formulae [19]. Finally we arrive

at the following form of effective action, which is valid locally close to the non-Abelian locus:

R . o, 1
Stree = f d'z\/~g {5 P GXVIX g 0,XP 0" X~ 2 G vH e = 1) 00

=V (121X, XX, X+ 2 X, e e, X0 4il2[>a D)+ } (8.29)

We have introduced the D-terms

i(CaAl + iCaA2)

Na . _ ; fabc cobAt zcpocA : aA _
D% := -4 f*°€"6€ ", with € —( (cah? 4 jendd)

) the SU(2)x doublets, (8.30)

where fa¢ are structure constants of the SU(N) group. Therefore, the Lagrangian density in

Eq.(8.29), up to the “spectator multiplets”’, has the form of a minimally coupled rigid N = 2
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supersymmetric SU(N) super Yang-Mills theory coupled to g hypermultiplets in the adjoint
representation, formally coupled to gravity. Moreover no surprisingly, the scalar potential is the

same as in the field theory discussion Eq.(4.13).

The flat directions defined by the potential contains the singular locus corresponding to M.
At a generic vacuum in these flat directions, masses are generated through Higgs mechanism for
the degrees of freedom involved in the SU(N) gauge theory. These masses vanish exactly at the
locus of SU(N)-enhanced symmetry, and can lift the tree-level flat directions at one-loop level.
Actually, in carrying out this computation at one-loop, we will rather need the sum of all these
mass squared than the masses themselves, just as what we computed in Eq.(8.21) in the Higgs
branch of conifold transition. This mass squared sum can be worked out explicitly with the action
(8.29). We omit the detailed computation, which is explained in [19]. The total mass squared

turns out to be

1
S M2 = 16NV (9+ DXX 4 35 e hieede o (8.31)

where X and ¢@A" are set to be in the flat directions of the scalar potential in (8.29).

Lifting flat directions at finite temperature

At finite temperature in weak coupling regime, the tree level action (8.29) is corrected by Colemann-
Weiberg effective potential. We now compute this the one-loop correction and the result has to
include explicitly the whole set of light degrees of freedom, including the SU(N') gauge sector cou-
pled to g hypermultiplets in the adjoint. Also, since the space of tree level flat directions around
the SU(N) enhanced symmetry locus splits into the Coulomb branch and the Higgs branch, each
giving rise to different light degrees of freedom, the computation should be carried out separately

in these two branches.

e Coulomb branch

The Coulomb phase corresponds to scalar VEV’s such that the matrices XoT* and c®A“T sit in
the Cartan sub-algebra, where T are generators of SU(N). It is not hard to see that three terms
in the scalar potential in Eq.(8.29) vanish separately. Denoting as 7% (i = 1,..., N —1) the Cartan
generators of SU(N) and 7™ (m = N,..., N2 — N) the remaining ones, we have

Coulomb branch: {(X’ arbitrary, X™ = 0, ¢4 arbitrary, ¢™A% = O)} X{(Xp, q)‘) arbitrary}, (8.32)
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which corresponds to a compactification on the space M. There is a subtlety following different
ways of assigning VEV’s to X? and c®**. When we sit in the the vacuum with X%’s generic but
v = (), the non-Cartan vector multiplets and hypermultiplets acquire masses. From the former
we obtain N2 - N short massive vector multiplets, and from the latter, we have g(/N?- N) massive
hypermultiplets. If we assign nonzero VEV also to ¢**, then the N2 — N short massive vector
multiplets absorb N2 — N of the massive hypermultiplets, forming N2 — N long vector multiplets.

The complete superfield content in this case is reported in Table 8.2.

Restricted to the weak string coupling regime, we are now ready to write down the one-loop
thermal effective action. In the Coulomb branch, it amounts to adding the tree level action (8.29)

in some vacuum (8.32) to the one-loop Coleman-Weinberg effective potential F,
St [ diay/=g] S 20X 0K - gD XPI X~ L dugndn_ O gy - F 8.33
1-loop = AVAN) 5 ~Ypg 3 C CT =Ny, 09709 =/ (8.33)
Following the logic in obtaining Eq.(5.52), F in the present case is

)+ o(eM?“‘)}, (8.34)

where the index § labels all pairs of degenerate boson-fermion states in the massive vector mul-

F=-T4 {[4 +4hqy1 + 4(h12 + 1)] G(O) * ZG( ]\;S

tiplets and hypermultiplets involved in the SU(N) gauge theory and collected in Table 8.2. In
Eq.(8.34), we take the temperature to be below the lower bound M, > 0, in the vicinity of the
SU(N)-symmetry locus, of the remaining masses of the full string spectrum. F is minimized when
all classical masses in the SU(N) gauge sector vanish, V5: M; = 0. Using the general formula
(8.31) in the Coulomb branch,

A )
> MZ = 16N [(g+ 1) XX+ 5 ] P (8.35)

this implies X? =0, ¢** = 0. Therefore, all moduli involved in the Coulomb phase of the SU(N)
gauge theory are lifted. The kinetic terms of X* and ¢4 being diagonal, it is straightforward to
compute the scalar masses induced by F using Eqs (6.36) and (6.37):

] 1 0?F 7% 1 0> M? N
M»(l loop) \ 2 _ = i - - —_— 5 = T2 +1)— Ky 8.36
) = B XX | sns = 16 2 = OXOX | )y (g+D)gey,  (836)
] PF T2 0> M? N o
M.(l loop) \ 2 _ ' ‘ - ' S5 = T2 2 — K 8.37
( 1Au ) aCzAuaczAu e Au_q 16 - aCzAuaczAu XieeiAusy [2 eV ( )

Due to the arbitrariness in the choice of Cartan subalgebra at the origin of the Coulomb branch, we
conclude that all vector multiplet and hypermultiplet scalars X® and ¢*A%, even though classically

massless, have one-loop masses given by Eqs (8.36) and (8.37) respectively.
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Scalars acquiring VEV’s Superfields
In vector In hyper- Vector multiplets Hypermultiplets
multiplets | multiplets %\élaosahcﬁﬁ Massive Mﬁ)ssigve %\Idnaos(siluclss Massive
X none N-1|N2-N 0 g(N-1) g(N2-N)
Coulomb
phase
X' .
A N-1 0 N2-N g(N-1) (g-1)(N2-N)
or none
€A mod.
Hi bit
1685 none | BSOS 0 | N2-1 | (g-1)(N2-1) 0
phase such  that
Da=0

Table 8.2: Superfield contents in the Coulomb and Higgs branches (when g > 2) associated to the N =2
SU(N) gauge theory coupled to g hypermultiplets in the adjoint representation, which is encountered in
the neighborhood of a non-Abelian locus in My x My. The scalars XP and ¢® of the massless spectator
vector multiplets and hypermultiplets are not represented. At special loci in the Coulomb branch, where

some X’ = X7 and ¢ = 9% for i + j, some generically massive multiplets are actually massless, and

the SU(N) gauge symmetry is broken to a non-Abelian subgroup of rank N — 1, rather than U(1)N=1,
e Higgs branch
The Higgs branch vacua are defined by the D-term constraints D® = 0. We have

Higgs branch : {(X‘z = 0,%°* such that D" = O)} x {(Xp, q*) arbitrary}. (8.38)

The above conditions fix 3(N%-1) components among the 4g(N?-1) scalars ¢*4*. Among the flat
directions that rest, another N2—1 are SU(N) gauge orbit. Fixing these gauge degrees of freedom
amounts to gauging away N2 -1 would-be-Goldstone bosons. Therefore in the end 4(g—1)(N2-1)
flat directions of inequivalent vacua remain. By supersymmetry, the latter can be parameterized
by the scalars of (g —1)(N? — 1) neutral hypermultiplets. Thus the Higgs branch exists only for
g > 2, in which case it is realized geometrically by compactifying on M” with Hodge numbers
given in Eq.(4.11). Actually, N2 — 1 of the initial g(N? - 1) hypermultiplets combine with the

Higgsed vector multiplets into N2 — 1 massive long vector multiplets, as summarized in Table 8.2.

We parameterize the Higgs branch flat directions using a set of coordinates £™ (m =1,...,4(g-
1)(N2-1)). They satisfy fobc €PA1(£)o*@A(€) = 0 and the Jacobian matrix (agz#) is of rank

4(g-1)(N?-1). The origin of the Higgs branch is denoted £J*. In these notations, the one-loop
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effective action of the type IIA string theory compactified on M at finite temperature is
R _
S1to0p = f d*z /=g {5 — g 9xr0X - hiy), 9emae" - WY 0g*ag” - f}, (8.39)

where the induced metric of the £™’s is

1 aAu aAu
B =5 aac _ a; —| . (8.40)
§ &o 3 &o
Mimicking once more Eq.(5.52), we write down the free energy density
Ma Minin
F=-T* {[4 +4h + 4ty +1)] G(0) + 8 Y 6( - )+ o(e-T)}, (8.41)

where the factor 8 counts the number of boson-fermion pairs of states in the long vector multiplets
of masses M, (a=1,...,N2-1). The contributions of all the other massive modes of the spectrum

are exponentially suppressed, when 7' < M.

Obviously F is minimized locally when all masses M, vanish. Applying Eq.(8.31), we have the

sum of all the mass squared

N
8 g M2 = 16l—ze’c(v°) coAuadu y (8.42)
showing that the vanishing of all M, is achieved only at the origin of the Higgs branch c®Av = (),
or ™ = &', Therefore all classical flat directions {™ are lifted. The squared mass matrix of the
&™’s induced by F is

2 T2 1 2 )12 N
CF | L omgy OMa | oy NV e (8.43)

1
Allmn — _h(O)ml — —_a =
2 oelogn |, ~ 16 2 2 ocder |, 2

where we have used the fact 4|, = 0 to reach the last equality. Thus, the £™’s are mass
eigenstates and degenerate. Since the parametrization of the Higgs branch was chosen arbitrarily,
we obtain that all scalars ¢c®A* acquire a common mass given by Eq.(8.43). Consistently, this
is the result we already found by approaching the SU(N) non-Abelian locus from the Coulomb
branch, Eq.(8.37).

The cosmology induced by the above effective actions (8.29) and (8.39) is the same as in the
case of conifold transition discussed in the end of Sec.8.1. We end up with a radiation-like universe
evolving in the pattern of Eq.(6.34), with moduli involved in the extremal transition stabilized
and spectator moduli frozen in the flat directions. The internal CYj3 is dynamically attracted to

the singular configuration M.
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8.3 Intersections of extremal transition loci

The previous sections have shown that with cosmological evolution, type II strings tend to settle
the vacuum at singular loci of the internal CY3. Therefore when the moduli space allows several
extremal transition loci, naturally the intersection points of these loci are the preferred choices
of vacuum. In this section we illustrate this fact with an example where the internal CY3 can
develop on the same time isolated singular nodes and a rational curve of uniform singularity.
When the type ITA(IIB) is attracted to the vacuum corresponding to this singular configuration
of the internal CY3, we will have the Kéhler (complex structure) moduli space is completely lifted,
together with some of the complex structure (Kéhler ) moduli. This implies in particular that the

axio-dilaton field of the heterotic dual description is stabilized.

Example: intersection of a conifold locus and a non-Abelian locus

We consider the example in [63,64] of small Hodge number hy;. The type ITA model we analyze
at finite temperature is compactified on a CY manifold M obtained by resolving the orbifold

singularities of a degree 12 hypersurface in ]P"(l1 Denoting the projective coordinates as

1,2,2,6)°
x1,...,Ts, the ambient space presents initially a singulz)irity of type Ay at x1 = x5 = 0. This singular
locus gives rise to a genus 2 singular curve restricted to the degree 12 hypersurface. Blowing up
the ambient space singularity we obtain the non singular Calabi-Yau space M of Hodge numbers
(h11,h12) = (2,128). Obviously, the Kdhler moduli space My admits a non-Abelian locus with
N =2 and g = 2. Moreover we also observe a conifold locus of M, which can be revealed in the

mirror manifold.

In mirror I1B picture, the model is defined by the vanishing locus of degree 12 polynomials in

4
Pl1226)

hypersurface consistent with this action is [46,48,63, 64|

modded out by a ZZ x Zy group. We denote this mirror CYs by W. The most general

P=a?+ a2 +ab+ 2+ 22 - 12¢ vyworswyxs — 20 2525 (8.44)

which admits 2 complex structure deformations, ) and ¢. Thus, the mirror Calabi-Yau space W

admits hqyy = 2 Kéhler moduli. Defining

1 ¢ 1
21 Z—@E, 29 = E, (845)

some simple algebra yields the degeneracy loci of the hypersurface & = 0 which are defined by
the vanishing of A A, 4, where

Ac=(1-2)%- 282, Apa=1-2. (8.46)
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When A, = 0, isolated conical singularities arise, but are all identified by the orbifold action of
72 x Zy. Thus it is the conifold locus, with R = S = 1. Therefore the conifold does not allow
desingularization by deformation, so the resulting effective gauge theory has no Higgs branch.
The locus A, 4 =0 is just the non-Abelian locus with g =2 and N = 2, where the enhanced gauge
group is SU(2) [63,64]. At this singular configuration, (¢—1)(N?—-N) =2 non toric deformations
are available, leading to a distinct smooth Calabi-Yau space M. The ambient spaces, degrees of
polynomials and Hodge numbers of the families of CY manifolds on either side of the associated

non-Abelian extremal transition are [46, 48|

Pl 1 00[12](2,128) < PP 5 [2.6](1,129). (8.47)

The conifold and non-Abelian loci intersect at two points on the compactified moduli space

My [63],
(z1,22) = (1/2,1) or (o0,1). (8.48)

We are interested in the effective gauge theory near these intersection points. We carry out the
analysis in the branch M, which is the Coulomb branch of both the non-Abelian locus and the
conifold locus. We first identify hy; = 2 perturbative vector multiplets and hi5+1 = 129 perturbative
hypermultiplets. The gauge group is U(1)gray X U(1)con X U(1)na, where the first factor is due to
the graviphoton, the second arises from the shrinking 2-cycle at conifold point, and the third is
induced by the shrinking 2-cycle at the SU(2) enhanced symmetry point, supplying the Cartan
component of SU(2). Then in addition to the perturbative field contents, we have one blackhole
hypermultiplet charged under U(1)con., and also all the non Cartan components responsible for
the enhancement of U(1),p - SU(2), including 2 non-perturbative vector multiplets and 4 non-
perturbative hypermultiplets. We denote the spaces of all these light vector multiplet scalars and

hypermultiplet scalars by My and My respectively.

Going through the same procedure as in the previous two sections, we can establish the low
energy effective action locally about the intersections (8.48). The coordinates of My and My can

be chosen respectively as

{X' X} and {c"; ¢ ¢, (8.49)
a=2,3,4; u=1,2,3,4; A=1,2; A=4xT7+1,...,4x129+4x (1+4).
Here X! is the scalar partner of the U(1)cn gauge boson and X is in the adjoint of SU(2).
Similarly, c¢'* are the components of the black hole hypermultiplet, while c*A* are those of the two

hypermultiplets in the adjoint of SU(2). The scalars of the 127 hypermultiplets that are neutral
with respect to U(1)eon x SU(2) are denoted ¢*. The conifold locus is given by X' =0 = ¢!* and
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the non-Abelian locus is given by X@ =0 = ¢*A%, We call the intersection of the tow loci Fy. The

local effective action around F, takes the form
S _ d4 R l2 aXlaXl l2 X Xa 1 1lu 1lu 1 aAu aAu h(o) o )\a o
tree — T\/—3g 5 — U - \Y \Y - 5 Ve Ve " = 5 Ve Vc — Ny, q oq

Kl® 12 dudu . L 1w 1uy2
—eV(2|X|c c +4—l%(c c ))

(PP X)X AP K] 0 D D) o] (550

where we have expanded all the quantities in terms of the vanishing scalar fields and keep only
the leading order. We have (2, [? the non-vanishing leading-order components of the Kahler
metric on My at Py, and h(;;) the leading-order metric at Py of the subspace spanned by neutral
hypermultiplet scalars {¢*} in My. The D-terms D@ are just as defined in Eq.(8.30).

We notice in the action (8.50) that the part concerning the conifold locus and the part con-
cerning the non-Abelian locus are completely decoupled, so the analysis of moduli stabilization
in Sec.8.1 and Sec.8.2 can be applied to the two parts separately. Since the conifold locus does
not lead to a Higgs branch, we examine the Coulomb and the Higgs branch of the SU(2)-singular

locus, corresponding to the internal spaces of M and M".

The one-loop corrections attracts the scalars X!, X@ cl* and ¢4 at zero and these scalars
acquire masses of order the temperature scale, while the ¢*’s remain flat directions of the thermal
effective potential. Moreover, the full U(1)gay X U(1)con x SU(2) gauge theory is restored. In the
Coulomb branch corresponding to compactification on M, we have:

e The hy; = 2 Kéhler moduli are stabilized in one of the two minima given in Eq.(8.48). Note

that these two Kéhler moduli are some reparameterization of z; and z; in Eq.(8.46).

e The scalars of g(IN—1) = 2 hypermultiplets are stabilized at the origin of the Coulomb branch
of SU(2) in Mpy.

e The scalars of the his+ 1 - g(N —1) = 127 left-over hypermultiplets remain flat directions in
My.

Similarly, sitting in the Higgs branch, corresponding to compactification on M", we have:
e The A, = 1 complexified Kahler modulus parameterizing MY, is stabilized.

e The scalars of (g —1)(N?-1) = 3 hypermultiplets are stabilized at the origin of the Higgs
branch of SU(2) in MJ;.

e The scalars of the A}, +1-(g—1)(N2-1) = 127 left-over hypermultiplets remain flat directions
in Mj.
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The heterotic dual

At zero temperature the type ITA string compactified on M has a heterotic dual compactified on
K3 xT? due to the fact that the family P%1’172,276)[12] are K3-fibrations [65]. The dual heterotic
model is constructed in [66], which contains the axio-dilaton modulus S, and the modulus 7}, of
the torus as vector multiplet moduli. The other torus modulus U, is identified with T},: in fact
Ty, — Uy, is projected out. The heterotic model also has 129 hypermultiplet moduli. The duality
map for the vector multiplet moduli can be more precisely specified in the large complex volume

limit, S;, — +o00, under which one has

1728 R
i(Tw) 7 ?

where j is the SL(2,7Z)-invariant modular form. Therefore, zo - 0 and the two roots of the

o (8.51)

21 =

discriminant locus A, in Eq.(8.46) merge into z; = 1. Actually, the heterotic string develops an
SU(2) enhanced gauge symmetry when T}, =i modulo the classical T-duality group SL(2,Z), in
perfect agreement with Eq.(8.51) for z; = 1. This SU(2)-enhancement should not be confused with
the SU(2) gauge group occurring at the type II non-Abelian locus. Moreover, when S}, is finite,
the conifold locus splits into two branches, as predicted by the exact pure SU(2) N = 2 super-
Yang-Mills theory [41]. Being asymptotically free, the latter reduces in the IR to a U(1) gauge
theory coupled to a single (dyonic) hypermultiplet, realized as U(1)¢o, in the type II setup [67,68).

This duality stay valid when we switch on finite temperature on both theories. This follows
from the adiabatic argument in [59] mentioned in the beginning of Chapter 7. Therefore, the
stabilization of the complex structure moduli z1, z; of W at one of the two points in Eq.(8.48)
translates immediately into a stabilization of the torus modulus 7}, and axio-dilaton .S;, in the dual
heterotic model at finite temperature. As seen in Eq.(8.51), the obtained value of S}, corresponds

to a strong coupling regime of the heterotic theory.

Discussion

In the specific example we have shown the possibility of lifting the whole Ké&hler moduli space,
and the stabilization of the axio-dilaton modulus in the dual heterotic string theory. However
this situation is not a luxury arising only in delicately coined-up models, but is general. Let us
stay in the type ITA picture. On general grounds, one can make all (1,1)-type 2-cycles in a CY;
shrink to zero size by sitting at the tip of the K&hler cone. Since shrinking 2-spheres imply extra
massless D2-brane states, locally the locus where all (1,1)-type 2-cylces vanish gives rise to a

maximum number of massless states. Therefore the tip of the Kéhler cone can attract all Kdhler
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moduli. It follows that the whole vector multiplet moduli space is lifted in the dual heterotic
theory compactified on K3 x T?. Therefore the flat direction of the heterotic dilaton can be lifted
since it lives in a vector multiplet. Mirror symmetry implies that there exists also a locus where
all (1,2)-type 3-cycles in the CYj3 shrink to zero size. However this locus attracts only part of the
complex structure moduli with the mechanism considered in this chapter because the latter infers
extra massless states only for the cases where shrinking 3-spheres can be resolved to 2-spheres.
Finally we are left with the moduli in the universal hypermultiplet. They cannot be stabilized
by the mechanism considered in this chapter, since they are not associated to the geometrical
deformations of the CYs;. Maybe the stabilization of the hypermultiplet moduli can be inferred
from the dual heterotic side, since the hypermultiplet moduli space is exact for heterotic string
compactified on K3 x T2,
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Chapter 9
Conclusion

In this thesis, we depicted systematically string theory approach to cosmology at finite tempera-
ture, from the underlying principles, the theoretical setup until the applications. To conclude, we

summarize the essential points below.

The thermal/quantum induced cosmology

After introducing necessary string theory elements, we have set up the thermal string scenario,
which has the goal of describing cosmology in a single unified theoretical framework. The basic
assertion is to let the cosmological evolution be dictated by the effective supergravity of the string
theory. Thus all aspects in cosmological evolution: spacetime metric evolution, matter contents,
interactions are all derived from first principle, and unified in one single quantum description. This
overcomes the drawback of ACDM model that matter contents are postulated and that gravity is

not quantized.

The tree level effective supergravity only allows trivial static solutions with flat or AdS back-
ground. It is only after taking into account thermal/quantum corrections beyond tree level that
the universe sets out to evolve nontrivially. Given that the cosmological constant is small, we
choose the no-scale type supergravity at tree level which have vanishing cosmological constant.
We restrict ourselves to weakly coupled regime, and compute the thermal/quantum corrections
perturbatively up to one-loop level. In fact this one-loop correction is just the string partition
function computed against a thermal background, and it induces a Colemann-Weinberg effective
potential pending to the tree-level effective action. It then turns out that the corrected effective
action describes a universe filled with an ideal string gas at finite temperature, and the one-loop

effective potential is nothing but the Helmholtz free energy density. An overview of thermal string
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cosmological evolution is illustrated in the thesis, which we summarize here in the chronological

order.

The thermal one-loop amplitude in string theories meets with Hagedorn singularity at high
temperature, due to the exponential growth with mass level of the number of modes that can be
thermalized. This makes the thermal string scenario be applicable only at the moment when tem-
perature becomes low enough. We call the previous cosmological era the Hagedorn era. Actually
since the Hagedorn singularity is the signal that the string theory is at the point of undergoing
a phase transition, the cosmology does not break down in Hagedorn era but should be described
by another phase of string theory. It is expected that a dynamical description of this Hagedorn
phase transition in cosmology can lead to a solution to the initial Big-Bang singularity. In fact it
is realized in [11] that toroidal type II compactifications in presence of “gravito-magnetic” fluxes
lead to thermal models, free of Hagedorn-like divergences. The induced cosmological evolutions
include bouncing [12,13] or emerging universes [14], where no initial singularity is encountered,

and the model remains in a perturbative regime.

At the exit of Hagedorn era the cosmological evolutions carry some common features con-
forming to sensible phenomenology. i) The effective potential lifts flat directions, and moduli
can be stabilized at the local minima, obtaining time dependent masses. i) The spontaneous
supersymmetry breaking scale M drops proportionally with temperature, generating the hierar-
chy M <« Mpjank. iit) Dilaton can always be controlled at small values so that the perturbative
computation is always valid. i) The evolution is that of a radiation dominated universe, although
the coherent motion of M store an amount of energy proportional to that of radiation. Therefore
this pattern of evolution is named as “radiation-like”. v) Such radiation-like evolution is insensitive

to the initial conditions at the exit of the Hagedorn era, and is the result of dynamical attraction.

The radiation-like evolution stops at some moment, and it has to since otherwise the super-
symmetry scale would drop to zero, leading to the restoration of supersymmetry. In fact at the
electroweak scale A.,, infrared effects become relevant, which destabilizes the Higgs potential,
triggering the electroweak phase transition, and meanwhile stabilizes the supersymmetry breaking
scale at about A.,. Soon after, matter formation takes place and the universe enters into the era
of standard cosmology. It should be mentioned that when the supersymmetry breaking scale is
stabilized at about Ay, a cosmological constant of order M* will be generated (c.f. Eq.(6.50)).

Thus the thermal string scenario has not yet able to explain the small cosmological constant.
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Moduli stabilization

Cosmological solutions that are phenomenologically viable should have moduli stabilized. The
last two chapters are concentrated on this aspect. The goal is to figure out local minima of the
effective potential induced by thermal/quantum effects, since it is shown in Chapter 6 that such
minima can stabilize moduli in the intermediate era. This issue has been studied in previous works
where only perturbative effects were investigated. The works presented in this thesis attempt to

identify non-perturbative effects.

We first considered toroidally compactified heterotic and type I superstrings at finite tem-
perature. In the heterotic picture, it is shown that all internal moduli except the dilaton are
dynamically stabilized at points with enhanced gauge symmetry. The latter are due to perturba-
tive F-string states. The subtlety for dilaton is that in D > 5, the dilaton asymptotes to a constant

value, while in D =4, the dilaton turns out to have a logarithmically decreasing behavior.

Applying the type I/heterotic S-duality maps, we inferred novel contributions to the free
energy of a gas of type I superstrings, which are due to BPS D-string wrapping internal compact
directions. These D-string states become massless at certain points of moduli space, enhance the
gauge group and lift flat directions in the closed string sector. This is in contrast to the result
from naive perturbative computation in the type I string, where perturbative effects can only lead
to moduli stabilization in the open string sector, while in the closed string sector, moduli are
always flat directions, and no perturbative states can induce enhanced gauge symmetry. Thus
cosmological evolution dynamically attract the system to enhanced symmetry points, where the
enhanced gauge symmetries induced by non-perturbative effects should be treated on equal footing

with those induced by perturbative effects.

In particular, the type I moduli stabilization inferred from heterotic side should be discussed
for different dimensions. For D > 7, all type I internal moduli can be stabilized at strong coupling,
and the dilaton is fixed at some value in the flat direction. For D = 6, the S-duality maps the
heterotic string coupling into the type I volume modulus. It turns out that the type I dilaton is
stabilized at the value corresponding to weak coupling regime, while the internal volume modulus
asymptotes to some value in the flat direction. In case D = 5, all type I internal moduli can be
stabilized at weak coupling, while the dilaton is frozen in the flat direction. Finally for D = 4,
the internal moduli can be stabilized while type I dilaton inherits the logarithmic behavior from
the heterotic side, and the dilaton motion drives the system deeper into weak coupling regime. It
should be stressed that the effects of the massless BPS non-perturbative D-strings persist at weak
coupling, as their masses are protected by supersymmetry. However since these D-string states

are in strong coupling regime, their exact contributions to the free energy density is not clear, and
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it is expected that a direct computation of El-instanton in the weak coupling regime of type I

string can answer to this problem.

In the second work, we address the question of moduli stabilization in the context of type II
superstring theory compactified on CY3’s. Flat directions of the classical potential exist, which
can be organized as a product of special Kéhler and quaternionic manifolds, as follows from Nj = 2
local supersymmetry. These moduli spaces admit singular loci, where the internal manifold has
2-cycles or 3-cycles collapse, rendering generically massive supermultiplets massless. We exam-
ined, in type IIA description, the cases where BPS D2-branes wrapping vanishing 2-cycles lead to
hypermultiplets charged under U(1) factors at conifold loci [20], or SU(N') enhanced gauge sym-
metries coupled to ¢ hypermultiplets at some “non-Abelian loci” [46]. We show that in the weak

coupling regime, moduli are attracted at such particular points in the thermal string cosmology.

At tree level we “integrate in” the above non-perturbative light states in the effective su-
pergravity action. This repairs IR divergence in the Wilsonian effective action. The one-loop
Colemann-Weinberg effective potential is computed based on the tree level action using field the-
ory method, and the result depends on the masses of the light non-perturbative states. This
computation is valid when the temperature is low enough. Local potential minima arise precisely

where the light fields become massless.

The scalars that are stabilized are those involved in the gauge theories geometrically engineered
in the vicinities of the loci where the internal CYj is singular. In type ITA description on general
grounds, all Kéhler moduli can be stabilized at the locus corresponding to the tip of the Kéahler
cone. It is because all 2-cycles in H!'! shrink to zero size at this point and therefore the states from
D2-brane wrapping the shrinking spheres become massless. On the other hand the mechanism
that we study can stabilize the complex structure moduli associated to shrinking 3-cycles that
can be desingularized by blowing up. The universal hypermultiplet cannot be stabilized by this
mechanism since it is not associated the geometrical deformation of the CY3;. We have shown
an example of hy; = 2 and his = 128, in which the whole Kéhler moduli space is lifted near the
intersection of a conifold locus and an SU(2) enhanced symmetry locus. Also some of the complex

structure moduli are stabilized.

Perspective

We are still left with plenty of unsolved problems in the thermal string cosmology. Based on
the work on type II strings in Chapter 8, we would like to extend the analysis to the type II

models compactified on generalized Calabi-Yau spaces [69], including fluxes, branes or orientifold
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projections. We expect that the presence of these extra objects and structures can provide novel
mechanisms for moduli stabilization. Moreover this setup leads to A, = 1 backgrounds which is

phenomenologically more viable.

We can further consider its extrapolation into the Hagedorn era, implementing the “gravito-
magnetic” fluxes [11] in (generalized) Calabi-Yau compactifications of type II strings and it will
be interesting to see if this can give a theoretical framework able to account for very early cos-
mological time. In addition to addressing the problems of dynamical description of the Hagedorn
phase transition and the resolution of the Big-Bang singularity, another significant aspect in the
Hagedorn era is the possibility of achieving an alternative to the inflationary scenario in the early

universe.

Moreover it is always of great interest to investigate the standard cosmology era, in order
to make connection to the observable universe. For this we need a background with N; = 1
supersymmetry spontaneously broken at zero temperature, which is necessary to obtain MSSM-
like model containing chiral matter. For exact computation, the fermionic contribution of heterotic
string models [35] can be an efficient tool for constructing such models. We can carry out, in such
context, the analysis in [9,10] to unravel the infrared effects that can stabilize the supersymmetry
breaking scale, and the work is in progress. After stabilizing the supersymmetry breaking scale,
moduli acquire real physical masses which are constant and meanwhile the electroweak phase
transition takes place and the standard matter content starts to form. It is only after this moment
that we can address the problem concerning the standard observable universe such as the problem

of dark matter.
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Appendix A

Computation of canonical partition

function of ideal gas

The goal of this appendix is to show all the technical details that Chapter 5 is based on. In the
first two sections we will compute the partition function Z = Tre #H for an ideal gas of point
particles, showing the equivalence of the results expressed in different forms. In the third section

we include mathematical formulae useful in the computation.

A.1 Second quantization computation

The second quantized action describing one particle degree of freedom in the Euclidean space of

dimension D is
S= [ @26 (-Op+ M), (A1)

where Op = 92+ V2, and M is the mass. Note that this action can also describe one fermion degree
of freedom where ¢ is a real grassmanian variable. The canonical partition function Z = Tre #H

can be evaluated by the path integral
F1/2 1
In Zg p =ln([17q§ e 1) = In | Det( -0 + M?)] =5 Trln (-0 + M?). (A.2)

with the Euclidean time compactified on a circle of radius Ry = /27, and wave function taking
periodic boundary condition for boson and anti-periodic boundary condition for fermion. Here we

derive the results in the two distinct forms that are used in Chapter 5.
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Standard formulae of canonical ensemble

Thus for a bosonic degree of freedom

anB:—%Trln(—DE+M2) 2(;/71:); IZ[dpln( +p +M2)
Vb-1
= 2(27T)D IZ/dpln(—ﬂ,u)
= 2(;/D);1fdpllnnw +lnH(R—+w )] (A.3)

mezZ mezZ 0

where wp = \/p2+ M?2. Using Eqs.(A.44) and (A.46) it is not hard to see that I, w2 =1 and

1, ( R T 1) 4sinh®(7Ryw,). Therefore resuming the calculation in Eq.(A.3)

Vb- . :
lnzgz—Wfdp In 4s11r1h2 (WRowp)]
Vb- -Buw
@ [ g m0-c) =

For a fermionic degree of freedom, we have

lnzpzéTrln( DE+M2) Vb1 Z[d In l(m+1/2) +p +M2]

2(2m)D1
:%[dﬁ{lnnl;[zwﬁﬂnnl;lz[(m%lg/?) +w§]}. (A.5)
Using the formula (A.49), we have
In Zyp = % f dp In [4 cosh® (7TR0 wp)]
= (2‘;[;;_1 fdﬁ[%ﬁwp+ln(1+e_ﬁwp)]. (A.6)

Schwinger parameter representation

We can obtain an equivalent form of the above results, by using the integral representation of the
logarithmic function Eq.(A.52) in evaluating the path integral Eq.(A.2).

14

= w[ WW)-e‘f]’ (A7)

123

IHZB =- %TI‘ ln(—DE + M2) = %Tr /°° % [e_e(_DE+M2) — €_£:|
0



where ¢ is the Schwinger parameter, whose physical interpretation is the proper time that a
particle spends to close up a loop trajectory. This will be better clarified in the first quantization
computation in Sec.A.2. The second term in the bracket above, which integrates up to infinity,
is completely irrelevant since it contains no physical information. Therefore it can be discarded
naively. In fact the Riemann-Zeta regularization of the sum over m also yields zero. Then we

integrate over the spatial momentum p using Eq.(A.51) and Poisson resum over m using Eq.(A.50),

and we get
- BVpa 7T2R(2) 2 2
anB_2(47T)D/2 Zf £1+D/2 Y m _EM)
BVpa WRQ
- 22y 2 > / g1+D/2 Xp - Tm —WEMQ) (A.8)

where in the second line we have simply recaled the Schwinger parameter, so that the expression
is more adapted to string theory language. The case of one fermion degree of freedom proceeds

similarly, which yields the fermionic counterpart of Eq.(A.7)

1 1 = df
anF=§Tr ln( DE+M2) —ETI" [ 7[ et DE+M2)—6_Z]

2(;/715)]13 : Z[ f°° dz{ <m+1/2> +*2+M2]_€—£}’ (A.9)

where the shift on the summing index m+1/2 is due to the anti-periodic boundary condition. Then
we remove the physically irrelevant infinity, and now the Poisson resummation and the integral
over p gives

BVp_1 s w2 R2
In Zp = 2(47T)D/22/ E“D/?( 1) 1exp( 7 m2_€M2)

BVp_ " mR2
_2(27DT)1DZ‘[0 W(—l) exp(—TOmQ—WEMQ). (AlO)

Equivalence check

The above two formalisms, Eqs (A.4,A.6) and Eqs (A.8,A.9) are obtained through different ways
and have nothing to do with each other by appearance. Here we show directly that they are the
same thing up to a physically irrelevant infinity. Using Eq.(A.53), we have, for any n # 0,

(Qi)D [0°° glilﬁm exp(— WT?%# 7T“\42) - 2(27]:7415)

D
2

Kp(npM), (A.11)

124



On the other hand, using Eqgs.(A.54) and (A.58), we have

1 = —nfw M %
(2m) P f dp e = 2 = ﬁ) Kb (nfM). (A.12)
Thus combining the above two equations, we get
B /oo dl ’7TR0 9 9 1 f D1 e~nBwp
(QW)D 0 g1+D/26 p( 7 n*—mlM ) (27r)D T d“'p — (A.13)

for n > 0. Summing up the two sides over n, we have

2

TR 9
2(27r )D Z f €1+D/2e P _Tm Pomiar)
n,Bwp 1
dp __ fd*l 1= e ). A4
(27T)D 17;:)_/ P (2m) D1 P n( € ) ( )
2

m+ WR
2(27TD Z/ £1+D/2( 1) 1exp<_ 60 Q—WKMQ)

(27T)D 17;)[61 p (- 1)”“ n (o )ledpln (1+eBer). (A.15)

With the above equalities we are almost allowed to say that Eqs(A.4) and (A.6) are equivalent
to Eqs (A.7) and (A.9), but we still have to sort out the vacuum bubble contribution. Then we
examine the zero modes in Schwinger parameter representation, that is the m = 0 term in Eq.(A.8)
or (A.10). We regard the zero mode as the limit n - 0 of Eq.(A.13), and therefore

/BVD—l e dg 2 Gﬁwp
jE2(47T)D/2[0 g1+D/2 exp (- (M?) = +lim 2(27T)D 1/dp

1
—i]€1_1>%(2 led —ﬁwp+—+(’)(e)]
VD1
(2m

where the last line is just the vacuum bubble contribution in the standard formalism with a non

=F

f dp - ,Bwp + (irrelevant infinity) (A.16)
physical infinity. This completes the equivalence check

A.2 First quantization computation

In Sec.5.1 we stated that InZ= O, which can be evaluated by first quantization formalism. Here

we perform the explicit calculation. The action describing a relativistic free particle of mass M in
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the Euclidean space is!

1 1
:5[ dt\/g (g i% + M?), (A.17)
0

where ¢ is the Euclidean proper time parameterizing the worldline of the particle, and gy = g4 (1)
the metric of the worldline. The target Euclidean space is taken to be Cartesian of dimension D,
and in the above action, #? actually means 0;;4°%/. For simplicity in the following contents, we
keep implicit the sum or the product over the Euclidean space dimension. Often one takes gy = €2

with e > 0, so that we have the very familiar form

5—2[ dt(e7' @+ em?). (A.18)

This action is invariant under diffeomorphisms, which is the gauge symmetry of the system: dx = e,

dgi = 291V €, where Y, is the covariant derivative with Levi-Civita coefficient I, = %at In gy .

The loop amplitude, in terms of path integral, is

DgDr_ _siga)
& A.19
Q fVol(lef) ’ ( )

where Dx = D20 ... DxP-1 is understood. Since the topology of the particle trajectory is a circle
instead of a segment, the diffeomorphism group contains an isometry subgroup generated by Killing
vectors. This isometry gauge redundancy is clearly missed by the path integral over the metric
[ Dg, since when performing this path integral, each different value of g¢,, is counted only once.
However one still needs to divide by the volume of the whole diffeomorphism group Vol(Diff) to
remove the gauge redundancy, because the isometry redundancy missed by [ Dg is actually picked
up by [ Dz. Another subtlety is that all the possible metrics g;; are not on the same gauge orbit.
Distinct gauge orbits are labeled by the Teichmiiler parameters which for our case, is the perimeter
of the circle: ¢ = fol dt\/g > 0. By definition, ¢ is gauge invariant, so that two gauge orbits of
different ¢ never intersect each other, and also, any arbitrary metric ¢g;; can be transformed into a

constant one equal to its Teichmiiler parameter squared: g = ¢2, by a diffeomorphism.

Now we perform gauge fixing using Polchinski’s technique. We insert in the path integral
(A.19) a constant functional of gy:

L=Ben(g) [ dt [ DEd(gu-Tel?), (A.20)

where 7¢ denotes the diffeomorphism generated by the vector field {(¢), ¢? is regarded as a constant
metric, and the path integral [ D’¢ excludes the zero mode of ¥, that is, the Killing vectors. Also

!Throughout this section S always denote the action in first quantization formalism, not to be confused with

the action Eq.(A.1) in second quantization formalism.
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it can be shown that the Faddeev-Popov determinant is gauge invariant: App(7,9) = App(9).

This insertion gives

() sBeBs o [ [ st

Dz D'§ 2y —-S[Tel?, z)
f f Vol(Diffy) Jrr(Te) e (A.21)

Passing to the second line, we have only performed the integral [ Dg, which is calculable thanks to
the presence of the d-functional. Also in the second line, Diffy denotes the connected component
of the diffeomorphism group containing the identity element. The rest of the diffeomorphism
group Diff —Diffy is also a connected component, which is simply the composition of Diffy to a
time reversal in the worldline t -1 —t. Thus we have Vol(Diff) = 2 Vol(Diffy). A very important
point here is that Vol(Diffy) can depend on the Teichemiiler parameter, which we will see very
soon, so that it is put inside the integration over ¢. From the volume Vol(Diffy) we can further
factorize out the volume generated by isometries: Vol(Diffy) = Vol(Diff;)Vol(KVy), where Diffy
is the subgroup generated by non-Killing vectors whose volume satisfies [ #Ifﬁé) =1, and KVj
is the subgroup of isometries. Therefore in Eq.(A.21), replacing the mute variable z with 7¢z,
and making use of the gauge invariance of the action, the Faddeev-Popov determinent and the

measure Dx, we obtain

I '€ 2\ ,~S[Te?, Tex
App (Tel?) e~S1Tel" Tex]
Q f f VO](lefl)Vol(KVo) (7e)

D¢ 2
A 2\ ,-S[¢?, z]
2/ 6[ Vol(lefl)Vol(KVO) we(Tcl) e

App(£2) e=S1E ] A.22
2] ./VI(KVO re(0)e (A.22)

Now we proceed to evaluate the Faddeev-Popov determinant App. Generically the metric variation

based on a reference metric, following a diffeomorphism ¢ and a variation 6¢ in the Teichmiiler

parameter reads

0git = 2 gut i€ + (aé gtt) ol =2 Vt(gttf) + (af gtt) ol (A.23)

Thus the Faddeev-Popov determinant has the integral representation

1
App(gtt):[DbD’cd)\ exp{fo dt\/gb[ZVtc+(8ggtt)>\]}

:beD'c (b, 8ggtt)exp(2f1dt\/§bvtc>. (A.24)
0
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In the above expression, A is a grassmannian variable, while b and ¢ are the anti-ghost and the
ghost fields with tensor structures (2,0) and (0, 1) respectively. The path integral over ¢ does not
include the zero mode of V;. From the first line to the second line, we have integrated over A, with
(b, aggtt) the shorthand notation for foldt\/ﬁ b0pgy . To compute Eq.(A.24) explicitly, we take the
gauge gy = (2, so that 0ygy = 2¢, V,c = yc, and therefore Eq.(A.24) becomes

App(?) = / DbD'c(b,2¢) exp(?/oldtﬁbatc). (A.25)
Now we choose the orthonormal basis functions with periodical boundary condition
or(t) = 262kt where k=0,+1,+2,..., (A.26)
and expand the ghost fields against this basis:

c(t) =D crdu(t), b(t)=> bpor(t), where c_y= ¢l and b =bl. (A.27)
k+0 k

To obtain the integration measures of them, we compute the norms of b and ¢ as if they were

non-grassmannian:

2

1
IblF = [ dt\/Gaugab? = ¢ Xl (A.28)
k

1 2
|2 = fo dt/ggt =02 Y |af (A.29)

k#0

This yields the integration measures

Db =TT %% - [T, (A.30)
P k

D'c=[]dey =] dey . (A.31)
k#0 k#0

Here we have regularized with []°2; a = a='/2. We also compute easily
(b,2¢) :foldt2£3/2b:2€3/2 bo, (A.32)
2 fo e tbore= Y dmikber. (A.33)
k
Thus resuming Eq.(A.25), we get

App(£?) =beD'c(b,2zz) exp(?[ldtfbﬁtc)
0
=2V7 [ dboby T [ dendb yexp(dmikb i)

k=0

— 2V [ 4nik =27 [] (16720%) = V2. (A.34)

k=0
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Here we used the regularization [102; n® = (27)%/2. We can perform the same trick to compute the
path integral of Dz in Eq.(A.22). Separating the quantum fluctuation from the classical solutions
x(t) = za(t) + 0x(t), expanding the quantum fluctuation against the orthonormal basis (A.26):

dx(t) = Xp 0k o1 (t) with dxy, = dz*,, we compute the norm in terms of the coefficients
|0z|]* = 025 +2 )" [(53:58)2 + ((5:1:1{“)2]. (A.35)
n=1

The target Euclidean space dimension is summed over implicitly. The integration measure for dx

18

Déx = dxg [ | 2dzyday =

n=1

5Dz ——dxg H dzyedr™, (A.36)

where again, the indices denoting the target space dimensions are not explicitly written out. On

the other hand, the point-particle action after gauge fixing becomes

S[2, 2]=S[2, za] /dté (5i) =5[£2,xd]+i(%T")Q[(axse)%(aa;;m)Z]. (A.37)

Thus we are able to evaluate the path integral

_S[e2 _S[£2 1 _ N2
/Dxe S[Z’]=Zes[f’c]f1)5xexp[—§/dt£ 1(5:5)
_S[¢ g o 1 Im 2mn 0)2 m\2
—Ze Sz QD/Qfdonfd:vR da! eXp{ ( 7 )[(5:1:,1}) +(63cf1 ) ]}

Tcl
(\DI2 2 (2 \D i
) i) = Grpom S (4.38)

—S[2 .

=yt (G) T s
Here since the zero mode coefficent dxq is with respect to the basis 1/\/@, its integration gives
the target space volume Vp dressed by ¢P/2. The last element in Eq.(A.22) to evaluate is the
isometry group volume Vol(KVy). In the gauge g, = ¢2, the killing vectors are just the vector
with constant component &, = const. € [0,1), and the isometry group volume is the path integral
Vol(KVy) = [ D&. The norm of such Killing vectors is ||&]|? = fol dt\/g 9u&s = (3¢, and therefore
the path integral is evaluated as Vol(KVy) = fol 0312d€y = (32, Plugging this result, the Faddeev-
Popov determinant Eq.(A.34), and the path integral Eq.(A.38) into Eq.(A.22), we obtain the
result for the loop amplitude

() s [ e Soo{-st ). (a0

Finally we switch on finite temperature 7', where the Euclidian time is compactified on a circle

of radius Ry. The inverse temperature is just the perimeter of the circle g = 2rRy. The classical
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solutions are those describing the particle circulating the time circle:

29(t) =2rm Ryt, 23! =const., where m=0,1,+2,... (A.40)

cd =

2m2m?2 R2 2 . .
Thus S[(?,zq] = =52 + £2& " and the sum over the classical solutions becomes the sum over

m. Thus taking into account the different boundary conditions for boson and fermion, Eq.(A.39)

_ _BVpa e dl Fm+F 2rm’ Ry (M2
0'2(277)1?/2/0 o (1) exp(- = - - ): (A.41)

with F' = 0 for boson and F' = 1 for fermion. To switch to string theory language, we rescale
{ - 27, and obtain

BVpa [ dl . TR2
Q - 2(2m)P /(; /D/2+1 Z(—l)F Fexp<— TOmQ - 7r€M2), (A.42)

m

becomes

25(‘2/’72)*}3 in string theories.

which contains the correct overall coefficient

A.3 Mathematical formulae

¢ Riemann-Zeta regularizations:

[[n*= e~ = (27)%/2, (A.43)
n>1
[Ta=a"® =a2 (A.44)
n>1

¢ Infinite product representation of (hyper-)trigonometric functions :

[1(k+a) =a]] (a® - n?) = 2isin (ra). (A.45)

keZ n>1

71;[1 (77,2 _ a2) =2a 'sin (ma); 71;[1 (nQ 4 a2) — 94 'sinh (ra). (A46)
1 .

IQ (=5 +a) = +2icos (wa). (A.47)

IQ [(k ' %)2 - aQ] B ,Q [(k " % - “)(k - % + “)] = 4.cos? (ma); (A.48)

g[(kﬁ+%)2+a2] = 4 cosh? (ra). (A.49)
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o Poisson resummation and Gaussian integral :

Z e—meAmmmbTm 1 Z e—fr(m—b)TA’l(m—b)

m B \ det m

) -1/2
f dx exp (—%ITAZL‘) = det (;) )
oo i

o Integral representation of logarithmic function :

o dl, 4 B
1I114:—‘[0 7(6 Z—eé).
o Modified Bessel functions of the second kind :

'/Ooo gclli exp(—%—Bﬁ) :2<§>;Ky(2@),

[ prape T ﬁF(n+ 1)M(M)ZK”52(ﬁM)'

2 B

N

K, (x) ~2" ' T(v) 2V -2"T(v-1)2*" +... (z~0);

™

K,(z)~e™ ot (z ~o00).
¢ Others :
0 _1 n+1 0 n
ln(1+x)=z( ) ", ln(l—x)z—zx—.
n=1 n n=1 n
d"x = nme 2" dx
r(2+1)
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Appendix B

Equations of motion in cosmology

We derive the equations of motion of cosmology adapted to string theory language. Consider the

Robertson-Walker metric containing a spatial curvature

r2

+kr 2

ds? = —-N2(t) di® + a2(t) [ 12003, ], (B.1)
where d©% , is the metric of SP~2, which can be expressed explicitly as

dQ3,_, = dO3 +sin®0y(dos + sin®63(db + ... ). (B.2)

From the metric one deduces the Einstein tensor and the scalar curvature:

1

Goo = =5(D = 1)(D = 2)N"*(H? + N*a™*k) goo, (B.3)
Gy = _l(D ~2)N2[2H - 2NN + (D - 1)H* + (D - 3) N*a%k] g5, (B.4)
R= —mG (D-1)N2[2H+DH?+(D-2)N*a2k-2N"'NH]|. (B.5)

We can then write down the action and derive the equations of motion. We split the total action

into the gravitational part S, and the matter part S,,, where

R D-1 saP-1 5 k
D - D L 2 595 _ 2
S, = /dx gy = /d:c = [ (D-2H?-22H+(D-2N*2],  (B6)
D = M N

Here {®} are the background scalars, which are supposed to be homogeneous in the (D —1)-
dimensional space. In string theory, they are taken to be the moduli field. We also include F the

free energy density induced by the fluid filling the universe which, on general grounds, depends
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on everything else N, a and ®. Also, we dress the Ricci curvature R with a function depending
on the background scalars s = 3(&3) For example when writing down the action in string frame,

2D
we have s = e D2,

The variation of the action Sy and S; against N and a gives

0Sg saP 1 (D-1)(D=2)(,5 ok aD !
= > (H2+ N a2) (D~ 1) 75544, (B.8)
0 N
%% _(p- 1)(D—2)i[H- Ny 1(D— )H? + (D—3)N2£]&D2
da N a?
+(D-1)(D- 2) “sH + (D 1)l d( 5 ): (B.9)
dt\ N
0Sm CLD ! 5M &GN _  D-1
05m D-2 1 M &N
—%=(D-1)a N(WFMNCD &V + P), (B.11)
where we defined the energy density and the pressure of the fluid filling the universe
oF a OF
=N— P=- — - B.12
on T D-10a (B.12)

Here the definition of p and P follows the standard formula in general relativity, that is, we derive
the energy momentum tensor 7}, corresponding to the fluid, and then read off the energy and the
pressure from T%, = diag(-p, P,..., P)",.

For simplicity we put N = 1. Then the equations of motion from (%N, % and M;LM are respectively

1 k 1 Lo
§(D—1)(D—2)3(H2+§)+(D—1)SH—§FMN<I>M(I>N—p:O, (B.13)

1 . 1 .
S(D-2)s |26 + (D -1)H?+ (D - 3)%] #5+(D-2)8H + SFyn@V @V + P20, (B.14)

d

1 Lo . 1
dt(FMNq> ) - éFNRM@Nd)P +(D - 1)HFyn®Y - sRsu+Fa=0.  (BI5)

A direct but tedious computation yields the continuity equation
p+(D-1)H(p+P)=d"F,,. (B.16)

This is just 7", = 0, which explains why the equation is independent of s. The continuity equation

can replace Eq.(B.14) when solving for the cosmological evolution.
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1 Introduction

The SO(32) heterotic and type I strings are dual perturbative descriptions of the same
underlying theory [1-4]. This is easily observed at the level of the low energy effective
actions, which are equivalent after certain field redefinitions. This follows from the fact
that short massless supermultiplets have protected masses and that Ny = 1 supergravity
coupled to ten dimensional super Yang-Mills theory with given gauge group is unique at
the two-derivative level. One interesting facet of the equivalence is that in ten dimensions,
the heterotic and type I string couplings are inverse to one another, and thus one has the
opportunity to uncover strong coupling effects. In dimension D > 7 (D < 5), this leads to
a strong-weak (weak-weak) duality, while for D = 6, string couplings and internal volumes
are interchanged [5-8].

In the literature, most of the applications of string dualities have been based on BPS
states and therefore restricted to models where supersymmetry is preserved in static uni-
verses. In general, extending these ideas to non-supersymmetric cases (see [9, 10] for some
examples) and cosmological evolutions is difficult. However, such a project can still be ad-
dressed within the context of no-scale models [11-14]. The latter are defined at the classical
level by backgrounds associated to vanishing minima of a scalar potential, which admit a
flat direction parameterized by the scale of spontaneous supersymmetry breaking. The non-
trivial vacuum energy, which arises at the quantum level, backreacts on the flat and origi-
nally static universe, and induces a quasi-static time evolution in the background fields [15].

To be specific, start with a dual pair of supersymmetric heterotic and type I models. As
follows from the adiabatic argument of [16], one may implement on both sides a spontaneous



breaking of supersymmetry, thus giving a new dual pair. For example, if the heterotic
theory is in a perturbative regime and the spontaneous breaking at the classical level is
compatible with flat Minkowski space, the cosmological evolution induced at the one-loop
level can be reinterpreted in the dual type I regime. In this paper, we spontaneously break
supersymmetry by considering the models at finite temperature. This can be implemented
at the level of the two dimensional CF'T by compactifying the Euclidean time on a circle,
whose boundary conditions depend on the fermion number [17]. In this case, the one-loop
heterotic effective potential discussed above is nothing but the free energy of a perfect gas
of supersymmetric strings. Applying the heterotic/type I duality, we find the existence of
novel contributions to the type I effective potential coming from light D-strings. Despite
being non-perturbative, these corrections have a large impact on the cosmological evolution,
as well as on the low energy spectrum of the theory, even at weak type I string coupling.

A second method to spontaneously break supersymmetry is by introducing “geometric”
fluxes along internal cycles [18-22]. When the R-symmetry charge associated to the flux is
the fermion number, this method is related to the finite temperature case by a double Wick
rotation. In this paper, we only explore the thermal breaking for simplicity and clarity, as
most of our results have a direct generalization to the second case. In realistic situations,
one must include zero temperature spontaneous supersymmetry breaking before switching
on finite temperature. In this case, a general picture arises, where the induced cosmology
can be divided into different stages. In the Hagedorn era, where the temperature T is
close to the string scale Mg, a phase transition between pre- and post-big bang evolutions
takes place. It can be described along the lines of refs. [23, 24] at the level of the two
dimensional CFT and is both free of initial singularity and consistent with perturbation
theory. Asthe temperature drops, the cosmology induced by the one-loop effective potential
can be trusted until infrared effects become relevant, such as in the cases of radiative
breaking or confining gauge groups. For example, in standard GUT scenarios, this defines
intermediate eras where the temperature evolves in either of the ranges My > T > Agur
or Agur > T > Mgw, where Agur and Mgw are the GUT and electroweak scales [25-30].
These intermediate eras are connected by a phase transition where the dynamics responsible
for the breaking of the GUT group must be taken account. After the electroweak phase
transition, the conventional history of the universe follows with the hadronic, leptonic and
nucleosynthesis eras. . .

One feature of the above Hagedorn and intermediate eras is the possibility to stabilize
internal moduli [26, 31, 32]. This is an important issue since current observations of the
gravitational force place lower limits on scalar masses (see for example [33]). Many ap-
proaches address this question by considering compactification spaces where (geometrical
or non-geometrical) internal fluxes are switched on at the outset, while preserving some
amount of supersymmetry [34-38]. This leads to a partial stabilization since flat directions
always persist in such models, at least at the perturbative level. However, we would like
to stress that once supersymmetry is broken, flat directions are generically lifted in string
theory. This was considered long ago in non-supersymmetric heterotic string backgrounds,
such as the SO(16) x SO(16) tachyon free theory toroidally compactified [39, 40]. However,
minimization of the moduli-dependent “cosmological constant” generated by loop correc-



tions in such models leads to an unacceptably large vacuum energy at the minima, since
supersymmetry is explicitly broken at the string scale. In [41, 42], it was realized that a
gas of string modes, which carry both winding and momenta, generate a free energy that
enables stabilization of radii moduli. Upon introducing a zero temperature spontaneous
breaking of supersymmetry at the string tree level, it was shown in [27-32, 43| that this
effect also has a quantum version, with the thermal gas and free energy replaced by virtual
strings which induce an effective potential.! An advantage of this type of stabilization
is that during the intermediate eras, the induced masses are not constant. Instead, they
follow the time-evolution of the temperature 7'(¢) and supersymmetry breaking modulus
M (t), which drop proportionally. It is only after the electroweak phase transition that M (t)
is stabilized and that the induced moduli masses become constant. As a result, the energy
of the moduli with time-dependent masses is diluted during the intermediate eras, and the
cosmological moduli problem [47-49]? is avoided. Moreover, the decrease of M(t) oc T'(t)
during the intermediate eras gives a dynamical explanation of the hierarchy between the
supersymmetry breaking scale and the string scale, M < M.

This above dynamical moduli stabilization relies on the existence of perturbative states
in the string spectrum, whose masses are determined by the expectation value of the moduli
and vanish at the stabilization points. For instance, in toroidal or orbifold compactifications
of the heterotic string, if the radius R; of some factorized internal circle is not participating
in the spontaneous breaking of supersymmetry, it can be attracted to the self dual point
R; = 1 associated to an enhanced SU(2) level one Kac Moody algebra. Another simple
example can be realized in type II superstring, when the internal circle is used to sponta-
neously break the supersymmetries generated by the right-moving sector via the Scherck
Schwarz mechanism. In this case, R; can be stabilized at the fermionic point R; = 1/ V2
corresponding to a Kac Moody level two SU(2) extension [23]. However, since this type II
setup is intrinsically left/right asymmetric, it cannot be extended to orientifold models in
a straightforward way. Thus, the purpose of the present work is to infer how the internal
moduli in type I no-scale models are stabilized by using our knowledge of the dual heterotic
picture. As said before, we consider only thermal effects, as this is sufficient to uncover
the mechanism. More specifically, using heterotic/type I duality at finite temperature, we
infer the existence of non-pertrubative contributions to the thermal free energy of type I
superstrings. These contributions are due to light, or even massless, D-strings which wrap
the internal cycles and participate to the dynamical stabilization of all the internal moduli,
including those in the RR sector and the Wilson lines.

'In refs. [44-46], the effect of the Coleman-Weinberg effective potential is explicitly subtracted in order
to isolate the backreaction on the moduli arising from particle production near extra massless species points.
To be substantial, this mechanism supposes the moduli already have non-trivial motions at tree level. Since
the no-scale models are based on classical static backgrounds, the moduli velocities occur as backreactions
of the one-loop effective potential and particle production is higher order in perturbation theory.

2A simplified statement of this problem is that the energy of scalars with constant masses dilutes slower
than the thermal energy of radiation, and so heavy scalars tend to dominate at late times, which can cause
problems for nucleosynthesis. This may be fixed by requiring the heavy scalars to be unstable so that their
fluctuations eventually decay, thereby reheating space-time. However, the reheating process creates extra
entropy and one can run into problems with baryogensis.



We derive in section 2 the free energy of a gas of weakly coupled perturbative states
in type I superstring, in the simple case where the internal space is a factorized torus. We
describe the induced cosmological evolution and find the radii moduli are flat directions
of the thermal potential. In section 3, using the dual heterotic model at weak coupling,
we correct this naive analysis by taking into account contributions of non-perturbative
states to the free energy. In particular, D-strings modes are found to be light when the
radii are in a neighborhood of /A;, where A\; > 1 is the ten dimensional type I string
coupling. They produce local minima of the thermal potential which are responsible for
the stabilization of the radii at v/Ar. In type I, this dynamical effect occurs at strong (weak)
coupling when D > 7 (D < 6). However, since the BPS masses of the light D1-branes are
protected by supersymmetry, our results are also valid at small string coupling for D > 7.
In section 4, we reexamine the form of the corrections to the free energy along the lines
of [50, 51], and interpret the non-perturbative contributions as arising from “thermal E1-
instantons”. What is meant by this is that the Euclidean worldsheets of the D1-branes
wrap the Euclidean time circle. In section 5, we generalize our results: The one-loop
heterotic free energy is computed, with all of the internal moduli taken into account. We
find that at certain points in moduli space, all scalars, except the dilaton, may be stabilized
for D > 4.2 On the dual type I side, the non-perturbative effects induce a stabilization
of the internal NS-NS and RR moduli in the closed string sector, and the Wilson lines
in the open string sector. For the special case of D = 6, the internal volume modulus
remains a flat direction, while the dilaton is stabilized at a small value. In section 6, we
give explicit examples of loci in moduli space where only the flat direction of the dilaton
survives. Section 7 is devoted to our conclusions and perspectives.

2 Naive perturbative type I thermal cosmology

In this section, we derive the cosmology induced by thermal effects in the purely pertur-
bative type I superstring theory toroidally compactified down to D > 3 dimensions. We
shall see in the next section how light solitonic states correct this picture in a drastic
way. In the following, quantities are denoted in the type I context with subscripts I and,
throughout this paper, “hatted” (“un-hatted”) ones are referring to the string (Einstein)
frame. Finite temperature Ty is implemented by considering an Euclidean time of period
Bi = 2rRy = 1/T1, and coupling the associated S'(Ry) lattice of zero modes to the
fermion number. We restrict for the moment our study to the case of a factorized internal
space H?: p» SY(Ry;) and analyze the dynamics of the radii Ry;.

Working in a perturbative regime, there are four contributions to the Euclidean one-
loop partition function needed to express the free energy density, namely the torus, Klein-
bottle, annulus and Mo6bius strip vacuum-to-vacuum amplitudes 7, K, A and M. In units

3 Additionally, for D > 5 the dilaton approaches a constant finite value at late times and the cosmological
evolution is radiation dominated. For D = 4, the dilaton decreases logarithmically with cosmological time
and the coherent motion of all moduli is such that the metric evolution is that of a radiation dominated
universe, H? o 1 / a*. However, non-perturbative effects from NS5 or D5-branes in the heterotic or type I
theories should be taken into account in four dimensions and may play a role in stabilizing the dilaton.



where o/ = 1, a little work yields (see the appendix),
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where V/ is the regularized volume of the (D —1)-dimensional space, ¢p is Stefan’s constant
for radiation in dimension D and the function G is defined in terms of a modified Bessel
function of the second kind, Kb (x):
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The integer s4 (s7) counts the degeneracy at oscillator level A (A) on the left (right)-
moving side of the worldsheet, while m; (n) labels the momentum (winding) number along
the i-th cycle of the internal torus.* In (2.1), the first term in the braces is the contribution
of the massless modes, with quantum numbers (A4,m,n) = (0,6, 6) and associated to
the Mg = 1 supergravity multiplet in ten dimensions. The Klein-bottle contribution K
vanishes. The annulus plus Mobius amplitude takes in a similar way the form
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where N = 32 and the first term is associated to the N9 = 1 SO(32) super-vector multiplet
in ten dimensions. The partition function is given by the sum Z1 =7 + K+ A+ M. At
high temperatures, it becomes ill-defined. Examining 7, one finds that winding modes
along the Euclidean time circle become tachyonic when Rjg < Ry, where Ry = V2 is
the Hagedorn radius. This divergence of Z7 is not a sickness of the theory, but rather the
signal of a phase transition [52-55]. From now on, we restrict ourselves to temperatures
below TIH = 1/(27TRIH).

The free energy density is defined in terms of the partition function as F=-7 / (BIVI)
It is expressed in terms of the G-function, whose arguments are the ratios of the spectrum
masses to the temperature. Since

T
2T

D-1
G(x) = b2 224+ 0(zt) when z~0, G(z)~ ( ) Y e when x> 1, (2.4)

4r

the dominant contribution at low temperature (compared to the string scale) arises from
the first terms of (2.1) and (2.3) and corresponds to the free energy density of thermal
radiation,

. N2 _N .
f1=—<s%+280>0DTID+"‘- (2.5)

4Note that the condition A — A = 7 - i@ provides the level matching.



However, if some Ry; is large (small) enough, Ry; > 27 Ry (Ry; < 1/(27Ryp)), pure Kaluza-
Klein (winding) modes yield additional terms of the same order. The contributions asso-
ciated to the remaining states are exponentially suppressed.

It is straightforward to apply the techniques introduced in [31, 32] for closed strings
to study the backreaction of the type I free energy on the originally static background.
For arbitrary initial conditions at the exit of the Hagedorn era, one finds that the system
is attracted to a radiation dominated evolution, where all internal radii and the dilaton
are frozen at non-specific values depending on the initial data. Quantitatively, the final
constant values of the Ry;’s sit in the range

2R < Ry <2rRypy, 1=D,...,9, (26)
where Ryg is increasing with time, corresponding to an expanding and cooling universe.
Actually, if at some time ¢ a radius Ry; is outside this range, we find Ry;(t) and Rio(t) always
evolve so that the condition (2.6) is finally satisfied, after which the evolution of Ry; comes
to a halt. This may be seen by examining the force on the modulus p; = In(27Ryo/R1;)
<OI‘ 1n(27rR10R1j)) [31, 32]

A difference compared to the type II and heterotic string cases, is that the open string
sector is not invariant under T-duality, Ry; — 1/Ry; (for any ¢), due to a lack of winding
quantum numbers in the open sector. For instance, for arbitrary Ry; (for a given j), while
the other radii satisfy (2.6), the effective potential for Ry;, which is exactly the free energy
density, simplifies to

~_ #D 2 N2—N ‘mj| —27Ryo .
Fi=-T{ {55+ =550 ) [en+ pRE 2R )| +0(e ) ¢+, 27Rio < Ry
1j

m;#0
1
Fi=-1F O(e~2H0 Ry; < 27R
I ( >CD+ (e )}7 o Rio < iy < 2mhyg
. N?2 - N 1
fl ID —— SpCp + 80 {CD—F Z G(QWRlo‘n]’R[J>:| + O( 727rR10) ,R[j < ﬁ
0 mRo
2.7)

and is shown in figure 1, in Einstein frame. When R;; < 1, the theory is actually better
understood in the T-dual type I' picture obtained by inverting Rj;. More importantly,
there is no local minimum of the free energy density where Ry; (as well as the Ry;’s) can be
attracted and stabilized. This is contrary to the heterotic case, where enhanced symmetry
points exist and imply a local increase of the number of massless states. However, we shall
find that the above purely perturbative analysis is missing important contributions from
massless solitons.

3 Heterotic/type I cosmological duality

Given that heterotic and type I theories at zero temperature are S-dual in ten dimensions, it
is a simple but non-trivial fact that they remain S-dual at finite temperature. Technically,
the backgrounds used to analyze the thermal ensembles are freely acting orbifolds, obtained
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Figure 1. Thermal effective potential (in Einstein frame) for Ry;, when all other internal radii
satisfy (2.6). The dashed curve takes only into account the perturbative type I states. The solid
one is obtained by heterotic/type I S-duality and receives corrections from light D-string modes.

by modding out with (—1)¥'dg, where 8 is an order-two shift along the Euclidean time circle
and F' is the fermion number. Using the “adiabatic argument” of [16], after such a free
action, the two theories remain dual. Since the cosmological evolutions we study are quasi-
static, it is valid to apply at each time an S-duality transformation on the heterotic side,
in order to derive non-perturbative contributions to the type I free energy and its resulting
backreaction.

S-dual SO(32) heterotic string. Let us apply this point of view to the type I back-
ground considered in section 2. The dual theory is the SO(32) heterotic string compactified
on H?: S (Ry;), where we use the subscript h to denote heterotic quantities. As in the
type I case, the partition function is only well defined when the temperature T =1 / Bh =
1/(27Ryp) is below the heterotic Hagedorn temperature, i.e. Ry > Rpg = (1+v/2)/v/2. As
shown in the appendix, the heterotic partition function can be brought into a form divided
in three parts as follows:

AuVi > 1
Iy = }Al h sobocp + Z 2s50b_1 G<27TRh0‘ — Ry; >
pb = Ry;
9 1
- , 241
£ X smd(ammafias Y (i) O
— , Ry
A>0,A>—1,m, 7 ]:D
A—A=rm-7i
(A,m,7)7#(0,€€5,€€;),
Vi,Ve=—1,0,1

where the degeneracy bj of the right-moving bosonic string oscillator modes is defined
from level —1. The first contribution in Zj, is associated to the massless states labeled by
(A,m,7) = (0,0,0). They arise from the Njg = 1 supergravity and SO(32) super-vector
multiplets in ten dimensions. The second contribution comes from modes whose masses
can vanish at particular values of the internal radii. For each 7, these states are labeled



as (A,m,n) = (0,eé;,e€;), where ¢ = £1 and €; is the unit vector in the direction i.
They are massless at the self-dual point Ry; = 1, where they enhance the gauge symmetry,
U(1) — SU(2). The last line in (3.1) arises from the states which are never massless.
It becomes substantial when Kaluza-Klein (winding) states become light, in the regime
where some Ry;’s are large (small) compared to 2w Ry (1/(2mRyg)). All other modes,
being always super heavy as compared to the temperature scale, yield to exponentially
suppressed contributions (see eq. (2.4)).

Duality map. In ten dimensions, the heterotic/type I S-duality identifies the Einstein
. . . . (10) (10)

frame metrics and inverts the string couplings, A\, = e®n = = e %1 = 1/ [1-4]. In

lower dimension D, these relations translate into a dictionary between the Einstein frame

metrics, the internal radii and dilatons [5-8]:

dsﬁ(D) = dSIQ(D)

1 4(D)
_ Ry _p. e 2%  —
Ry; = = Ry; (T QwRIj)1/4 , i=0orD,...,9, (3.2)
D _6 (D _
£ ):_D46 E )_D82 ?:DID(QTFRH),
where the D-dimensional dilatons are defined as d’}(lDI) = 1(11? ) _ % ?: pIn(2mRy 1;). Note

that the Euclidean radii Ry and Ryg are included in the above relations. The inverse maps,
which relate the type I fields in terms of heterotic quantities, are obtained by exchanging
the subscripts h « 1.

We consider non-trivial evolutions for the Einstein frame metric, dilaton and internal
radii moduli. It is easily checked that the tree level heterotic and type I actions match,
under the S-duality transformation (3.2) (i.e.S{¢ = S{™*¢). The one-loop finite temperature
effective potentials were computed using Euclidean backgrounds with laps functions Ry, 19
in the string frames. For the Lorentzian Einstein frame metric,

dS%D) - ﬁ [_ﬁ(fUO)zde‘OQ + a(z%)? (dgg12 I de—12)
— 2 4P - _2D-1) 4(D) (3.3)
f =2rRpoe P-27mI aP-1 = Vige ozl |

the corresponding first order correction to the tree level action S}tlffe is given by

Z
Sﬁ:%OOp = —/de —g(D) Fh1 where Fhi bl (3.4)

1= T D1
Note that we do not distinguish between the heterotic and type I inverse temperature
and scale factor a in (3.3), as they are measured in Einstein frame and are identified under
the duality map (3.2). To be exactly equivalent, the effective actions should be corrected
to all orders in perturbation theory and include non-perturbative effects as well. In the
following, we will consider the heterotic point of view at weak coupling, e¢£D) < 1, restrict
our computations at the one-loop order, and deduce the type I behavior in the dual regime.

Dual type I cosmological evolution. To start, we apply the duality map to (3.1)
and note that the first term exactly matches the sum of the first contributions in (2.1)



and (2.3). This follows from the equality by = so + (N? — N)/2 and is due to the fact that
the supergravity and SO(32) super-vector multiplets are short, with protected vanishing
masses. Next, we concentrate on the interpretation and cosmological implications of the
remaining terms in (3.1). In the weakly coupled heterotic string, e < 1, the time
evolution of the universe for arbitrary initial conditions at the exit of the Hagedorn era can
be analyzed along the lines of refs. [31, 32]. We first summarize the results here and then
derive the dual type I cosmological behavior:

e When all radii satisfy |Ry; — 1/Ry| < 1/(27Ryo), @ = D,...,9, the heterotic free
energy density derived from (3.1) takes the form:

9
1
Fn = -TP {Sobg cp + i_zDzsob_l G(QﬂRhU‘ R — Ry;

hi

) + O(e_Q”RhO)}. (3.5)

Thanks to the properties (2.4), the states with quantum numbers (A,m,7) =
(0, €€;, €€;) are responsible for the existence of a local minimum of Fy, at Ryp =
.-+ = Rpg = 1. The internal radii can be attracted and stabilized at this SU(2)10~P
enhanced symmetry point. Moreover, for D > 5 the string coupling e‘ﬁéD) (and thus
An) freezes to some constant value e‘ﬁﬁg) determined by the initial conditions. For
D = 4, the dilaton ¢£4) does not converge to a constant but instead decreases loga-
rithmically with cosmological time. We show this in section 5 in a general context
where we take into account all internal moduli. The rest of this section is valid for
D > 5, while for D = 4 one has to keep in mind the late time evolution of q§}(14).

Applying the duality map (3.2), the ratios of the masses of the above winding-
momentum states to the temperature become:

~ ~

My 1 Ry; 1 My,
— =21R ‘R-—— =21 Rpg| — — — | = —. 3.6
T, PO R RID Ry; T (3:6)

From the type I point of view, the corresponding BPS states have a natural interpre-
tation as D (or anti-D)-strings wrapped once along the circles S*(Ry;), with one unit
of momentum. The heterotic cosmology translates into the type I context as follows.
Whenever the type I radii start out in the dual range |Ry; /A1 — 1/Ry;| < 1/(27Ryp),
the light D-string modes can stabilize them at the point

Ry =+ o, i=D,...,0, (3.7)

where A\jgp = 1/Apo > 1 is the late time constant value of the string coupling in
ten dimensions. This implies the open string cosmology is well understood in type I,
rather than in the T-dual picture in type I'. At each time, the width of the symmetric
well of the potential for In Ry; is v/A1/(2mRyg) (see figure 1). In total, if we denote by
qﬁﬂ? ) the asymptotic value of the type I dilaton in D dimensions and use the inverse
relations (3.2), the moduli are found to converge as follows,

(D) (D) ~Prost0) 2 (D) 10-D 1

o () -_ ¢ " . 250 =

e?1 —e%10 = SR Ry;(t) — eD—6%0 (27) D6 = O —
(27T) 8 62¢h0 (27‘() 1

(3.8)



while the temperature and scale factor asymptotic behaviors are those of a radiation
dominated era, T~1(t) ~ a(t) ~ t*/P, where t is the cosmological time. Some remarks
are in order:

o For D > 6, (3.8) shows that the type I cosmology is at strong coupling. In this
regime, solitons are generically light and the need to include their effects in the
low energy effective action is not surprising.

o For D = 6, the asymptotic values of the moduli are ¢Sl = 1/(2m)? and Ry;(t) —
e_%gbi%)/(%r). The type I picture is perturbative.

o For D < 6, the type I cosmological evolution is at weak coupling. However, we
observe the necessity to take into account the contributions arising from solitons

which are light, when we sit in the neighborhood of the enhanced symmetry
points.

In summary, for D # 6 in type I, the internal radii are stabilized while the dilaton
qb%D) freezes somewhere along its flat direction. On the contrary, for D = 6, the
dilaton is stabilized, all complex structures Ry;/Ry; are also stabilized at one, while
the internal space volume H?: p(2mRy;) freezes along a flat direction. This is not a
surprise, since in D = 6 the heterotic/type I duality exchanges internal volumes and

. . 9 2¢(6)
string couplings: [[;_, (27 Ry 1;) <> 1/e”71n.

If at some epoch one of the heterotic internal radii satisfies Ry; > 2w Ry, while the
9— D remaining ones are stabilized, Ry; = 1 for i # j, the free energy density deduced
from (3.1) becomes

Fon=—T" (s0by + (9 — D)2s0b_1) [CD + Z G<27TRho|gj|ﬂ +O(e 2oy (3.9)
m;#0 hj

We see that in addition to the massless supergravity and SO(32) super-vector multi-
plets, there are also contributions coming from their Kaluza-Klein descendants, which
are light since Ry; is large. Applying the duality rules and comparing to the pertur-
bative type I result in the first line of (2.7), we observe a match up to an additional
contribution (9 — D)2spb_1 to the overall numerical coefficient. This discrepancy
arises from the extra massless D (or anti-D)-strings responsible for the stabilization
of the Ry’s at v/A1. Therefore, the main difference with the pure perturbative anal-
ysis is that the plateau of the effective potential is lowered and that the slope for
Ry; > 27 Ry is steeper (see figure 1). The cosmological evolution is however similar
to the one discussed below (2.6). As their heterotic counterparts [31, 32], Ry;(t) and
Rio(t) evolve such that the regime where Ry;(t) < 2mRyo(t) is reached. After that,
Ry, freezes along its plateau or is stabilized at v/A; as explained before.

In a similar way, if a heterotic radius satisfies Ry; < 1/(27Ry), while the others are
stabilized at their self-dual points, Ry; = 1 for ¢ # j, we have

Fun= -TP (Sobo +(9-D) 280b_1) [CD + Z G<27TRh0’nj ’th):| + 0(6727”%}‘0). (3.10)
TL]7$0
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In this case, substantial contributions arise from the winding modes along S*(Ry;),
which are light since Ry; is small enough. Their effect is to attract Ry;(t) to values
larger than 1/(27Ryuo(t)) [31, 32]. Applying the S-duality rules to translate this
statement in the type I context, we find that if Ry; < A1/(2mRpo) at some time, the
evolution of these moduli implies we end in a regime where A;/(2mRpo) < Ryj, after
which the internal modulus freezes or is stabilized at v/A;. Noting that the argument
of the G-function in (3.10) becomes

— = 2w Ry |7’ |Rp; = 2w Ry [0/ |— = —, 3.11
7 no |17 | R 10 [ N (3.11)

we conclude that the above mechanism is due to two sets of towers of D-string winding
modes along S'(Ry;). The first one contains “solitonic descendants” of the pertur-
bative massless supergravity and SO(32) super-vector multiplets. The second set is
associated to the descendants of the D (or anti-D)-strings responsible for the stabiliza-
tion of the (9 — D) internal radii Ry; at v/A;. The net result of these non-perturbative
light states is to render the type I free energy explicitly invariant under the “non-
perturbative T-duality” Ri; — Ai/Ry; (see figure 1).

Comments. To conclude this section, we would like to make some remarks. We first
observe that under the duality map (3.2), the Hagedorn radii do not match. We thus infer
from the perturbative heterotic side a new value of the Hagedorn radius in type I, when A;

is large:
V2 for ikl
= . 12
Fim { VAT 1?2/5 for Ay > 1 (3.12)

From a cosmological point of view, Ry in the regime Aj(¢) > 1 is thus a time-dependent
scale. Note that this non-perturbative expression for Ry obtained once D-strings are taken
into account can be relevant even at weak coupling, e¢§D) < 1. This is for instance the case
for D < 6, when /A and the Ry;’s reach the asymptotic value v/Ajg > 1.

For D > 7, the stabilization of the internal type I radii at v/A\jg > 1 occurs at strong
coupling, e¢§D) > 1. However, the D-string states responsible for this effect are BPS, so
that their masses are protected by supersymmetry. Thus, these modes remain massless for
arbitrary A\;, when Ry; = /A1. It follows that the type I free energy density can easily be
determined when \; < 1 and Ry; ~ /A[. It is actually given by (3.5), once translated in
terms of dual type I variables. The justification of this statement is based on the following
facts. In this regime, the string coupling is weak, e¢§D) < 1, and the contribution of the
perturbative part of the spectrum is that of a perfect gas. Moreover, the contribution of
the light solitons is of identical form, since SU(2)’s (gauge) symmetries transform them
into the perturbative modes in the Cartan subalgebras. We conclude that the mechanism
of stabilization of the internal type I radii remains valid at weak coupling e¢§D) < 1. Since

®Since at late times A1(t) — Ao and Rio(t) — oo, the left-boundary of the plateau of the effective
potential of In Ry; ends by being negative. This means that Ry; may freeze at some value below one. In
such a case, a T-duality Ri; — 1/Ri; to a type I’ description is more suitable. In general, a mixed type I /
type I’ theory may be obtained, in order to keep all internal radii larger than one.

- 11 -



this yields R, = v/Aig < 1, the model is better described in the T-dual type I’ picture.
However, the dynamics in the intermediate regime et ~ 1 for D > 7 (or e ) < 1 for
D < 6) cannot be inferred from these arguments.

Finally, for D < 5, additional non-perturbative states may play a role in the cosmo-
logical evolution. In fact, D5-branes of the type I theory (or NS5-branes in the heterotic
context) can wrap the internal manifold in analogy with the D-strings we have considered.5
It would be interesting to study their effects on the dynamics, which may lead eventually
to a stabilization of the dilaton.

4 El-instanton corrections

We have found that non-perturbative states contribute to the type I free energy density.
In the literature, corrections to the low energy effective action are often considered from
another point of view, namely instantons and their stringy generalizations. For instance,
E1 contributions to holomorphic couplings have been analyzed in supersymmetric cases
by heterotic/type I duality [50, 51]. In the present section, our aim is to reexamine the
type 1 free energy from the point of view of El-instantons and single out the configura-
tions responsible for the stabilization of internal radii. In this non-supersymmetric case,
we want to predict the E1 corrections in type I from dual heterotic worldsheet instantons.
For simplicity, we restrict our analysis to the case D = 9, where instantons wrap the Eu-
clidean time circle and the direction 9. This is to be contrasted with the zero temperature
case where E1 corrections would only arise for D < 8. We note that by a double Wick
rotation, the results in this section may be interpreted as the zero temperature vacuum
energy contribution of El-instantons wrapping an internal 72, with spontaneous super-
symmetry breaking boundary conditions along one of the toroidal directions. In this case,
the temperature scale T is replaced with the supersymmetry breaking scale M.

Our starting point is the heterotic model of section 3. To help exhibit the worldsheet
instanton structure of the one-loop amplitude Zy,, we work in the Lagrangian formulation
of the zero modes lattice associated to S'(Ryg) x S*(Rpg) (see egs. (A.10) and (A.11)).
TLO mo
ng mg
case Rpg < 1 may be obtained by T-duality. We may decompose the lattice sum under

We consider Rypg > 1 and parameterize the zero modes by the matrix M = ( ) The

orbits of the SL(2,Z) modular group as follows. For any set of modular covariant functions
fm(7,T) such that fag(M (1), M (7)) = fana (7, T), for all M € SL(2,Z), one has

|5 St /d25f< )7
/S+ 2 wa, TT+/ 2Zf0mo)w)

mo,mg o #0 " mo
n >m9>0

(4.1)

This is easily shown by applying eq. (A.6) twice: First to the sum over (n°,79) and then

to the sum over (n” mg). The integral over the upper half plane C is obtained for n? > 0

SNote that these states may contribute even for D = 5. This is to be contrasted with 5-brane instantons
at zero temperature, which require an internal space of six dimensions.
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by writing g = kn® +1 (0 <1 < n® — 1) and changing 7 — 7 + k. The integral over JF
corresponds to the zero orbit (i.e.M = 0), while the integral over Sy corresponds to non-
vanishing degenerate matrices (i.e.with det M = 0). The last integral over C is associated
to non-degenerate matrices.

Applying (4.1) to the heterotic partition function Zy, the contribution of the zero orbit
vanishes due to supersymmetry, so that”

Zn = Z¢ 4z

Bhf/h d?r T 1(0,16) 7rRho 2 _TFRhg ) .
% = G s, 275 o TR D e = Vs — (1)) (42)
m07m9
Vi d2r T L MYR i
Z}?d = Vi / T _(016) R 2 Z e e ity |:‘/8 - (_1)m058]
@n)° Jo, 275 PPt T A
n®>1g>0

Performing the 7-integrations, the degenerate part Zfll can be brought into the form

Zd = ﬁ;h{soboqﬁ— 3 sAbAG<27rRh0[4A+(Rh9>F)}, (4.3)

h A>0,mg

while the non-degenerate contribution Zﬁd can be written as,

ﬁhvh —QZKT(A A) A—_ A o 9 %
zn = = 2 sAbA—G 27 Ruo [4A + (55— — n’ Rug . (4.4)
B2 14+ (G, ~ ") |
n >'r~n920

Summing over 7y in (4.4) enforces the level matching condition A — A = n%myg for some
integer mg, whenever n° # 0. The “missing term” for n® = 0 is actually the contribution
of the degenerate orbits fo. In total, Zﬁl + Zﬁd yields with no surprise the expression (3.1),
which can be analytically continued in the range 1 < Ryg < v/2. However, to exhibit the
instantonic structure, it is better to leave the sum over my.

In fo, only pure Kaluza-Klein modes along the directions 9 and 0 contribute and
the worldsheet embedding in the target torus is trivial (no instanton number). Therefore,
these states do not play a role in stabilizing the internal circle. In order to extract the
configurations in Z{l‘d responsible for fixing Ryg at the self-dual point, we know it is enough
to focus on the dominant contributions in the low temperature expansion. The terms
with A > 1 are exponentially suppressed, O(e~47m0) compared to the contribution with
A = 0. The latter arises from BPS configurations and, at this level of approximation, Z{l‘d
in eq. (4.2) involves a purely antiholomorphic function, B(7) = I'(g 16 /7?4, dressed by an

"The use of eq. (4.1) is valid if the argument of the discrete sum to integrate is absolutely convergent.
In the present case, since the right-moving block F(Oylﬁ)/ﬁ% and the left-moving Og/n® character involve
diverging powers of €?™2 in the limit 72 — +00, eq. (4.1) can be trusted if Rpo > V3 and Rng > v2. The
first condition is not problematic as we are focussing on the dynamics at low temperature. Since we are
interested in the stabilization of Ru9 around 1, the second condition could be a problem. However, we see
shortly that the final expression (4.4) can be analytically continued all the way to Rng = 1.
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inverse power of 5 and the lattice of zero modes associated to the directions 0 and 9. This
form is similar to the one encountered in the evaluation of holomorphic couplings, when
supersymmetry is unbroken [50, 51].

We can now define instanton configurations, with associated Kéahler and complex struc-
ture moduli T and Y as,

T =Ty = i(2ko + 1)Rpo - n° Rpg
Instanton with n° > 1mg >0, ko > 0: m 2ko + DRy > (4.5)
Y=Vt iy, = ( 0 )Rno
n n? Rpg

where (2/%04—1) n? is the instanton number, which counts the number of times the worldsheet
wraps around the target torus. Using these notations and introducing coefficients a,, € N
in the expansion of the Bessel function® in (2.2), K%(x) = /m/(2x)e” " Zizo an/z", we
may write (4.4) as

a_ ( 2z7TT B yQ 4—n 2in VA
AL bil 1+ A o
h T, V! Z 2ﬂ2 P ( * ) ‘

instantons A>—

+c.c. + O(e 4oy, (4.6)

where V}flo) is the ten-dimensional Euclidean volume. This result can be given a more
elegant appearance by noting that B()) is a modular form of weight 4. Introducing the
modular covariant derivative DX = (0y + 53; )X, where X(Y) is any modular form of
weight r,” the brackets in (4.6) become 1/(7rT2) Y om0 Ynm (12)™D™B(Y), where Ynm
are rational numbers.

The above expression of Zﬁd contains far too many explicit terms needed to study the
stabilization of Rpg. In (4.4), the dominant contribution for A = 0 arises when A = —1 and

n? = 1, while the remaining terms are exponentlally suppressed, O(e 27rRhO)

Restricting
to A = —1 and the instanton conﬁguratlons n? =1, mg = 0, k:o > 0in Z™, we can add
the degenerate contribution Z¢ = (8, V4/ B) sobo co + O(e=27Fr0) to recover the first line
of eq. (3.1) required for the derivation of the stabilization of Ryg.

We now wish to interpret eq. (4.6) from the perspective of the type I superstring.
Under the heterotic/type I dictionary (3.2), the complex and Kéhler structures ) and T
are mapped into Y and Y1/A\;. Consequently, the exponential factor of T in (4.6) yields
the exponential of the Nambu-Goto action for a D-string, and Z{}d translates into a sum

of E1 instantons as in [50, 51],

i (10) 62;? T 4 a yIQ
7E1 I 9 2 : § : n b+ 2177 VA
I (2m)10 , %0 Yo VA (27 12)" A )\1 T12

E1 instantons n=0

R

+c.c. + O(eihﬁ). (4.7)

8In any odd dimension, the Bessel function admits a power series with a finite number of terms.
9This means that X (Y + 1) = X(¥) and X(-1/Y) = X(¥)/Y". Moreover, DX is a modular form of
weight r — 2.
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Actually, the configurations of the D-string worldsheets wrapped on S*(Rjg) x S*(Ryg) are
highly dissymmetric at late times in the sense that Ryg(t) — +oc and Ryg(t) ~ \/A1(t) —
VA10. However, this does not mean it is artificial to consider such El-instantons. In-
stead, they open the possibility to derive from a pure type I point of view the free energy
responsible for the stabilization of the internal moduli (or the effective potential at zero
temperature when at least two internal directions are compactified and supersymmetry is
spontaneously broken). Thus, it would be interesting to derive D-brane instanton correc-
tions from first principles, in the case where supersymmetry is spontaneously broken. The
full instantonic structure of (4.4) should also be interpreted from a type I point of view,
even when all contributions with A > 0 and A > —1 are kept explicitly.

5 Heterotic and dual type I moduli stabilization

We would like to extend the analysis used in section 3 to include the remaining moduli in
addition to the internal radii. We consider the heterotic string compactified on 71072 at
a generic point in moduli space and show that when finite temperature is switched on, the
free energy density can stabilize all internal moduli. Our study is based on the effective
action at finite temperature and weak coupling for the massless degrees of freedom, while
all massive states are integrated out. Introducing simplified notations, we are interested
in non-trivial backgrounds for the Einstein frame metric g, the dilaton ¢ in D dimensions
and all real-valued internal moduli ®, which we denote collectively as 3. Concretely, o
contains the components of the metric g;; and antisymmetric tensor B;j, together with the
Wilson lines YZ-I (i, =D,...,9; I =10,11,...,25). It is then straightforward to deduce
the dynamics and final expectation values of the type I counterparts of these scalars by
using the duality map

. /\I"
gij = 22 Bij = Cij Y=Yy, (5.1)

where Cj; is the RR 2-form. Detailed examples of this analysis will be given in section 6
for D = 8.

The heterotic low energy effective action

2

S = /dDa:\/i—g []; 53 0upOtp — %FMNau<1>Maﬂq>N - F (5.2)

-2
involves the tree level moduli space metric Fiyyny = Fiys N(Cf;) and the one-loop free energy
density F = F(T, ¢, CI;) Since the backreaction of F on the classical background is already
a one-loop effect, there is no need to take into account the quantum corrections to the
kinetic terms. For homogeneous and isotropic evolutions, variation of S with respect to the
time-dependent metric (3.3), dilaton and moduli ®M yields, in cosmological time defined
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by dt = B(x)dx,

L-1)D=-2) » 2 5 1 L M G N
9 H —D_2(25 +2FMN(I) D" + p, (53)
D—1)(D -2 : 2 .1 o
( )2( )H2—|—(D—2)H+H¢2+2FMN<I>M<I>N+P:0, (5.4)

é+(D—1)HqB+—D4_2f¢:o, (5.5)

. ) 1 o
M 1 (D~ 1)H + FMN (Fypg - 5FPQN><I>P:1>Q + FMNEN =0, (5.6)

In these equations, H = a/a and the thermal pressure and energy density are found to be

oP
P=-F, p=T— —P. 5.7
oT (5:7)
Additional indices ¢ and N denote partial derivatives with respect to ¢ and ®%, while
FMN = (F~1)MN "1t is convenient to replace eq. (5.4) by the constant entropy constraint.
The latter is found by integrating the energy-momentum tensor conservation law derived

from the above differential system (see [31]),

. . P
p+(D-V)H(p+P)=¢pFs+dMFy = daP! % = constant entropy. (5.8)

In order to find particular evolutions characterized by static moduli, (gb(t),CI;(t)) =
(0o, 50), we need to specify F. For any supersymmetric spectrum, the one-loop free energy
density is

+oo 12 —32mg 7 =22
peetie [TH LS S = (),

2 (27Tl) 2 s 7
(5.9)

where M, is the mass of each boson/fermion pair s, and the dilaton dressing in front of

the integral is introduced to switch from string to Einstein frame. This general expression
applied to our case of interest, namely the heterotic string on 71977 is explicitly derived
from a one-loop vacuum-to-vacuum amplitude in the appendix. In the notations introduced
there, S()T(] = 28 x 24 boson/fermion pairs of states are massless everywhere in moduli
space,'® while the other modes have moduli-dependent masses, M, (P ) Since light states
have the tendency to lower F, effective potential wells can be found at any point <I>0
where ng > 0 pairs of modes generically massive are accidentally massless, Mu(q;o) = 0,
u=1,...,n9. The fact that we have at zero temperature 16 real conserved supercharges
implies that such points are associated to enhancements of the gauge symmetry. Defining
Mmin to be the lightest non-vanishing mass at CI;O, the free energy density can be written

in a neighborhood of Py as,

F= {501“04—26’(6[) 0N ((I))> +(9(e_M?m)}. (5.10)

0They are associated to the supergravity and super-vector multiplets of the SO(32) Cartan generators.
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At low enough temperature, the exponentially suppressed terms can be neglected and we
may derive identities for the thermal source terms at 50, including the equation of state,

Flg,=—T"(soro +no)ep, Fylg, =0, Fulg,=0, plg,=(D—1)Plg, o< T”. (5.11)
It is then straightforward to check that the evolutions

ao(t) o x 2D o(t) = ¢p d(t) = Dy , (5.12)

To(t)

corresponding to radiation eras with static moduli are particular solutions of the equations
of motion.

The above trajectories are actually attractors of the dynamics in some circumstances.
To study this, we analyze their stability under small time-dependent deviations,

=a(l+e), T=To(l+er), S=¢o+ey, M=) +M (513

We first perturb the internal moduli equation (5.6). Denoting Hy = ao/ao, one obtains at
lowest order,

M4 (D-1)HoeM + AMy eV =0 where AMy = FMLL§O-7:LN‘(TO,¢O,<130 (5.14)

)
AMy is an effective “time-dependant squared mass matrix” evaluated for the back-
ground (5.12). Since

OMPPN | _
0

10 2 72
_ mD-2 CD 2 0 Mu
Funlg, =T ug 5 (5.15)

is semi—deﬁniterositive, AMy is diagonalizable with non-negative eigenvalues,'! which we
4

D2t2(D1¥2)/D .

quadratic terms in eq. (5.14) (see the discussion of the dilaton equation below). In par-

define as In the case when some A,;’s vanish, one needs to take into account
ticular, this is required when moduli sit on the plateau of their thermal effective potential
(see figure 1). For simplicity, we proceed by analyzing the most interesting case, where
all internal moduli are “massive”, which means A™ > 0. Switching to a diagonal basis of

M

perturbations €, one obtains from (5.14)

41/D
M — \/E CMJD 2()\Mt2/D)+CMJ D— 2(/\Mt2/D) (5.16)

where Cf are integration constants and J, p—» are Bessel functions of the first kind.12
4

This describes damped oscillations with amplitude of order 1/v/¢, where ¢ is supposed to
be large enough so that |éM| < 1 is satisfied.

"This follows from the fact that the matrices F~/? and F are (semi-)definite positive, so that
FY2Fp=1/2 — FY/2AF~Y2 is semi-definite positive. Note that in models where the spontaneous breaking
of supersymmetry is generic i.e.not only due to thermal effects, each term in the sum over the boson-fermion
pair w in eq. (5.15) is dressed with a + (or —) sign when the boson (fermion) is lighter than the fermion
(boson). In such cases, F is not semi-definite positive and the extrema of F can be minima, maxima or
saddle points.
12For D = 6, J_1 should be replaced by the Bessel function of the second kind, Y_;.
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Next, we derive from (5.5) the equation for the dilaton perturbation at leading order,

4
D-2

MGN =0 where ‘7:¢MN|CI_50 =

. 1
D—1; D-1
(ao 6¢) +a0 5 ‘7:¢MN|(T0,¢0,‘50)€ fMNLI;O. (5.17)
Since the constants C’i/[ are a priori of order one, we take into account the quadratic source
in “massive” epsilons. Thus, ¢4 can be written as the sum of the general solution to its
homogeneous equation, plus a particular solution to eq. (5.17). The former is of order
1/al’~! and turns out to be dominated at late times by the latter. Actually, using (5.16),

the quadratic source term involves products of Bessel functions with arguments Ap t%/P

and A\g t2/D Integrating it once, the dominant contribution to aOD 71é¢ is found to arise for

“constructive interferences”, i.e.when A\p = Ag. This yields the asymptotic behavior,

. Cy
€p ~ —
] aOD_Q

= €p X for D>5 and €y ocInt for D=4, (5.18)

t1—-4/D

where Cy is a fully determined coefficient quadratic in C}’s and positive. For D > 5, the
consistency condition |e4| < 1 is automatically fulfilled at late times. On the contrary,
the case D = 4 yields formally to a logarithmically decreasing €4 and one may worry that
the our expansions breaks down. Therefore, we have solved numerically the full non-linear
differential system (5.3)—(5.6) in this case and found that the perturbative analysis gives
the correct late time behavior, which we summarize at the end of this section.

To analyze the evolution of the scale factor and temperature fluctuations, we expand
the energy density and pressure around the background (5.12) and find from Friedmann’s
equation (5.3) and (5.8),

. 1 M - D -3
(D =1)(D = 2) Hoéa = 2 MN"I;OGMEN + Dp‘(Tm(ﬁo,‘fo)eT 2 fMN’(TO@O,‘f’o)GMGN’
(5.19)
Dfea +er) p|(To,¢07(f’0) T fMN’(TO,%,‘f’o)G ¢ (5.20)
It is then straightforward to solve for ¢,, whose asymptotic behavior is again dictated by
the source terms in “constructive interferences” arising from the products é”éV and eM e
in (5.19) and (5.20). The late time scaling property of ¢, is found to be
2
a 1
€q X ?0 X m, (521)
which can be used in eq. (5.20) to find
a2
er X ?0 (1 4 oscillations with constant amplitude). (5.22)

In (5.21) and (5.22), the coefficients of proportionality are again fully expressed in terms
of the C}!’s.

We signal that for D > 5, all terms we have neglected in the perturbed equations
of motion are a posteriori found to be dominated by the sources we took into account.
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This guarantees the validity of the asymptotic behaviors we have found for the deviations
defined in (5.13). These results have been confirmed by direct numerical analysis of the
unperturbed system of differential equations in some examples. Since all fluctuations con-
verge to zero, the late time cosmology is radiation dominated. In particular, the dilaton
motion and the damped oscillations of éM store a negligible amount of energy as compared
to the thermal radiation energy. The internal moduli are dynamically stabilized and their

D—-2 2¢,
effective time-dependent masses (measured in Einstein frame) are Mg o< T 2 eD-2,

For D = 4, the numerical simulations show that the internal moduli converge to 50,
while the dilaton decreases logarithmically with time. Individually, the energy stored in
the dilaton motion, the total energy (kinetic plus potential) of the damped oscillations of
&5, and the thermal radiation energy decay at the same rate. Their late time behavior
satisfies

. 1 o 1
H? x ¢* x (2 Fyn®MoN —|—p> 1 (5.23)

so that the metric evolution is identical to that of a radiation dominated universe, a o< v/%.

The above logarithmic behavior of the heterotic dilaton is transferred by heterotic/type
I duality to the type I dilaton for D = 4. Moreover, in any dimension, stabilization of the
internal moduli on the heterotic side implies stabilization of internal moduli on the type I
side, except for the special case of D = 6, where S-duality exchanges the six-dimensional

heterotic coupling with the type I internal volume modulus.

6 Example: dual heterotic/type I strings on T2

Our aim is to illustrate the analysis of the previous section with examples for D = 8. We
want to find local attractor solutions of the form (5.12) associated to enhanced symmetry
points ®y of the internal moduli space of the heterotic string on 72. We shall see that the
one-loop free energy density has enough structure to stabilize 7 = Bgg + i1/ J88J99 — ggg,
U = (,5789 + i1/ §88G99 — ggg)/ggg and the Wilson lines Y (i,7 = 8,9; I = 10,11,...,25).
This translates in the type I side into expectation values of the closed and open string
internal moduli via the duality map 7 = 71, U = Uy, Y = YI{ , where

G1880199 — 7 L 9 \1/4
Ty = Cgo+i — Cgg + ie~®! (91589199 — Giso) ’
Ar 2
gisy + i\/§188§199——§1289
U = : (6.1)

J188

The only remaining flat direction of the thermal effective potential corresponds to the
heterotic and type I dilatons in eight dimensions, which are related as: ¢; = —%d) —

3 In ((2m)2\/ 988999 — 93,)-
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The heterotic effective action in the Einstein frame is (see for instance appendices D
and E in [56])
_ f} .

S:/dgx\/Tg{
(6.2)

Indeed, if we arrange the thirty-four entries of the moduli vector as o

@6)2 1 (lou? 10T +Y{0Y4]* |yav{ - av{|?
- - + .
Us 77 T Uy

(71,72, U1, Us, YSI , YQI ’), where indices 1 and 2 refer to real and imaginary parts, the metric
components of the general expression (5.2) are

!
1 Y Yy
277 0 0 0 472 472
1
7z 0 0 0 0
sz O 0 0
(Fun) = C L 0 0 (6.3)
L2
svim UE 517 YiYy w srp | YaYS
Y. 27T2U> 8’2'22 275Uo 87'2
5[’ J’ Y Y
2'727/12 8’2’2

The free energy density F is determined by the mass spectrum (see eq. (5.9)), which is
specified by the left (right)-moving oscillator number A (A), the internal momenta and
winding numbers m;, n’ (i = 8,9), and the root vector Q! of the right-moving internal
lattice T'gpin(32)/z,- As reviewed in the appendix, the mass formula M2 = 2(A+ A) +
% (ﬁ% + ]3%) involves the left and right-moving momenta along the compact directions,

, 1 . . A
piR: (mi—QJY;J—nJBij—2nJYiJYjJ>e*’I:Fn’ez-[ for i,5,1=8,...,9; J=10,...,25,

Pk = vV2(Q" +n'Y) for I=10,...,25; G € Dspin(aa)/z, (6.4)
where g;; = eZI and e*"e I = 5” More explicitly, one obtains
2 1 = 8 = | A AT IAI ?
0 (T UY) = o il o 4+ T+ (TU = WIW! )+ WQ!| 44,
(6.5)
where we have defined
~ 1
wWh=uvd{ -v{, T=T+ 5Ygfwf (6.6)

and used the level matching condition, A — A = m;n’ + IQI Q. At generic points in
moduli space, the gauge symmetry is U(1)7 x U(1)% x U(1)}9, where U(1)% x U(1)% arises
from T compactification, and U(1)}) is the Cartan subgroup of SO(32)z. We now examine
special points in moduli space where ng pairs of bosonic and fermionic superpartners gener-
ically massive are accidentally massless. Since at zero temperature the model is maximally
supersymmetric, such points are associated to enhanced gauge symmetries. In fact, the ad-
ditional massless modes arise at oscillator levels A = 0, A = —1, so that ng is proportional
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to sor_1 = 2% (see the appendix) and the enhancements of the gauge theory arise from the

right-moving sector only. In the following two examples, we will simplify the notations by

omitting the subscript “R” in the right-moving gauge group factors.

Local attractor 1: U(1)%2 xSU(3)xSO(32). We start with the most obvious attractor
where all Wilson lines vanish, Y,/ = 0, leaving the SO(32) group unbroken. The torus

moduli take the values 7 =U = 3 + i@, implying an additional SU(3) gauge factor. The
ngo states responsible for the enhancement of U(1)? x U(1)!6 — SU(3) x SO(32) are divided

into two groups:

e 6 x 23 boson/fermion pairs imply U(1)?2 — SU(3). Their quantum numbers are
(m, @) = +(1,1;0,1), +(0,1; =1,1) or £(1,0;1,0), and ¢ = 0. In this case, p}* =

I>10

0=py = and (p, p%) realize the root vectors of SU(3), which represent a hexagon.

The corresponding 6 mass formulas are,

~ o B
M =

7m7n70

e 480 x 23 boson/fermion pairs to recover U(1)' — SO(32). They have (171, 7) = (0,0)

|l = U+ TU = IWVIWI? for (i, i) = +(1,1,0,1),
7-2%/{2 |1 -T+7TU- %WIWI‘Q for (mvﬁ) = :E(O, 17 _17 1)7 (67)
m.n

7.21u2|’]~——l/l]2 for (

.
)

@ = +(1,+1,0,...,0), £(1,0,+£1,...,0) or any other permutation. In this case,

1>10

pi’g =0= p%’g, while (pg~") realize the root vectors of SO(32). The corresponding

480 mass formulas are

. 1,J=10,...,25, I #J. (6.8)

To compute the squared mass matrix defined in eq. (5.14), we first evaluate the

second derivatives (5.15) of the free energy at ®y. The non vanishing components

are proportional to

1o 82M2
u=1 0700Ta
20 9202

L aviavy |

o 92772
0°M
=) ——“ | =16x23 a = 1,2 (no sum over «)
B OULOUy, | -,
P, u=l P
o 52372
0°M 3 .
— =160 x 2°, i =8,9; 6.9
Z; 3}/8181/91 . ! ( )

I=10,...,25 (no sum over i, ).

The nonzero entries of the metric (6.3) at ® are also found to be

Fr.7, =

FY;'IY;'I -

2
Fuu, = 3’ a =1,2 (no sum over «) (6.10)
2

1
3> Fyglygl =3 i=28,9; I =10,...,25 (no sum over ,1).

The resulting matrix of squared masses is diagonal, with strictly positive eigenval-

ues. Therefore, all flat directions of the internal moduli space are lifted. Once the
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dynamics is attracted to the trajectory (5.12), the “time-dependent moduli squared
masses” are

Ce 2¢9 Ce 2¢9
M£1:E23x24e 5 TS or M£2:E23x2406 5 TP (6.11)

The first one corresponds to 77, 73, Uy, Us, while the second is associated to the
Wilson lines Y and Y. The additional factor of ten for the latter can be understood
from the fact that they are coupled to ten times as many additional states as compared
to the torus moduli.

Local attractor 2: U(1)2 x SU(2) x SO(34). The point ®y we now consider cor-
responds to the values 7 = U = i/y/2, YBI210 = 0 and Y910 = —Yg11 = —ng = ... =
—Y925 = —1/2. This moduli configuration is much less trivial than the previous one, since
it is going to give rise to the gauge group SU(2)g x SO(34)9 . 25, where the subscripts
denote which directions ¢ = 8,9 and I = 10,...,25 are associated with the gauge factors.
There are ng = 546 x 23 extra massless boson/fermion pairs of states, which can be divided
into 2 x 23 for the SU(2)g and 544 x 23 for the SO(34)g
SO(34),... 25 factor arises from an enhancement of the U(1)g symmetry of the 72 torus,

77777 o5 enhancements. Note that the
with the SO(32) symmetry of the internal lattice. The detailed quantum numbers of the
extra states are as follows:

e 2 x 23 boson/fermion pairs give U(1)s — SU(2)s. They have (1, 7) = +(1,0;1,0)
and Q = 0. In this case, p?B =0= p}?g, while p% = ++/2 realize the root vectors
of SU(2)8

For SO(34)9... 25, the 544 x 23 pairs of bosons and fermions giving U(l)éz..,% —
SO(34)g.,... 25 are subdivided into:

e 420 x 23 pairs transform in the adjoint representation of SO(30) and are giving rise
to U(1)}7 o5 — SO(30)11,....25. 210 x 23 have (i, i, Q) = £(0,1;0,0;0,1,1,0,...,0)
or any permutation of the last 15 entries. The other 210 x 23 have (1,7, @) =
(0,0;0,0;0,1,—1,0,...,0) or any permutation of the last 15 entries.

e 60 x 23 pairs transform as (2, 30) under SO(2)19 x SO(30)11,... 25, giving the enhanced
group SO(32)19,..25. 30 x 23 of them have (7,1, @) = +(0,1;0,0;—-1,1,0,...,0)
or any permutation of the last 15 entries. The other 30 x 23 have (1,1, Q) =
+(0,0;0,0;1,1,0,...,0) or any permutation of the last 15 entries.

e 64 x 23 pairs transform as (2,32) under SO(2)g x SO(32)10,...25, giving the enhanced

gauge group SO(34)g . 25. 32x23 of them have (11, 7, Cj) = +(0,1;0,—1; %, ce %) and

+(0,1;0, —1; —%, —%, %, cee %) or any permutation of the last 15 entries. The other
32 x 23 have (11,7, Q) = £(0,2;0, —1; =3 1 ... 1yand £(0,2;0,-1; -1, 3 1. 1)

or any permutation of the last 15 entries.

Proceeding as before, the squared mass matrix in (5.14) can be evaluated. Its diago-

nalization reveals two groups of eigenvalues,

M2 = 693 16750 10 | M, = 2 x26e TS (612)

Q1 AYg Q2 Ag
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The first one is associated to 77 —U1 — %(YSIO —YH — . —¥2%) and 75 —Us, while the second
corresponds to 77 + Uy, T3 + Us and all 32 Wilson lines. Thus, we find a second point in
moduli space where all internal moduli are stabilized by the thermal effective potential.'3

7 Conclusions and perspectives

In this paper, we considered toroidally compactified heterotic and type I superstrings at
finite temperature. Applying the rules of heterotic/type I duality, we inferred novel con-
tributions to the free energy of a gas of type I superstrings. These contributions are due
to BPS D-strings wrapped on internal circles which become massless at special points in
moduli space, enhance the gauge group, and lift flat directions. These conclusions are
based on the S-dual heterotic picture at weak coupling. At finite temperature, the latter is
a no-scale model i.e.a flat background where all supersymmetries are spontaneously broken
at tree level.

We computed the one-loop free energy density on the heterotic side for D > 4 and
found points in moduli space where all internal moduli are dynamically stabilized due to
the cosmological evolution. Additionally, in D > 5, the evolution of the dilaton asymptotes
to a constant value, while in D = 4, the dilaton turns out to have a logarithmically
decreasing behavior.

Using the S-duality, this implies that for D > 7, all type I internal moduli can be
stabilized at strong coupling. In D = 6, the S-duality maps the heterotic coupling into
the type I volume modulus. As a result the only remaining flat direction in type I is the
internal volume modulus, which asymptotes to a constant finite value, while the type I
dilaton is stabilized at weak coupling. For the cases D < 5, all type I internal moduli
can be stabilized at weak coupling. Furthermore in D = 4, the type I dilaton inherits
the logarithmic behavior from the heterotic dilaton, while it asymptotes to a constant in
higher dimensions. In all cases, the late time geometric evolution is identical to a radiation
dominated evolution. Furthermore, all solutions are stable under small perturbations and
are thus local attractors of the dynamics.

It is worth stressing that the effects of the massless BPS non-perturbative D-strings
persist at weak coupling, as their masses are protected by supersymmetry. As a result,
the stabilization in type I for D > 7 persists at weak coupling. Furthermore, taking these
modes into account is not optional in phenomenologically motivated uses of the type I
superstring. Actually, this is not the first time massless solitons play an essential role
in weakly coupled theories. For instance, in type IIB compactifications on Calabi-Yau
threefolds, the conifold singularities in the vector multiplets moduli spaces are explained
by massless hypermultiplets realized by D3-branes wrapped on vanishing 3-cycles [57].

Realistic models should include also a spontaneous breaking of Ay = 1 supersymmetry
at a scale M, before finite temperature T is switched on. In this case, the universe is
attracted to a “radiation-like dominated era” [25-32]. This evolution is characterized by

13We have also investigated a third local attractor at the point 7 = U = i/2, Yg='0 = 0 = YO,
Yy 2 ?® = 1/2, which corresponds to the gauge enhancement SU(2) x SU(2) x SO(32) and a stabilization
of all internal moduli. Due to its similarity, we do not present its details here.

~93 -



coherent motions of e*¢®) (where ¢ is the dilaton in four dimensions) and the modulus M (t),
both proportional to 7'(¢) such that Friedmann’s equation is effectively that of a radiation
dominated era, H% o« T*. The energy stored in the oscillations of the moduli around their
minima is found to be dominated by the thermal energy and so the stabilization of the
scalars is guaranteed. Moreover, infrared effects are expected to put a halt to the run away
behavior of the string coupling and supersymmetry breaking scale. In particular, when
T'(t) reaches the electroweak scale Mgw, radiative corrections are not screened anymore by
temperature effects and the electroweak breaking is expected to take place [58-63]. This
should be accompanied by the stabilization of M (t) around Mgw [64]. Clearly, it is of
utmost importance to implement these effects in our cosmological set up since this would
provide a precise context for addressing questions of dark matter, astroparticle physics
and phenomenology. Additionally for D = 4, as well as D = 5, there is the possibility of
large contributions coming from light NS5-brane states in the heterotic theory or D5-brane
states in the type I theory which have not been taken into account yet. It is possible that
these states can play a role in stabilizing the dilaton. To make progress in this direction,
one may try to exploit heterotic/type II duality in D = 4 which is a strong-weak duality.
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A Thermal partition functions

Type I superstring. To study the canonical ensemble of a perfect gas of maximally
supersymmetric open and closed superstrings, we compactify the type I theory on the
Euclidean background S*(Ryy) x TP~ x H?: p» SY(Ry;). Bosons (fermions) are imposed
periodic (antiperiodic) boundary conditions along S*(Rjg), where BI = 2w Ryg is the inverse
temperature. The spatial torus TP~ is considered in the large volume Vi limit. Our
alm is to compute the one-loop thermal partition function. The treatment of a generic
Scherk-Schwarz compactification can be found in [65] and the case of present interest is
reviewed in [66].
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In the closed string sector, the torus contribution is half that of type IIB,

- , ] ~
7= Vil / TT LS g YO el
(27T) 2 Forp mn

>+ nen® 0 -
) _n_aln()
oL Z a+b+ab9 1 Z(_)a+6+az;9[%] (— yolata)+n°(b+5)
2 H4
a,b "
ﬁIVI 1/ d2 1 10 12
= — q4qu4pR
LY SE > "

nY even, mg

Z e IO [n7 o] [ ViV + S388) — (—1)™0 (Vs Ss + 58‘78)}

IO nOr+m A ~ m 9 )
n Z | +1mo|? 0808 + CSCS) — (—1) 0(0808 + 0808)} }7

nY odd, Mg

where g = "7

and pr ri = m;/Ry F n’Ry;. The above second expression involves SO(8)
affine characters, where those associated to the vectorial and spinorial representations
satisfy

8 Z saq? (A.2)

A>0

The Klein bottle amplitude K is obtained by keeping all characters of 7 which are invariant
under left « right symmetry. Symmetrizing and antisymmetrizing the NS-NS and RR
sectors respectively, I involves the combination Vg — Sg and is thus vanishing. In the open
string sector, the thermal annulus and Mobius strip amplitudes are

B N? /+ Z
~@2nP 2 J, f+1 L
”Rlo~

4V N dry 52 . o &
M= om0 3 ), Q;mﬁsqu o [o-o™s]
Ty m mo

M44WM,<M>

where N = 32, ¢ = "™, p; = m;/Ry; and the “hatted” characters in eq. (A.4) have the
power expansion

508 S ()saqh, (A.5)

Ui n >0
We proceed by evaluating more explicitly the amplitude 7 by “unfolding” the funda-

mental domain of integration [67, 68]. In fact, for any set of modular covariant functions
f(nm) (7, T) such that f, 5y (M(7), M(T)) = fnmym (7, T) for all M € SL(2,7Z), one has!?

d? d2 d*r
/ITZQT ;hf(n,m)(ﬂf):/f QTfOO / Zf(()m T,7T) (A.6)

20

HMEq. (A.6) is true as long as it is allowed to exchange discrete sum and integration, a fact which is
guaranteed if the integrand is absolutely convergent. This condition is satisfied for 7 when Rio > Riu.
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where S, is the upper half strip: —1/2 < 71 < 1/2, 7 > 0. Applied to eq. (A.1),
supersymmetry implies that the contribution for ng = my = 0 vanishes and we are left
with integrals over S; for ng = 0, g # 0. Defining 7o = 2ko + 1 and using (A.2), one
obtains

A A 7rR2 ~ 2 - m2 i2 2
_ ,61‘/1 2Ty (A— A—1iii) *7@10 (2ko+1)2 =772 [2(A+A)+Zi (RQZ,- +nt RH”
o sASje e i
2

~ 2mP e
Azoggo
GV [T dmy TR (9 11)2 s [4A4Y, (ﬂ—mRu)z]
[T e W
2 A%y A0
A—A=m-7
where level matching is implemented by integrating over 7.  Using the formula

JoS da e_a/z " = 24207 K,_1(2Vab), where K, (z) is the modified Bessel function of
second kmd, the integral over 75 yields egs. (2.1) and (2.2). Similarly, applying the expan-
sions (A.2) and (A.5) in egs. (A.3) and (A.4), we have

A 7rR2 ~ 'm2
BVi N2 [t dn — 220 2k +1)2 s ( 5, T +A)
_ E , s A.
A (27T)D 9 0 %_'_1 ~ SA€ E ) ( 8)
P ko, m, A>0

M /81‘71 N +o0 dT2 Z ( )As e_”§0(2];0+1)2_7r7_2(2i m?_’_A)
- o - A i

R2. A9
2mP 2 J, D wot, o (A9)
T

ko, 11, A>0
which gives eq. (2.3) after integration over 75.

Dual heterotic string. We proceed by deriving the partition function of the dual het-
erotic theory, which is compactified on S'(Rpg) x TP~1 x [[}_, S'(Rpni). Bosons and
fermions are again given periodic and antiperiodic boundary conditions along the Eu-
clidean time circle, whose circumference defines the inverse temperature Bh = 2w Ryp. This
yields

Z = Bhf/h/ d*r F(O,lG)Zqip’%qiﬁ%
om)P Sy 5, B it 2

m,n

2
« Z e ’szho [nO7+1mo|? 12(_)a+b+abﬂ§] (_)Thoa+n0b+ﬁ10no

n0,mo 2 ab n
Bth d>t T16 10 10 _mRug 0 ~
~ (@2m)P D St > agivh oo ey (—1)m°S8}
d 27-22 T 1,7 n0 even, mg

n Z e*%|n07+m0|2 [(_1)7%008 08} } (A.10)

no Odd7 mo

where ¢ = €*"™7 while PL,Ri = M/ Ry T n’Ry; and the volume f/h are now measured in the

heterotic theory. Alternatively, the lattice of internal zero modes can be considered in its

— 96 —



Lagrangian formulation, as needed in section 4 for the direction 9,
N qithegiti Rh9 "B o 7o
qiPLogaPro = Z e (A.ll)
mg,ng n9 19

To unfold the fundamental domain of integration in (A.10), one can use the identity (A.6)
as in the torus amplitude in type I. Expanding the SO(32) right-moving lattice as

° D=3 vy (A.12)

A>-1

and using eq. (A.2), one obtains

n A R2
o 2ko+1)2 -7 [ A+A)+ ( L +nz2R2 )]
Zn= ﬁth/ D+1 ZSAb e2inTi(A-A~ m”)e m PRt 22D

(2m)P S
A>0, Tg>"
3.V © dr hO 2ko+1)2—mry |4A+ 1312
s [T B sapge Gl m R ]
2 Lo
R
A—A=m-7n

which can be integrated to give egs. (3.1) and (2.2).

Heterotic string at generic point in moduli space. In sections 5 and 6 for D = 8,
we study in the context of the maximally supersymmetric heterotic string the stabilization
of all internal moduli by the free energy density at weak coupling. In Einstein frame,
the latter is F = —e%d’Zh/(Bth), where ¢ is the dilaton in dimension D and Zj, is the
vacuum energy in the Euclidean background S*(Rypg) x TP~1 x T19~P, The internal moduli
are the metric g;;, the antisymmetric tensor B;; and the Wilson lines Yil (i,j =D,...,9;
I = 10,11,...,25). Proceeding as before, the partition function Z}, takes the following
forms,

AT 10 12 TR2
Z _ ﬁth d27' Z q4qu4pR Z e_ 7132}10 ‘nOT“!‘ThO‘QlZ(_)a_i_b_’_ab% (_)m0a+n0b+m0n0
" (2mP F+1 nn*t 2 n?
21 G n0 sing ab
Bth d*r 12 10 _%(2;;0_'_1)2 Vs + Sg
T @n)P Js, . B+ D, TR e i (A.14)
tATY ma g i

)

- .
— (ﬂh‘)ﬁ};/ d*t ZSA?‘A 2imm (A= A+ (73 ~7%)) 67%(2k0+1)27wm[ (A+A)+L1 (72 +72)]
2w

where we introduce the coefficients r 5 of the expansion 7724 =" 1 |7 A(j‘g. The moduli-
dependent internal momenta are specified by m, @ and the root vector Q! of the right-
moving lattice T'gpin(32)/2, (69, 70],

. 1 . A A
pivR: (mi—Q‘]Y;J—n]BU—§nJY;JYj‘])e*” $n’el~] fori,j,I=D,...,9; J=10,...,25,

ph=v2(Q" +n'Y) for I =10,...,25; @ € Tspinga2)/z: (A.15)
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*ile[ —
J
satisfy %(]5% —p%) = —2m-—Q-Q, the level matching condition implemented by integrating

over 71 ineq. (A.14)is A—A=m -7 + %Q - @, which yields

where {e;} is a vector basis of 71070 i.e.g;; = e! eJI» and e 5; Since these momenta

P 2
BuVa [ dm ~ T80 (2ko+1)2-ma M2 (3,BY)
= e T 1,73, G

@mP Jo _Z+1 2 | sarae @ : (A-16)
) ko i, i, §
A>0, A>—1

A-A=m-i+33-§
72 - _ Nl (2 o2 :
where MA,m,ﬁ,cj(g’ B)Y) =2(A+ A) + % (p% + p%) are the masses of the boson/fermion

pairs of superpartners. Integrating over 7o, the above expression for Zj, leads to the free
energy density (5.9), while for D = 8 the mass spectrum takes the more explicit form (6.5).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original author(s) and source are credited.
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Abstract

We study moduli stabilization by thermal effects in the cosmological context. The implemen-
tation of finite temperature, which spontaneously breaks supersymmetry, induces an effective
potential at one loop level. At the points where extra massless states appear in the string
spectrum, the potential develops local minima whose depth depends on the temperature.
Moduli attracted to these points acquire dynamical masses which decrease with cosmologi-
cal evolution. This makes the coherent scalar oscillations dilute before nucleosynthesis, and
the cosmological moduli problem is avoided. In particular, we study the effective potential
induced by a maximally supersymmetric heterotic string gas for spacetime dimension D > 4,
and a gas of type II strings compactified on Calabi-Yau three-folds (D = 4). In the former
case, the local minima of the potential arise at enhanced gauge symmetry points, which can
stabilize all moduli but the dilaton. In the latter case, the local minima are reached at the
loci where 2-cycles or 3-cycles in the Calabi-Yau space shrink to zero size, accompanied with
either conifold transitions or non Abelian gauge symmetries. This stabilizes the type II mod-
uli which characterize the deformation of these shrinking cycles. Moduli stabilization in the
dual string models is also investigated by heterotic/type I S-dualities and type II/heterotic
dualities.

 Unité mixte du CNRS et de ’'Ecole Polytechnique, UMR 7644.



1 Introduction and outline

Moduli stabilization is a long standing issue in the superstring phenomenology. In fact, the
presence of moduli fields in supersymmetric compactifications leads to difficulties: not only
the massless scalars are in contradiction with observations of the gravitational force, but
also, being continuous parameters in the couplings and mass spectrum, they imply a loss
of predictability of the theory. Much attention is thus drawn to the search for mechanisms
which attract the moduli fields to certain preferred values, where scalar masses are generated.

On the other hand, the scalar masses are subjected to constraints from cosmology. Ba-
sically, when the scalar fields oscillate coherently in the potential well, the energy of oscil-
lation dominates the total energy of the universe [1], until the scalar particles decay. The
productions of the decay can alter the primordial abundances of the light nuclei produced
by nucleosynthesis. Also, the huge amount of entropy production during the decay can wash
out the baryon number asymmetry. This is termed as the cosmological moduli problem,
which was initially identified in the framework of supersymmetric standard models [2-4].
One applaudable solution to these is to require the scalar masses be of O(10)TeV order. It
is pointed out in [3] that once this is satisfied, the decay of these scalar particles reheats the
universe to a temperature of order 1MeV, high enough to restart the nucleosynthesis. Then
it is found in [4] that the baryon number asymmetry can also be saved by the O(10)TeV
order scalar mass if the baryogenesis is due to the Affleck-Dine mechanism [5].

Here I present our recent work [6,7] where the above problems were addressed by inves-
tigating thermal string effects. It was shown in [8] that a gas of string modes, carrying both
winding and momenta, can generate a free energy that enables stabilization of radii moduli.
A quantum version of this effect has been presented in [6,7,9,10], with the thermal gas and
free energy replaced by virtual strings which induce an effective potential. To avoid gener-
ating a large cosmological constant, the cosmology is addressed in the context of no-scale
models [11]. The latter are defined at classical level by backgrounds associated to vanish-
ing minima of the scalar potential, with flat directions parameterized by the spontaneous
supersymmetry breaking scale.

For simplicity, we consider here only temperature breaking of supersymmetry. At the
level of conformal field theory on the worldsheet, the implementation of finite temperature
amounts to a Scherk-Schwarz reduction on the Euclidean time circle of radius Ry, with
boundary conditions associated to the spacetime fermion number [12]. The string frame
temperature is T = B_l = 1/27TR0 and the Einstein frame temperature is T' = ep29" T,
where ¢”) is the D-dimensional dilaton. The supersymmetry is thus broken spontaneously
at the scale T'. We restrict our attention to the intermediate era between the Hagedorn
phase transition [13] and the electroweak phase transition, so that Mgying > T > Apw.

To build phenomenologically viable models however, it is necessary to also include zero
temperature spontaneous supersymmetry breaking. Otherwise as the temperature drops
during the cosmological evolution, the supersymmetry broken by temperature will be re-
stored. The case with another Scherk-Schwarz reduction performed in one of the internal
dimensions is intensively studied in Refs. [9], where it is shown that the supersymmetry
breaking scale Mgygy induced in this internal dimension evolves proportionally with T'. It



is expected that by the end of the intermediate era, when T approaches Agw, the radia-
tive corrections induced by infrared effects start to destabilize the Higgs potential, freezing
Msysy at about O(1)TeV order. This gives an account of the hierarchy Msysy < Mpany -

The breaking of supersymmetry generates a nontrivial vacuum-vacuum amplitude, which
we compute at one-loop level, supposing that the string theory is at weak coupling. This
amplitude is just the thermal partition function of the string gas computed up to one-loop
level, which we denote by Z. It gives rise to the free energy density by F = —ﬂlv, (V' the
space volume in Einstein frame). The back-reaction of F on the spacetime background is
dictated by the one-loop effective action

D R 1 M AN 2
S=[d x\/_—g[g — 5Fun00M 90V — F (T, @)}, (1.1)
where @M are the moduli, and the metric components Fj;n are functions of these moduli.
Since F appears in the action as the effective potential, moduli attractors should be its local
minima.

It can be shown that when we only have temperature breaking of supersymmetry, the

free energy density takes the form [6]:

F(T.8) = _/ a1 S e #@ NN RS - PN G(M(B)/T),  (12)
0 2£ (27T£)7 s ko€Z s

where M, is the tree-level mass of the s-th string state, which can depend on the moduli. The
function G(x) is defined in terms of the modified Bessel function of the second kind (see [6]
for more details). It peaks at x = 0 and is exponentially suppressed at large x. Therefore
only light states give significant contribution to /. By consequence the local minima of F
appear at the vacuum expectation values (VEV’s) of ® where some massive states in the
string spectrum become massless. These states can originate either from the perturbative
spectrum or from non perturbative objects such as D-branes. String-string dualities can help
figure out the non perturbative contribution.

The local minima of F induce time-dependent scalar masses, instead of constant ones.
This ensures that the universe is radiation dominated at the exit of the intermediate era,
which is crucial to the resolution of the cosmological moduli problem. In order to show
this, we take the flat Robinson-Walker metric ds* = —dt? + a(t)*d#? (in the Einstein frame).
Solving the equations of motion about a local minimum of F, say 50, we obtain the following
time evolution of the scale factor, the temperature, and the total energy density:

a(t) oc 1/T(t) o< t¥P) proy o H? oc a™P. (1.3)
The coherent moduli field oscillations obey the equation
M (D - 1)HM + AM N =0, (1.4)

where we let & = @, + & and we have the squared-mass matrix AM, = (FMPFpy) g, With
Fpy = 62}"/8(I>P<I>N, and FMY the inverse of Fyy. Using Eq.(1.2) one can show that

2



AM; oc TP=2. Thus with Eq.(1.4) we have the usual scalar dynamics, but with scalar masses
depending on the temperature, hence on time. This results in the late-time scalar oscillation
behavior € ~ ¢~/ sin (A#*/P + phase), instead of ¢'/P~!sin (At 4 phase) for constant mass,
where A\? is some eigenvalue of the squared-mass matrix. Therefore the energy density stored
in the scalar oscillations behaves asymptotically as

Pe = %FMNL}?O EMN 453 a?3P/2, (1.5)
while the result for the case of constant scalar mass is pgy ~ a'~ which obviously dominates
over the radiation energy pr.q ~ a P for any spacetime dimension. Back to the case of
dynamical mass, where Eq.(1.5) holds, when D > 5, the universe is radiation dominated,
since compared to Eq.(1.3), we have pp < pioy. However D = 4 is a marginal case where
even though the metric evolution appears as that of a radiation dominated universe (pyo;
H? =< a™), the energy of coherent scalar oscillations is not dominated. Instead, it takes up
a constant portion in the total energy (pior o pe o a=4). This is due to the over-simplified
supersymmetry breaking mechanism that we adopt here. It is shown in [9] that the D =4
case is also radiation dominated once an additional source of spontaneous supersymmetry
breaking is introduced in the internal space.

In the following, we investigate the cosmology induced by two specific string models: the
maximally supersymmetric heterotic strings and the Calabi-Yau (CY) compactification of
type II strings.

2 Heterotic cosmology and type I dual

We start with the cosmology induced by weakly coupled SO(32) heterotic strings compacti-
fied on a factorized torus H?: 5 S'(Ry;), where the subscript h indicates heterotic quantities.
The model have maximal number of supersymmetry, so that the metric (Fy,y) in Eq.(1.1)
is exact at tree level. Let the moduli space be coordinatized by the D-dimensional dilaton
¢£D) = £10) -3 ?:D In(27 Ry;) and all the internal radii Ry; with i = D, ...,9. Computing
the thermal one-loop amplitude, we find that when all radii satisfy |Rp;—1/Ry;| < 1/(27Ryo),

i=D,...,9, the corresponding free energy density takes the form [6]:

9
1
Fn = —TD {nOCD —i—an G<27TRh0‘R — Ry;

hi

) + (’)(62”Rh0)} : (2.1)

where the coefficients ny and n; are positive, associated to the counting of states. The
first term in the above expression is from massless states. The second term involving the
G-function shows that Fj, reaches a local minimum at the self T-dual point Ry; = 1 (i =
D,...,9), due to the states of masses ‘% — Ry; ‘ These are just the non Cartan components
responsible for the gauge symmetry enhancement U(1) — SU(2) in each internal circle. In
fact in heterotic strings, the correspondence between the enhancement of gauge symmetry
and the local extrema of the free energy is true to all loop levels [14]. Therefore the internal
radii can all be stabilized at the value 1 where we have SU(2)1°~" enhanced symmetry.
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Moreover for D > 5, the string coupling )\ﬁD) — e freezes on the flat direction to some

constant value determined by the initial conditions. For D = 4, the dilaton ¢1(14) does not
converge to a constant but instead decreases logarithmically with the cosmological time.

We switch to the dual type I picture. If we perform naive perturbative computation

=T+ K+ A+ M to obtain the free energy density, we will find no local minimum
of Fi, since no perturbative effect can lead to gauge symmetry enhancements in maximally
supersymmetric type I strings. We thus seek to include non perturbative effects which can
be inferred from heterotic strings through string-string S-dualities. In dimension D, the
duality dictionary for Einstein frame quantities is [15]

77¢(D)
Ry = = p : i=0orD,...9
hie — =~ — L 1/4 - PREEPRE)
\/)\_I ( j= D27TRI]>
) (2.2)
D 6 -2
§Z5£D) — Zln 27 Ry;) ,

i=D

where )p is the type I string coupling in ten dimensions. When applying this duality map,
the heterotic states that induce the local minimum in Eq.(2.1) are sent to non perturbative

states of masses th_ — 1?\_11 on the type I side. From the type I point of view, they have
the natural interpretation as D (or anti-D)-strings wrapped once along the circles SY(Ry),
1 _ Ry
BT a ‘ < 27rR , they are

attracted to Ry = /A1, where we have the enhanced gauge symmetry SU(2)°~" due to D-
string states. The type I dilaton freezes somewhere along its flat direction just as its heterotic
dual except for D = 6 where it is stabilized while the internal space volume [],_,, (27 Ry;)
freezes along a flat direction. This is because in D = 6 the duality map Eq.(2.2) exchanges
internal volumes and string couplings. Another subtlety arising from Eq.(2.2) is that, since
the heterotic theory is always in the weak coupling regime, the type I dual is strongly coupled
for D > 6 and weakly coupled for D < 6. However our result is still valid at small coupling
for D > 6 since the D-string states, responsible for the stabilization of Ry;, are BPS states
whose masses are protected by supersymmetry.

The D-string state contribution can also have an El-instanton interpretation, following
the lines of Refs. [16]. For simplicity, we consider the compactification on S*(Ry). This
contrasts the zero temperature case where El-instantons arise for D < 8. Starting from the
heterotic side, we can easily express the thermal partition function as a sum over world-
sheet instantons. When sending this heterotic result to the type I side using the dictionary
(2.2), the corresponding type I partition function contains a sum of El-instantons, which is
explicitly [6]

Rig

27,7r
Qp 1 = yIQ - 2”0] —4m
s : Z mu>”A>ZfA(x FAgE) E o ror )

E1 1nstant0ns

(2.3)



with the Kihler and complex structure moduli Yy and )y of the torus S*(Ry) x S*(Ry)

TI = iTIQ = 2(2]2’0 + ]-)RIO : ngRIQ

, e . (2kg+ )Ry >, 1Y >mg >0, ko> 0. (2.4)
yI:yIl‘f'ZyIQ:_;)‘f‘lw
n n° Ryg

This result suggests it possible to derive from a pure type I point of view the free energy
responsible for the stabilization of the internal moduli.

We can further consider generic toroidal compactifications, where all possible moduli
are switched on. On the heterotic side, these moduli include the dilaton ¢hD), the internal

™ the internal antisymmetric tensor BZ(]h )

metric g;; , and the Wilson lines Y({l)i, where 4, j =
D,...,9and I =10,...,25. Again, all moduli except the dilaton are attracted to the values
associated to some enhanced gauge symmetry, where F}, is minimized locally. In the dual

type I picture, moduli stabilization is inferred from the heterotic side through the dictionary

py D-6 D-2
4P) — o L2y fg®

= In
h )
®) gV ! ® i (25)
_ Jij _ I _ I
9i5° = AL Bij = Cjj, )(h)i = 3(1)1"

where C;; is the Ramond-Ramond 2-form. The subtlety is that now the dual type I moduli are
stabilized by either non perturbative D-string states in the closed string sector or perturbative
states in the open string sector. For D # 6, all type I moduli are stabilized except the dilaton,
and for D = 6 however, the dilaton is stabilized while the internal volume freezes on a flat
direction.

As an explicit example, we examine the case of compactification on 72, where we have

on the heterotic side, the moduli 7 = Bgg + i/ Jssdog — 29, U = (ggg + i1/ g8 G99 — ggg)/ggg

and the Wilson lines Y (4,7 = 8,9; I = 10,11, ...,25). The mass formula for perturbative
F-string states is

2
+44, (2.6)

a1
—msld-+ my+ T+ (TU = SWW )+ WIQ!

T Tolls

where W :=UY{ — Y and T := T + sY{W!, i, ii are the internal momenta and winding
numbers, and Q' the root vector of the internal lattice T'o(32)/z,. Using the mass formula we
can figure out moduli attractors where there are states becoming massless. The enhanced
gauge group can be determined from the Narrain lattice formed by the right-moving internal
momenta of these states. For example we have the local attractor with SU(3) x SO(32)

enhanced symmetry, where the moduli are stabilized at Y/ =0, T =U = % + 2‘/7§ Another
less trivial example is the attractor with SU(2) x SO(34) enhanced symmetry, where the
moduli are attracted to T =U = i/v/2, Y{=" =0and V{0 = V' = Y2 = ... = -V =

—1/2. In the dual type I picture the moduli stabilization follows from the dictionary (2.5).



3 Type II cosmology and heterotic dual

We turn to models with less supersymmetry. We consider cosmology in type II strings
compactified on a Calabi-Yau (CY) three-fold M of Hodge numbers (hi1, h12). The moduli
space is a Cartesian product My x Mpy. The vector multiplet moduli space My, of complex
dimension hi; is a special Kahler manifold, which is exact at tree level, because the dilaton
lives in a hypermultiplet. The hypermultiplet moduli space Mg of real dimension 4(hq+1)
is a quaternionic manifold, which contains the universal hypermultiplet accommodating the
dilaton. Therefore My is subjected to perturbative and non perturbative corrections. When
M is a K3 fibration, a dual heterotic string theory can exist, compactified on K3 x T2.
The string-string duality sends the type II vector multiplet moduli to the heterotic vector
multiplet moduli and the same is true of the hypermultiplet moduli. Thus the stabilization
of heterotic moduli can be inferred from the stabilization of the dual type II moduli.

On the type II side, the moduli space develops singular loci when the internal CY space
undergoes extremal transitions. At these loci, some 2-cycles or 3-cycles in the CY space
shrink to zero size, giving rise to a singular three-fold. This can lead to conifold transitions
or non Abelian gauge symmetries, with extra massless states appearing in the low-energy
spectrum. Nonsingular CY three-folds can be recovered by restoring the shrinking 2-cycles
or 3-cycles to finite size. In the following analysis, we adopt the type ITA description, and
suppose that the desingularization by restoring 2-cycles is always available. Indeed only in
this case can we write down the effective gauge theory, following the analysis in [17,18].

At the conifold locus, let R 2-cycles in the CY space M, spanning an S-dimensional sub-
space of homology, shrink to separated nodes. Locally, R monopole states become massless,
described by R hypermultiplets charged under S U(1)-vector multiplets [17]. When R > S,
we can deform the shrinking 2-cycles into 3-cycles and obtain a topologically different CY
space M’. The change in Hodge numbers is

hi(M') = hiy (M) — S, hia(M") = his(M) + R — S. (3.1)

Near the non Abelian locus, N — 1 homologically independent 2-cycles, with the intersection
matrix the Cartan matrix of Ay_i, shrink to zero size along a smooth curve C' of genus
g. By the arguments in [18], N> — N vector multiplets and g(N? — N) hypermultiplets
become massless, giving rise to the gauge symmetry enhancement U(1)V~! — SU(N) with
g hypermultiplets transforming in its adjoint representation. When g > 1, we can construct
a topologically different CY space M” by deforming all shrinking 2-cycles into 3-cycles. The
change in Hodge numbers is

hll(M”) = hll(M) — (N — 1), hlg(M”) = hlg(M> + (g - 1)<N2 — N) - (N - ].) (32)

In both cases, the low energy effective theory about the singular loci containing all light
fields is described by a gauged N = 2 supergravity theory. Desingularizing the CY space
by restoring the shrinking 2-cycles (3-cycles) corresponds to sitting in the Coulomb (Higgs)
branch of the gauge theory. Therefore by our setup, the Coulomb branch must exist. The
scalar fields in the light vector multiplets span a special Kéhler manifold which contains
My, and we denote its special coordinates by {X}, I =1,... ny. The scalar fields in the
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light hypermultiplets span a quaternionic manifold which contains My, and we let its real
coordinates be {qE}, ==1,...,4ny. Here ny > hy; and nyg > hijs + 1 are respectively
the total number of light vector multiplets and light hypermultiplets. These scalar fields
are divided into two groups: those participating in the extremal transition whose VEV’s
characterize the deformation of the vanishing cycles, and the rest which are spectators to
the extremal transition. We then let g;7 = ¢g;7(X*) and has = hax(¢%) be the special Kéhler
metric and quaternionic metric. Due to the gauging, a scalar potential is generated. The
supergravity action is now regular in the neighborhood of singular loci since the inclusion of
all light states repairs the IR divergences.

Attraction to conifold transition loci

Near the conifold locus, the scalar fields participating in the extremal transition are those in
the vector multiplets of U(1)%, X? (i = 1,...,5), and those in the R hypermultiplets charged
under U(1)°, ¢ (A=1,...,R; u=1,2,3,4). The conifold locus can be represented by
X' = 0 = ¢™* with suitable choice of parametrization. For simplicity we switch off the
spectator scalar fields. In the neighborhood of the conifold locus, by performing power
expansion in X’ and ¢ and imposing U(1)°-isometry, we obtain the scalar part of the
supergravity action to the lowest order [7]:

1 1 o
§= / &'z /=g [53 g, 0X10X7 — v.oMy oA
(4)
0] A

where Q7' is the charge of the A-th monopole under the i-th U(1), g. the gauge coupling
constant. The Kahler potential Ky, the special Kahler metric and the quaternionic metric

in the above action are constant, taking their values at the conifold locus. Also we have
defined the SU(2)x doublet and the D-term:

S A At = oA

JeR oY > DZ_%:QZ.Q 24, (3.4)
The action (3.3) describes an AV} = 2 supersymmetric Abelian gauge field theory formally
coupled to gravity. We show that moduli are attracted to the conifold locus whether starting
in the Coulomb branch or the Higgs branch.

e In the Coulomb branch, corresponding to the compactification on M, X* (i = 1,...,9)
obtain nonzero VEV’s, while ¢** (A = 1,...,R; u = 1,2,3,4) have zero VEV. Thus the
VEV’s of X* form S of the hy; (M) Kahler moduli, parameterizing the Coulomb branch
vacua together with the moduli fields which are spectators to the conifold transition. The
free energy density is [7]

Pt o)) o) 09




where ng and ng count respectively the massless states and the light monopole states. Also
M iy is the minimum mass of the states which never become massless in the neighborhood
of the conifold locus. We let the temperature be much lower than this mass, T" < My,
so that the contribution from massive states is exponentially supressed. In the argument of
the G-function, M is the tree-level mass of the s-th light monopole state, which has the
behavior M, ~ O(X"). Therefore at the conifold locus where X* = 0, the free energy density
reaches its local minimum. Thus the S Kahler moduli X* are attracted to the conifold locus.

e In the Higgs branch, corresponding to the compactification on M’, ¢A* (A=1,...,R; u =
1,2,3,4) have nonzero VEV’s subjected to the constraints ﬁz = 0 modulo gauge orbits, so
that they parameterize R — S of the hya(M') + 1 quaternionic directions in the complex
structure moduli space. On the other hand, the VEV’s of X vanish, and the vector multiplets
containing X* absorb S hypermultiplets to form S long massive vector multiplets. The free
energy density takes the same form of Eq.(3.5), with M, ~ O(¢”**). Thus the 4(R — 95)
hypermultiplet moduli ¢** are attracted to 0, corresponding to the conifold locus in the
Higgs branch.

Attraction to non Abelian loci

Near the non Abelian locus the scalar fields relevant to the extremal transition are those in
the SU(N)-vector multiplet, X (a = 1,..., N>—1), as well as those in the g hypermuliplets
in the adjoint of SU(N), ¢*** (A =1,...,9; u = 1,2,3,4), and we suppose g > 1.} The
non Abelian loci can be parameterized as X = 0 = ¢®A*. Expanding in powers of X® and
q®**, imposing SU(N) isometry, we obtain the bosonic part of the supergravity action to
the lowest order [7]:

| 1 i
S= - de /=g [5}% — PVX"VX - V24V,

— g2 {RIX X 4 ALK g gt X 2D D (3.6)
where [ is a nonzero constant. The SU(2)g doublet 2% and the D-term D* are defined as

aA2 - _aAl
a —q +1 q na - rabc )b AT = g)cA
QA - ( qu3 —f—iqu4 ) ) D* = AEb Zf 2752 ) (37)

where fo¢ are the structure constants of SU(N). The action (3.6) thus describes an Ny = 2
SU(N) super Yang-Mills field theory formally coupled to gravity. We show that moduli can
be attracted to the non Abelian locus from either the Coulomb branch or the Higgs branch.

e In the Coulomb branch, corresponding to the compactification on M, all Cartan compo-
nents X% and ¢** (a=1,...,N—1; A=1,...,g; u=1,2,3,4) acquire nonzero VEV’s,

"When g = 0, the pure SU(N) gauge theory has UV freedom, and is Abelian in the IR with the gauge
group U(1)N~1. This situation can be regarded as an example of the conifold case with S = N — 1 and
R = 0. For g = 1, the SU(N)-vector multiplet and the only hypermultiplet in the adjoint representation
combine into an N = 4 gauge sector. This case is conformal and is already dealt with in Sec.2.



while all the non Cartan components vanish. Therefore X@ form N —1 of the hy; (M) Kihler
moduli, while ¢®** form 4g(N — 1) of the 4hy3(M) + 4 complex structure moduli. The
free energy density takes the form of Eq.(3.5) with M, ~ O(X?, ¢®4"). Therefore the non
Abelian locus where X% and ¢®** vanish is the local minimum of the free energy density. By
consequence, X% and ¢®** are attracted to the non Abelian locus.

e In the Higgs branch, corresponding to the compactification on M”, ¢®A* (a =1,..., N? —
1; A=1,...,9; u=1,2,3,4) have nonzero VEV’s satisfying the constraint D® = 0 modulo
gauge orbits, and they form 4(g —1)(N? — 1) of the 4hi5(M") + 4 complex structure moduli.
The scalars in the SU(N)-vector multiplet X* vanish. The SU(N)-vector multiplet absorbs
one hypermultiplet in the adjoint of SU(N) and becomes a long massive vector multiplet.
The free energy density is of the form Eq.(3.5), with M, ~ O(¢®**). Thus the (9—1)(N?—1)
complex structure moduli ¢*** are attracted to 0, corresponding to the non Abelian locus
in the Higgs branch.

An example: stabilization at intersections of extremal transition loci

We analyze a 2-parameter example with heterotic dual, where the internal CY space is
M € Py 5,6[12](2,128). Tts mirror is defined by [19]

o2+ x4 s+ af + 22 — 129 mwprsraas — 2 dalah = 0. (3.8)

The complex coefficients ¢ and 1 are the two Ké&hler moduli (from the type ITA point
of view). This model has at once a conifold locus with R = S = 1, and an SU(2)-non
Abelian locus with g = 2. The latter leads to a Higgs branch corresponding to the CY space
M" e P‘E’17171717173) [2,6](1,129). These singular loci are defined by the vanishing of [19]

A=A x A= ((1—2)" —4272) x (1 —4z), (3.9)
where A, = 0 defines the conifold locus, and Ay = 0 the non Abelian locus, with z; = —Scﬁ%,

Zs = ﬁ a reparametrization of the Kahler moduli. The two singular loci intersect at two

points: (zl, zs) = (%, i) and (oo, }L), which are the favored points of moduli stabilization,
since there is a maximal number of massless modes at these points. Thus sitting in the
Coulomb branch, we can lift the whole Kahler moduli space and 2 of the 128+ 1 quaternionic
flat directions in the complex structure moduli space. Also in the Coulomb branch, the
heterotic dual compactified on K3 x T? exists [20]. Therefore we can infer from the type
IT side the stabilization of the dual heterotic moduli. Especially since the whole vector
multiplet moduli space is lifted, the heterotic dilaton, living in a vector multiplet, can be

stabilized.

4 Summary and perspectives

We have studied moduli stabilization by thermal effects in the cosmological context. The
breaking of supersymmetry generates a thermal free energy at one-loop level. The moduli
are attracted to its local minima, where extra massless modes appear in the low energy
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spectrum. These extra massless states can either be perturbative or non perturbative. The
scalar masses induced by such thermal effect are time-dependent, which ensures that the
universe is radiation dominated at the exit of the intermediate era, so that the cosmological
moduli problem does not arise.

Detailed analysis is carried out first to maximally supersymmetric heterotic strings in the
weak coupling regime. It is reported for spacetime dimension D > 4 that all moduli except
the dilaton are stabilized at enhanced gauge symmetry points, where the extra massless
states are perturbative. Additionally for D > 5, the dilaton is frozen somewhere in the flat
direction, while for D = 4, it has a logarithmic behavior. Passing to the dual type I picture
using the S-duality, one finds that for D = 4,5 (D > 7), all the internal type I moduli can
be stabilized in the weak (strong) coupling regime, with the dilaton frozen somewhere in the
flat direction. However for D = 6, where the S-duality map exchanges the heterotic (type
I) dilaton with the type I (heterotic) internal volume, the internal volume is frozen in the
flat direction and all other moduli including the dilaton are stabilized. The extra massless
states are either non perturbative D-string states or perturbative open string states.

Another model studied is the type II strings compactified on CY three-folds. The moduli
space admits particular loci where 2-cycles or 3-cycles in the internal CY manifold shrink
to zero size, leading to conifold transition or non Abelian gauge symmetry. Extra massless
N4 = 2 supermultiplets arise at these loci, inducing local minima to the one-loop free energy.
The analysis is based on writing out the full effective action without integrating out the
extra light states, so that the action is free of IR divergences. As a result, all type II moduli
characterizing the deformation of the shrinking cycles are stabilized. More generally, the
favored points in the moduli space are the intersection points of several such loci. An explicit
example is given where moduli are stabilized at the intersection of a conifold transition locus
and a non Abelian locus, where the entire Kéhler moduli space is lifted. This implies in the
dual heterotic picture that all vector multiplet moduli are stabilized, including the heterotic
dilaton.

More work can be carried out on models with N, = 1 supersymmetry, for instance, the
type II models compactified on generalized CY spaces [21] including fluxes, branes and/or
orientifold projections. As mentioned in the introduction, realistic models require a zero
temperature spontaneous supersymmetry breaking mechanism, so that the Ny = 1 super-
symmetry remains broken at low temperature. Thus it would be of interest to extend the
orbifold model results in Refs. [9] to the context of generalized CY compactifications. More-
over, toroidal compactifications of type II strings in the presence of “gravito-magnetic” fluxes
lead to thermal models free of Hagedorn-like divergences, and the induced cosmology has no
initial singularity [13]. Therefore we can investigate the implementation of gravito-magnetic
fluxes in the (generalized) CY compactifications, hopefully to obtain a theoretical framework
giving a full account for both primordial and late-time universe.
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Abstract

We consider the type II superstring compactified on Calabi-Yau threefolds, at finite tem-
perature. The latter is implemented at the string level by a free action on the Euclidean
time circle. We show that all Kéhler and complex structure moduli involved in the gauge
theories geometrically engineered in the vicinity of singular loci are lifted by the stringy
thermal effective potential. The analysis is based on the effective gauged supergravity at
low energy, without integrating out the non-perturbative BPS states becoming massless at
the singular loci. The universal form of the action in the weak coupling regime and at low
enough temperature is determined in two cases. Namely, the conifold locus, as well as a locus
where the internal space develops a genus-g curve of Ay_; singularities, thus realizing an
SU(N) gauge theory coupled to g hypermultiplets in the adjoint. In general, we argue that
the favored points of stabilization sit at the intersection of several such loci. As a result, the
entire vector multiplet moduli space is expected to be lifted, together with hypermultiplet
moduli. The scalars are dynamically stabilized during the cosmological evolution induced
by the back-reaction of the thermal effective potential on the originally static background.
When the universe expands and the temperature 7" drops, the scalars converge to minima,
with damped oscillations. Moreover, they store an energy density that scales as 7%, which
never dominates over radiation. The reason for this is that the mass they acquire at one-loop
is of order the temperature scale, which is time-dependent rather than constant. As an ex-
ample, we analyze the type ITA compactification on a hypersurface P?1,1,2,2,6) [12], with Hodge
numbers hi; = 2 and hiy = 128. In this case, both Kahler moduli are stabilized at a point,
where the internal space develops a node and an enhanced SU(2) gauge theory coupled to 2
adjoint hypermultiplets. This shows that in the dual thermal heterotic picture on K3 x T2,
the torus modulus and the axio-dilaton are stabilized, though in a strong coupling heterotic
regime.

 Unité mixte du CNRS et de ’'Ecole Polytechnique, UMR 7644.



1 Introduction

The presence of moduli fields in supersymmetric compactifications of string theory leads to
difficulties. Massless scalars are not only in contradiction with observations of the gravita-
tional force (see for example [1]), they also lead to continuous parameters in the couplings
and mass spectrum, implying a loss of predictability of the theory. Moreover, moduli spaces
which are nothing but the flat directions of a scalar potential, often admit particular loci,
where states generically massive become massless. In the literature, several mechanisms indi-
cate these loci correspond to dynamically preferred values of the scalar vacuum expectations
values (VEV’s). In the context of M-theory or type II compactifications on Calabi-Yau (CY)
spaces, it is shown in [2] that if the scalars are given initial conditions away from the min-
ima of the potential, their temporal trajectories are attracted toward the loci of additional
massless states. In [3], the scalar initial conditions are set along the flat directions, but with
non-trivial velocities. The moduli motion induces particle productions, whose back-reaction
implies again an attraction toward the same loci. However, if the scalars are initially along
their flat directions and static, the above mechanisms are ineffective. Moreover, even in
the cases they manage to dynamically select expectation values, the moduli fields remain
massless at the end of the process, and additional massless scalars may even be present at

these particular points.

On the contrary, the existence of flat directions in non-supersymetric theories is much
more sparse [4,5]. To avoid the presence of a very large cosmological constant, it is natural
to focus on “no-scale models”, which by definition are tree level backgrounds in Minkowski
space, where supersymmetry is spontaneously broken [6]. If at the classical level the scale
of supersymmetry breaking and other scalars are moduli fields, the associated flat directions
are generically lifted at the quantum level, due to the generation of a non-trivial effective
potential. In fact, any supersymmetric string compactification in flat space can lead to
a no-scale model by switching on finite temperature. This can be done at the level of
the conformal field theory on the worldsheet by compactifying the Euclidean time on a
circle and modding out by the Z, freely acting orbifold (—1)¥d, where F is the fermion
number and ¢ is an order-two shift along the temporal circle. Physically, this is equivalent
to imposing (—1)* boundary conditions along an Euclidean circle of perimeter equal to the

inverse temperature [7,8]. In this case, the supersymmetry breaking scale is the temperature



itself, while the effective potential is nothing but the free energy density F.

The question of moduli stabilization in a universe filled with a gas of strings at thermal
equilibrium is considered in [9,10]. In [11], the case of the heterotic string compactified on
a torus is analyzed at weak coupling. It is shown that at finite temperature, the points
of enhanced gauge symmetry are minima of the free energy density, where all the internal
moduli can be dynamically stabilized. There is no flat direction left (except for the dilaton)
when the gauge group does not contain Abelian factors [4]. In the S-dual picture in type
I, one finds that the light vector multiplets responsible for the enhancement of the gauge
group are either perturbative or D-strings wrapped in the internal torus. In this case,
the internal closed string moduli (Neuveu Schwarz-Neuveu Schwarz (NS-NS) and Ramond-
Ramond (RR)) together with the open string Wilson lines are stabilized [11]. This indicates
that BPS states becoming massless at some point in moduli space should be treated on equal

footing, wether they are perturbative or not.

In the present work, we use this fact to lift flat directions in the case of type Il compactifi-
cations on CY threefolds, when finite temperature is switched on. Compared to the heterotic
or type I strings on tori, the number of conserved supercharges present at zero temperature
is half and the moduli space in four dimensions is by far more complicated. It takes the
form of a product My x Mpg associated to Abelian vector multiplets and neutral hyper-
multiplets. Physically, these spaces realize the Coulomb and/or Higgs branches of Abelian
and/or non-Abelian gauge theories [12-15]. Due to the fact that the type II dilaton sits in
the universal hypermultiplet, the metric on My admits corrections in string coupling. On
the contrary, the metric on My is exact at tree level, but is singular on loci where 2-cycles in
type IIA (3-cycles in type IIB) vanish [16]. This fact is interpreted as the consequence of the
existence of D2-branes (D3-branes) wrapping these cycles. They realize generically massive
BPS states charged under the gauge group associated to the cycles and are integrated out,
at the level of the low energy supergravity description. Therefore, when the cycles vanish
and the BPS states become massless, the sigma-model metric on M, develops a logarithmic

divergence [12].!

In the present work, our aim is to argue that at finite temperature, the moduli adjust so

that a maximum number of 2-cycles and 3-cycles vanish. To show this, we consider the low

'In the case of N' = 4, the moduli space describes Coulomb branches only, which are not corrected by the
string coupling and do not present IR divergences, as follows from the vanishing of the gauge beta functions.



energy description of the models without integrating out the modes which become massless
when the internal CY space is singular. Our approach can be summarized as follows. By
convention, we present it in type ITA compactified on a CY M, rather than in the equivalent

mirror picture in type IIB.

() In the vicinity of a singular point in My, we identify the gauge group and charged matter
arising from wrapped D2-branes on vanishing 2-cycles and include them in the tree level
effective supergravity. The latter is insensitive to the temperature, since the Euclidean
time circle can only be probed by loop corrections. The classical N' = 2 supergravity
is based on a product of special Kahler and quaternionic manifolds My x My, whose
metrics are unknown but satisfy constraints. First of all, they do not develop IR
divergences and are thus regular. Second, they admit isometries we have to gauge in

order to reproduce the gauge sector engineered geometrically.

(77) The gauging introduces a scalar potential we determine explicitly in the neighborhood
under consideration. Its flat directions admit Coulomb and often Higgs branches. Mov-
ing from the Coulomb phase to the Higgs phase corresponds to an extremal transition
from the original internal space M to a topologically distinct CY space M’, where

vanishing 2-cycles have been deformed into 3-cycles.

(77i) In each branch, it is straightforward to determine from the potential the classical
masses of the heavy states that belong to the gauge plus charged matter system.
These masses depend on the moduli, which parameterize the flat directions associated

to the Coulomb or Higgs phases.

(iv) In the weak coupling regime and at sufficiently low temperature, the above masses are
the only things needed to compute the one-loop correction to the effective supergravity.
The result amounts to adding the one-loop effective potential F to the classical action
evaluated in some tree level vacuum. One finds that all flat directions in the Coulomb

and Higgs branches of the geometrically engineered gauge theory are lifted.

(v) The one-loop action does not admit static solutions anymore. In other words, a cosmo-
logical evolution is induced by the thermal/quantum corrections. While the universe

expands and the temperature drops, the moduli fields are attracted to the minimum



of F. The latter sits at the origin of the Coulomb and Higgs branches, where all tree
level masses of the gauge plus matter system vanish. However, at one loop, all moduli
masses are of order the temperature, while the gauge bosons remain massless. In fact,
the only cosmological evolution with static moduli corresponds to the compactification

on the singular configuration at the extremal transition between M and M’.

It should be stressed that since the moduli have “time-dependent masses” proportional
to the temperature, they are never abundantly produced. Moreover, the energy stored in
their oscillations around the minima of F is of order that of thermal radiation [11]. As
a result, the cosmological moduli problem [17] is avoided. However to be realistic, the
mechanism presented here has to be extended to models where N' = 1 supergravity is
spontaneously broken at a scale M, and finite temperature T is switched on. This was
done in [18] for orbifold compactifications, where it was found that the energy stored in the
moduli oscillations is dominated by the contribution arising from radiation. In this case,
the oscillations can be neglected and the moduli are stabilized at their minima. Moreover,
when the temperature approaches the electroweak scale M., and the standard model Higgs
mechanism is expected to take place, the evolution of the moduli masses should come to a
halt. We expect these qualitative facts to remain valid in the more general class of interacting

conformal field theories on the worldsheet.

In Section 2, we present in details the program (i)—(v) in the vicinity of a conifold locus.
The gauge theory in this case is Abelian, with charged hypermultiplets [12]. We show that
the Kéahler moduli of M and complex structure moduli of M’ involved in the extremal
transition M <> M’ are attracted to this locus. A similar analysis is done in Section 3 in the
neighborhood of points in the moduli space, where the internal CY M develops a genus-g
curve of Ay_; singularities (with ¢ > 1) and can be deformed into another CY space M”
(when g > 2). This system describes an SU(N) gauge theory coupled to g hypermultiplets
in the adjoint representation [13]. In this case, Kéhler and complex structure moduli of
M, together with complex structure moduli of M”, are attracted to the singular locus. In
Section 4, we argue that for any given internal CY space, we expect our approach to apply
to all Kahler moduli and most of the complex structure moduli?. However, the universal

hypermultiplet scalars remain flat directions, at least in the weak coupling regime. To

2To be specific, it is not clear to us if a complex structure controlling the size of vanishing 3-cycles which
cannot be blown up to 2-cycles can be stabilized.



illustrates our results, we consider the explicit example of a type IIA compactification on
a CY M with Hodge numbers (hj1, hi2) = (2,128). The moduli space My admits two
codimension one loci, where M develops either a node or a genus-2 curve of A; singularities.
It follows that both Kéahler moduli and some complex structure moduli can be stabilized at
the intersection of these two loci. Given the fact that M is a K3-fibration [19], the dual
heterotic description [20] on K3 x T? at finite temperature is known. It follows that the
T? modulus T}, and axio-dilaton S}, are stabilized in the strong coupling regime. Section 5

summarizes our results and presents our perspectives.

2 Stabilization at a conifold locus

In this Section, we consider the type II superstring compactified on M or M’, two CY
manifolds related by a conifold transition®. Our aim is to show that when finite temperature
is switched on, the moduli involved in the extremal transition M <+ M’ are lifted and
attracted to the conifold locus, where they can be stabilized. We choose to present our
analysis in type IIA. Due to mirror symmetry, the type IIB picture can be derived by

exchanging the roles of 2-cycles with 3-cycles.

2.1 The geometrically engineered Abelian gauge theory

At zero temperature, the compactification on M yields an N/ = 2 theory in four dimen-
sions. The massless spectrum contains in the gravitational multiplet the metric g,, and the
graviphoton Ag (from the RR 1-form). When M is nonsingular, with Hodge numbers hj;
and his, there are hy; Kahler deformations and 2h1o complex structure deformations of the
CY metric. Combining these geometrical moduli with the reduction of the NS-NS 2-form
and RR 3-forms leads to the bosonic content of h;; Abelian vector multiplets and his neu-
tral hypermultiplets. Finally, the dilaton, the axion and the reduction of the 3-form on the
unique (3,0) and (0, 3) cycles realize the scalar content of the universal hypermultiplet. In
total, the gauge group is U(1)M1+1. Moreover, due to the fact that A' = 2 supersymmetry
forbids couplings between vector multiplets and neutral hypermultiplets, the moduli space

is a Cartesian product My x Mpyg. The vector multiplet moduli space My, of complex di-

3In some particular case, there is no CY M’ in which the conifold M can be deformed to.



mension hq; is a special Kahler manifold, which is exact at tree level since the dilaton sits in
a hypermultiplet. On the contrary, the hypermultiplet moduli space My of real dimension
4(h1a + 1) is a quaternionic manifold, which admits perturbative and non-perturbative cor-
rections. Classically, it is a product manifold, where an SU(2,1)/U(2) factor is associated

to the universal hypermultiplet.

By definition, along a conifold locus of codimension S in My, S homology classes of 2-
cycles are vanishing, and R > S representative 2-cycles in M are shrinking to isolated points
called nodes [16]. The metric of My appears in the low energy effective o-model description
of the vector multiplets. To account for the fact that this metric is singular along the conifold
locus and cannot be cured by quantum corrections in string coupling, a consistent picture
has been proposed in Ref. [12]. In this work, it is supposed that generically massive states
charged under the U(1)® gauge factors have been integrated out, and become massless along
the conifold locus. Consistently, the o-model metric develops an IR divergence®. Since the
gauge bosons arise from the RR 3-form, the charged states must be D2-branes®. To be
massless when the homology classes vanish, the D2-branes must be BPS and wrapped on
the shrinking 2-cycles. To reproduce the precise coefficient of the logarithmic divergence,
the charged states must be hypermultiplets. The wrapped D2-branes being point-like from

a four-dimensional point of view, they are extremal black hole hypermultiplets.

Because the local neighborhood of a node looks like a cone whose base is S? x S3, the
singular CY M is called a conifold. When R > S, this configuration can be a passage to
another smooth CY M’ obtained by deforming the shrinking 2-cycles into 3-cycles. This is
the conifold transition, where the Hodge numbers h}; and h}, of M’ satisfy [16]

hy=hn—S, hiy=ha+R-S. (2.1)

Denoting by M, x M/, the moduli space of M’, the extremal transition M <« M’ means
My and M, are connected along the conifold locus. This geometrical picture matches
perfectly the physical interpretation of the system in terms of a U(1)® gauge theory cou-
pled to R hypermultiplets. My corresponds to the Coulomb branch: The scalars of the

4In gauge theory, this effect arises at one-loop in gauge coupling. Since the type II description of the
N = 2 vector multiplet sector is exact in string coupling, the one-loop and non-perturbative corrections in
gauge coupling are present at string tree level.

5An electric-magnetic duality can always be used to work with purely electric D2-branes, without intro-
ducing magnetic D4-branes.



Abelian vector multiplets have nontrivial VEV’s, while the charged states arise from mas-
sive non-perturbative D2-branes. M’y corresponds to the Higgs branch: The Abelian vector
multiplets combine with S charged hypermultiplets to give S massive long vector multiplets®.
The remaining R — S charged hypermultiplets are massless perturbative states, which con-

dense i.e. develop nontrivial VEV’s along M/;.

Note that if the IR behavior of a U(1)° gauge theory is able to account for the singularity
of the Kéahler metric on My, this does not mean the theory remains Abelian in the ultra-
violet. Actually, type II compactifications on CY spaces with moduli sitting in the vicinity
of a conifold locus can engineer geometrically N' = 2 asymptotically free non-Abelian gauge
theories [21,22]. In this case, the non-Cartan gauge bosons are massive and our descrip-
tion of the theory in terms of an Abelian gauge group is valid for low enough energies or

temperatures.

2.2 'Tree level low energy description in gauged supergravity

To proceed, we determine the low energy description of the type ITA compactification on M
(and eventually M’ when a conifold transition is allowed), near a conifold configuration. At
tree level in string coupling, the result is insensitive to temperature effects, since genus-zero
worldsheets cannot probe an Euclidean time circle. To be consistent on both sides of the
extremal transition, the N' = 2 gauged supergravity we are looking for has to include all
light and possibly massless degrees of freedom in the vicinity of the conifold locus, wether

they are realized perturbatively or non-perturbatively from the string point of view.

It is convenient to start our discussion from the perspective of the type IIA compactifica-
tion on M. The effective action is constructed in two steps. First, we consider the ungauged
N = 2 supergravity coupled to hi; vector multiplets and hqs + 1 + R hypermultiplets. The
scalars of the vector multiplets live on a special Kahler manifold My, while those of the
hypermultiplets span a quaternionic manifold My. Both metrics ¢;;7 and has, on My and
My are unknown, but satisfy properties we are going to use. In particular, they are reg-
ular even when M is a conifold. By abuse of language, we will refer to the set of points

in My x My corresponding to compactifications on conifold configurations of M as the

6Tt is not clear wether these massive multiplets are perturbative or non-perturbative.



conifold locus. There is a symplectic bundle over My, whose holomorphic section admits
electric and magnetic components we denote by X9, ... X" and F,, ..., F},,,. The former
can be used as homogeneous coordinates on MV. Thus, at a given point Py € MV X My
along the conifold locus, at least one of them, say X°, does not vanish and can be set to 1
in a whole neighborhood of Py. The remaining complex components X! (I =1,...,hy;) are
then the vector multiplet scalars and special coordinates on M. In the vicinity of Py, we
also denote by ¢* (A = 1,...,4(hy» + 1+ R)) a system of real coordinates parameterizing
the hypermultiplet scalar manifold M.

In a second step, the charges of the hypermultiplets are introduced by gauging a U(1)”
isometry group the quaternionic manifold My must satisfy. By convention, we label the
vectors and scalar components of the gauged vector multiplets as AL and X' (1 =1,...,9),
while the remaining X?’s (p = S+1,..., hy1) denote the scalars of the ungauged ones. With
these conventions, the tree level gauged supergravity action for the metric and scalars takes

the following form [23],
R _
Siree = /d4:c vV—yg {E — 9170, X" X7 — hAgV#qAV“qE — V} , (2.2)
where the covariant derivatives involve the non-trivial Killing vectors k2,

V.t = 0,4 + AN (2.3)

u'vi s
and the scalar potential V is given by
V = dhs kM ET S XTXT 4 g fi I PEPT — 3N XX PP (2.4)
In this expression, K is the Kéahler potential associated to the metric g;7 = dx:105.K,
K=—In [i(Fg—Fg+XIF]—XIF]>], (25)
and
i 1 1K vy i 1 1K i
fi = (00 + 50xK) (F°X7),  fi = (051 + 50:K) (e X7). (2.6)

Moreover, for each Killing vector, there is an SU(2)-triplet of momentum maps P, which

are functions of ¢®. They are related to the hyper-Kéhler 2-forms K* on My by the relation
T SUQ2) vz
2kleKAE:vE()P:a

? q

SPT 4 LD, (2.7)



where w® is the connection of the SU(2)-bundle. The fact that the Killing vectors k' and
k:;\ vanish identically implies the associated momentum maps are covariantly constant and

thus trivial, Py = Py = 0, as follows from the theorem recalled in Appendix C.

In a vacuum, the no-scale model has a vanishing potential, VV = 0. To identify the conifold
locus on My x My, we use our knowledge of the geometrical realization of the gauge theory.
When M is a conifold, all multiplets in the action (2.2) must be massless. For the ¢*’s to be
massless, we see from the potential (2.4) that (X') = 0 is required, while for the X*’s to be
massless, the Killing vectors and momentum maps must have zeros, (k) = (P¥) = 0. Thus,
Py is fixed under the U(1)° isometries. In the remaining part of this Section, our aim is to

expand the Lagrangian density in the action (2.2) around the point F.

Vector multiplets sector: We start with the vector multiplet sector and denote the
coordinates of Py in My as (X; = 0, X?). Smoothness of the o-model Kéhler metric in (2.2)

allows us to write’

917 = 9 + O(X = Xo), (2.8)
where gg—) = g;7| p,- Moreover, we will also need the finite value KO of the Kihler potential
(25) at P(),

KO =~ |i( Y~ B+ XpEO — XPEY))|, (2.9)
in terms of which the f}’s defined in Eq. (2.6) can be expressed as,

fi=e 6+ O(X — X)), fi=eM" 6+ OX - Xy). (2.10)

Hypermultiplets sector: The Taylor expansion in the hypermultiplet sector is more in-

volved. In Appendix B, we show that on M, there exists a new system of coordinates ¢
(A=1,...,R;u=1,2,3,4), ¢" (a« =4R+1,...,4(h12 + 1+ R)) such that Py is located at

(c** = 0,¢8) and the complex structures J%, the quaternionic metric and the hyper-Kéhler

TO(X — Xp) denotes without distinction holomorphic or antiholomorphic first order terms.



forms at P are:

S —— (acAu 2 chv) X n (Jacaﬁ b 2 dqﬁ> .

hlp, = % (dede) ‘PO + (hop dq™dq”) |P0 ’

KC’J|P0 = infjv (ch“ A ch”) |P0 + % ( o dg® N dqﬁ) ‘Po , (2.11)
where 7%, are 't Hooft symbols defined in Appendix A. In fact, the (¢, ..., c**)’s are in

the A™ hypermultiplets of charge Q:* under the i*® U(1), while the remaining ¢®’s are the
real components of the neutral ones®. In order to write the kinetic terms and scalar potential
in the vicinity of Fy, we need the expansions of the metric, hyper-Kahler forms and Killing

vectors?,

1
hawso = 50450+ 0@ = @), hava =0~ has = hyy +Olg— @),

1 .
Kf\u,lﬂv = 55.45 niv + O(q - QO)v Kjf\u,oz - O(Q - CJo>, gj,@ - Ka(ﬂO) + O(q - QO)7

K = QR i, A O((g — 0)?) (o sum over A), kS = O((q — 00)?).

Z (2.12)
The first order terms of the Killing vectors involve t*,, a U(1) generator acting on each
hypermultiplet, and it is a matter of convention to choose t*, = —7*“, (see Appendices A
and B). The charges Q7! are determined by the underlying CY geometry. For this purpose, we
define (a?,...,a™) to be an homology basis of 2-cycles in M, among which o (i = 1,...,.9)
vanish at the conifold locus. We also denote by v* (A = 1,..., R) the R 2-cycles which
shrink to nodes and expand 7 = ni*a’. Then, the computation of the effective action on

the world volume of a D2-brane wrapped on y* shows that Q7' = ns* [12].

To determine the momentum maps Py, we first use the facts that they vanish at F, and
that the left hand side of Eq. (2.7) is first order to conclude that the Pf’s are actually second
order. Next, we write Eq. (2.7) as

aPr
o cAu

= Q7)™ +O((g —@)?) (no sum over A), G2

=0((¢ - q)*), (213

8To make contact with the notations introduced in Appendix B, we define ¢A* = v/2¢“** in order for
the charged hypermultiplets to have canonically normalized kinetic terms. Moreover, we keep arbitrary the
basis vector 9/9¢® in the sub-tangent plane at Py associated to the neutral hypermultiplets.

90(q — qo) denotes terms of order ¢A* or (¢ — q&).
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which we integrate to find

1
P = 3 Q™M (") unc™ + O((q — 00)*). (2.14)

Effective action: From Eqgs (2.10), (2.12) and (2.14), we find that in the potential V in Eq.
(2.4), the two first terms which are positive are of order four in (X — Xj) or (¢ — qo), while
the last one, which is negative and characteristic of supergravity, is of order six and thus
negligible around the point Fy. To write the potential V in an explicitly SU(2)g-invariant
form, we introduce the doublets

o= (%)) 2.15)

and obtain after some straightforward computation

. 1 -
V= kO (2 Q@ XIXI G414 1 £ g0 DfD;?) 4o where D = QAGAMorEA
(2.16)

are SU(2)g-triplets of D-terms, o® are the Pauli matrices and the ellipsis denote order five

contributions in vector or hypermultiplet scalars.

In the end, close to a conifold configuration, the tree level effective action (2.2) associated
to the type IIA superstring theory at finite temperature and compactified on either M or
M’ takes the final form,

R -
Stree = / d'z =g {3 — 917 0. XX — S AV — 0,00

o 1 -
_ KO (2 Q;AQ;‘ XixigAtgA 4 T g(O)ZJ Dfp;?) 4o } (2.17)

It is interesting to note that the above action is that of the rigid N' = 2 supersymmetric

Abelian gauge theory with charged hypermultiplets and formally coupled to gravity.

2.3 Lifting the Coulomb branch at one-loop

The tree level scalar potential (2.16) valid around Py admits flat directions. We recall that
due to the no-scale structure of the theory, these directions are insensitive to the scale of
spontaneous symmetry breaking, here identified with the temperature. However, the picture

is drastically modified once quantum corrections are taken into account. In fact, a moduli and
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temperature dependent correction to the classically vanishing vacuum energy is generated
and, as we are going to see, lifts all classical flat directions associated to the Abelian gauge
theory. In the following, our analysis is restricted to a weak string coupling regime, with

quantum corrections computed at one-loop.

In the neighborhood of the point Py with coordinates (X = 0, X};cg* = 0,q3) in

My x My, the set of vacua of the action (2.17) is a Cartesian product between:

e The space parameterized by the “spectator moduli” X? and ¢®, which are only coupled
gravitationally to the gauge theory. These scalars are coordinates along the conifold

locus and reflect the arbitrariness in the choice of Py on it.

e The space of configurations of the X*’s and ¢**’s, which are canceling the semi-definite

positive potential V. It is characterized by the constraints

VA: XIQAGA — <0

O) (no sum over A) and  Vz,i: Df =0, (2.18)

which admits Coulomb and Higgs branches.

The Coulomb branch of vacua corresponds to arbitrary values for the gauged vector multi-

plets scalars and vanishing VEV’s for those in the charged hypermultiplets:

Coulomb branch : {(XZ arbitrary, A% = O)} X {(Xp7 q*) arbitrary}. (2.19)

To write the one-loop effective action at finite temperature in this branch, we evaluate
the tree level part (2.17) in a background of the above form (2.19) and add the one-loop

Coleman-Weinberg thermal effective potential F,

R _
Sitoop = / d*z /g {5 — 909, XT" X7 — h) 0,q°0"q" — F + --- } (2.20)

The computation of F is done in the Euclidean version of the theory, with time compactified
on a circle of perimeter equal to the inverse temperature. All degrees of freedom are imposed
(—1)¥ boundary conditions along the temporal circle, where F' is the fermion number. For

an arbitrary supersymmetric spectrum, the result is

o g0 1 a2
f__/o 20 (2r0)? ;e

~ o s (1= (=1)™), (2.21)

mo
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where T is the temperature and M, is the classical mass of each degenerate pair s of boson
and fermion. In this expression, ¢ is the proper time along the virtual loop wrapped my
times around the temporal circle and all dimension-full quantities are measured in Einstein
frame. From a thermodynamical point of view, F is the free energy density associated to a
perfect gas of bosons and fermions. In string compactifications where the supersymmetric
spectrum at zero temperature is determined by a fully known conformal field theory, the
expression (2.21) can be derived from a vacuum-to-vacuum string amplitude in Euclidean
time (and suitable (—1)¥ boundary conditions). As an example, this is the case for the
heterotic string on T'°~" which leads to a D-dimensional model whose exact spectrum is
known when D > 6 (so that no NS5-brane can wrap the internal torus) [11]. However in
general, contributions of modes realized non-perturbatively from a string perspective cannot
be captured by the CFT on the wordsheet. For instance, in the type I models S-dual to
the above mentioned heterotic cases, the perturbative amplitude has contributions arising
from fundamental open and closed strings and must be supplemented by additional terms
associated to non-perturbative D1-branes running into the virtual loop. The role of BPS
D1-branes wrapped on 1-cycles and becoming massless plays a role in stabilizing the type I

moduli [11] similar to what we are going to find here for wrapped D2-branes.

Returning to our present case of interest, the light masses in the vicinity of F, along
the Coulomb branch can be found by inspection of the bosonic action (2.17). The massless
level includes the supergravity multiplet, the I = 1,..., hy; vector multiplets and the o =
1,..., h12 + 1 neutral hypermultiplets. Of course, this is not a surprise, since this is nothing
but the perturbative massless spectrum arising from the type ITA compactification on a
smooth CY manifold M. The light squared masses of the A =1,..., R charged black hole
hypermultiplets realized in the Coulomb phase as BPS D2-branes wrapped on vanishing

2-cycles are given by
M2 =4 FV1QAX P + -+ (2.22)

where the dots stand for higher order terms in scalar fields. The leading term is consistent
with the standard mass formula of BPS black holes [12,24]. Close enough to Fy, all other
masses M, are bounded from below and heavier than the charged black holes: My > M, >

M 4. Table 1 summarizes the superfield content and associated scalar VEV’s in the Coulomb

13



branch!®.

Scalars acquiring VEV’s Superfields
In vector In hyper- Vector multiplets Hypermultiplets
lt 1 t lt l t assless assive ive assless :
multiplets multiplets (Mm 0d1u 5 Néhort M%ssg e Mn odh i Massive
1 )
Coulomb X none S 0 0 0 R
phase
A mod.
Higgs gauge orbits
phase none such that 0 0 S R=5 0
D =0

Table 1: Superfield contents in the Coulomb and Higgs branches (when R > S) associated to the
N =2 U(1)® gauge theory coupled to R hypermultiplets, which is encountered in the neighborhood
of a conifold locus in My x Mp. The scalars X? and ¢ of the massless spectator vector multiplets
and hypermultiplets are not represented.

Integrating over ¢, the free energy density (2.21) can be written as

F=-T { (44 41 + 412 + 1)) G(0) + 4 G(%) +O(e ") } (2.23)
A

where the function G(x) is expressed in terms of a Bessel function of the second kind,

Glz)=2%" <m>2& (x|2k + 1)), (2.24)

and G(0) is Stefan’s constant for radiation associated to a pair of massless boson and fermion,

2

=—. 2.25
7T2 Z |2k‘ + 1] 48 (2.25)
Moreover, the first factor 4 in Eq. (2.23) corresponds to the 2+ 2 on shell degrees of freedom
of the graviton and graviphoton, while the other factors 4 count the number of bosonic
degrees of freedom in vector multiplets and hypermultiplets. In fact, for positive x > 0, the
function G(x) is maximum at the origin and decreases exponentially,

1‘2

G(zx) = G(0) — T + O(2*) when r < 1, G(x) ~ <%)§e’z when x > 1. (2.26)

10See [25] for a general discussion about field contents following a Higgs mechanism in N = 2 supersym-
metric gauge theories.
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As a result, all contributions G(M/T) with Mg > M,,;, are exponentially suppressed, pro-
vided the temperature is low enough, 7' < My, as indicated in Eq. (2.23).

Since the free energy density F depends on the black hole hypermultiplet masses given
in Eq. (2.22), it acts as a non-trivial potential for the scalars X*. The behavior of G(z) at
o = 0 implies F is minimum when all M 4’s vanish i.e. VA, Q*X? = 0. Due to the fact that
the matrix Q7 is of rank S,!! this can only happen at the conifold locus, X* = 0. In other
words, all classically flat directions X of the Coulomb branch are lifted, while the spectator
scalars X? and ¢® parameterizing the conifold locus remain moduli. To find the one-loop
masses M;1100p Of the fields X ¢ at their minimum, we consider the squared mass matrix

A = g(O)IK% N gOTE 4 Z a)iiﬁ‘g,;@ R (2.27)

which satisfies

Af]_ _ T2€K(0)g(0)fk QkAQf 7 Afﬁ —0. (228)

A is diagonalizable, with S strictly positive eigenvalues M7, and hi; — S vanishing ones,
so that the trace leads to

Z zl loop ™ T2€]C(O>g(0)jk QﬁQf (229)

Thus, the scalars of the U(1)% vector multiplets acquire one-loop masses of order the tem-
perature scale, while the gauge bosons remain massless and the full Abelian gauge theory
U(1)mM1+1 is unbroken. If the fact that vector multiplet scalars are getting masses is certainly
a good thing, one may wonder if this result is not spoiled by the appearance of additional
massless black hole hypermultiplets precisely at the minimum. In fact, the tree level masses

of the scalars ¢A*

are vanishing at the conifold locus, but are acquiring non-trivial corrections
of order T at the one-loop level, as will be seen in the next Section in the study of the Higgs

branch.

For a homogeneous and isotropic universe, the one-loop energy density and pressure
found by varying the action (2.20) are consistent with thermodynamics [26],

p=F-T Z; P=-F. (2.30)

1 Otherwise, some of the R vanishing 2-cycles would be linear combinations of the others and would not
give independent degrees of freedom once wrapped with D2-branes.
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When T'/M,i, is low enough, they satisfy at the conifold locus the state equation for radia-
tion, p = 3P, as follows from Eq. (2.23). As a result, a particular solution to the equations

of motion for the scale factor a, the temperature 7" and the scalars is

1 .
a(t) o« W xVt, X'=c"=0, XP ¢*constant, (2.31)

where t is the cosmological time. This evolution describes an expanding universe filled with
radiation and static scalars. Consistently, the temperature drops and guarantees T < M iy,
is satisfied at late times. More general solutions consistent with homogeneity and isotropy
exist, as follows from the general analysis of Ref. [11]. They are characterized by damped
oscillations of the fields X*, which converge to their minimum at X¢ = 0. The energy density
stored in their oscillations and in the motion of the spectator moduli X? and ¢ scales as
T*. Thus, they do not dominate over radiation and the cosmological moduli problem [17] is
avoided. This follows from the fact that the masses of the scalars X* are actually proportional
to the temperature and thus time-dependent [11]. To put a halt to the fall of these masses
and obtain realistic models at low temperatures, one may follow the lines of Ref. [18]. At
zero temperature, interesting models should be characterized by N' = 1 supersymmetry
spontaneously broken at a scale M. Once finite temperature is taken into account, one finds
the evolutions of the one-loop masses of the moduli, the temperature and the supersymmetry
breaking scale M are attracted to a particular trajectory where they are proportional. When
the temperature reaches the electroweak symmetry breaking scale M,,,, the moduli masses

and M are expected to be stabilized around M,,,, while T" keeps on decreasing.

2.4 Lifting the Higgs branch at one-loop

Our aim in this Section is to complete the analysis of the conifold locus by showing that the
Higgs branch of the U(1)% gauge theory is lifted by the one-loop thermal effective potential.
In this branch, the doublets € are such that the D-terms in Eq. (2.18) vanish, while the
U(1)® vector multiplet scalars have trivial VEV’s,

Higgs branch : {(XZ = 0, % such that D? = 0)} X {(Xp, qo‘) arbitrary}. (2.32)

The 35 D-term constraints leave 4R — 35 flat directions among the charged scalars c¢A"’s,

along which the U(1)¥ gauge group is Higgsed. S of the 4R — 3 directions are orbits of the
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residual global U(1)% symmetry corresponding to physically equivalent vacua. We therefore
introduce S gauge fixing conditions reflecting the fact that .S would-be-Goldstone bosons are
caten by the massive vector fields. We are left with 4(R — S) flat directions, which can be
arranged in R — S massless neutral hypermultiplets. Clearly, for the Higgs branch to exist,
R > S is required. Moreover, the S Higgsed vector multiplets become massive and long by
combining with the remaining S hypermultiplets. The superfield content and VEV’s in the
Higgs branch can be found in Table 1. Thus, besides the supergravity multiplet, the massless
spectrum includes hy; — S vector multiplets and hio + R — S + 1 neutral hypermultiplets,
corresponding exactly to the type ITA compactification on the smooth CY manifold M’, with
Hodge numbers A, and A/, given in Eq. (2.1).

To describe the one-loop effective action in the Higgs branch, it is convenient to parame-
terize the D-term flat directions with some coordinates £ (m =1,...,4(R — S)) satisfying
QACA(&) 0® €4 (€) = 0 and such that the Jacobian matrix <BCM> is of rank 4(R — S). We

oem
denote by &j* the origin of the Higgs branch i.e. the conifold locus. In a neighborhood of

Py, the one-loop effective action valid in the Higgs branch takes the form,
R _
S {5 — 9 ox0x1 — 1®) 0gmoe" — h) 0g°0g” — f}, (2.33)

where we have defined

1 0c*|  OcAv
poO — Z 2= 2.34
=2, o .
and the free energy density F is
/ / M; _ My
F= —T4{(4+4h11 AR, + 1))G(0) +8) :G<?> +O(e )}. (2.35)

The factor 8 in the above expression counts the number of boson/fermion pairs in the long
vector multiplets of tree level mass M;. The (9(6_ M?in) term includes all contributions of the
modes whose masses cannot vanish in the neighborhood we are considering and thus admit

a lower bound M,,;,, > M, . For T' < M,;,,, these contributions are exponentially suppressed.

To proceed, we determine the sum of the squared masses of the long vector multiplets.
This can be derived from the first term of the tree level potential V in Eq. (2.16), when the

Au

hypermultiplet scalars ¢** condense along the D-flat directions. At second order in scalar

fields, the matrix of squared masses of the X?’s is

Al_j _ 26}C<0)g(0)l_k Q?Q;él C.AuCAu 4+ A[ﬁ ... (236)
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whose trace gives
Z M? = 26K gk QAQI At - (2.37)

Alternatively, the second term of V in Eq. (2.16) can be used to compute the sum of the
squared masses in the c*%-sector, when they condense. Consistently, the result in Eq. (2.37)

is recovered.

In the vicinity of F,, the thermal effective potential F is minimal when all masses M;
vanish. This occurs only at the origin of the Higgs branch, ¢A* = 0, i.e. along the conifold
locus. Thus, all classically flat directions ¢™ are lifted, while the neutral components ¢“

. . 2
remain moduli. The one-loop squared masses M7, 1.,

> 0 of the fields £™ at their minimum

¢ = & are determined by the matrix

1 O*F 7% 1 0 M
A/mn _ _h(O)ml e _ _h(O)ml8 i
2 OgloEn |, 16 2 Z ogloen |
g 0
. o | OcA
_ T26K(O)g(0)w QAQ;‘\ pOml 2= ’ (2.38)
’ afl &o o¢" o

where we have used the fact that ¢*“|¢, = 0 to obtain the last equality. The eigenvalues of

A" are the desired squared masses we are looking for. Taking the trace, they satisfy

B C.Au
o&m

5 CAu
¢!

> TM2 oy = T2 g0 QAQA RO (2.39)

&o €o .
Thus, the £™’s have acquired a mass of order the temperature scale. Due to the arbitrariness
in the choice of parametrization ¢™ of the D-flat directions, we conclude that all charged
black hole hypermultiplets scalars ¢** have a mass of order T. Combining this fact with the
result of Eq. (2.29), we see that at the one-loop level, all scalars involved in the U(1)* gauge

theory coupled to R black hole hypermultiplets are acquiring masses at the conifold locus.

The particular homogeneous and isotropic evolution (2.31) found in the study of the
Coulomb branch can now be seen as a limit case of another set of cosmological solutions,
where the scalars £ are oscillating with damping, as can be shown along the lines of Ref. [11].
The energy stored in the oscillations and in the motion of the spectator moduli ¢* scales as

T* and do not dominate over radiation.
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3 Stabilization at a non-Abelian gauge symmetry locus

In this Section, our aim is to show how the moduli involved in extremal transitions realizing
non-Abelian gauge theories can be stabilized, once finite temperature effects are taken into
account. We specialize on the case of a geometric description of an SU(N) gauge theory

coupled to g > 1 hypermultiplets in the adjoint representation.

3.1 The geometrically engineered non-Abelian gauge theory

Our starting point is the type ITA theory compactified on a CY manifold M, which can
develop a genus-g curve C of Ay_; singularities [13,14]. Among the hy; homology 2-cycles,
N — 1 are realized by 2-spheres I'; (i = 1,..., N — 1) in M, with intersection matrix corre-
sponding to the Dynkin diagram of Ay_1, and with volume shrinking to zero when we sit
on a codimension N — 1 locus in the complexified Kahler moduli space My . All connected
2-cycles built out of the I';’s are of the form I';; = I';U---UTL';, for 1 <¢ < j < N—1, and can
be wrapped by BPS D2-branes or anti-D2-branes (obtained by reversing the orientations).
The former (latter) are associated to the (N? — N)/2 positive (negative) roots of Ay_j,
while the perturbative spectrum provides the remaining massless multiplets in the Cartan
subalgebra. In the large volume limit of the curve C, the model leads to an N = 2 theory
in six dimensions describing an SU(N) gauge theory [27]. Thus, one can think about the
four dimensional case as arising from an additional compactification on the curve C of genus
g, which breaks further half of the supersymmetries. The result is an N’ = 2 SU(N) gauge
theory coupled to g hypermultiplets in the adjoint representation [13].

In the following, we restrict our attention to the cases where g > 1. Actually, when g = 0,
the pure SU(N) gauge theory is asymptotically free and, as already mentioned at the end of
Section 2.1, is Abelian in the IR, with gauge group U(1)¥~!. Thus, this situation is nothing
but a particular example of the conifold case we have already studied, for R=5 = N — 1.
For g = 1, the vector and hypermultiplet in the adjoint representation combine into an
N = 4 SU(N) gauge sector. This case is conformal and has already been considered in
Ref. [11], yielding to an attraction of the moduli at the origin of the Coulomb branches,
thus restoring the full non-Abelian symmetry. On the contrary, new physics is encountered

for g > 2, since the SU(N) gauge theory is non-asymptotically free and moreover admits
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Coulomb and Higgs branches.

The above phases are realized geometrically by compactifying on the original manifold
M or on a distinct CY M" related to M by extremal transition, M <> M". It is instructive
to recover the Hodge numbers A, and hY, of M” derived by deforming the vanishing 2-
cycles into finite volume 3-cycles [13] from the gauge theory point of view. On a smooth
CY M, which corresponds to a generic point in the Coulomb branch!?, the SU(N) gauge
group is spontaneously broken to U(1)N~!, beside a remaining “spectator” U(1)" factor,
where n = hyy — (N — 1) + 1. The hjy + 1 massless hypermultiplets include the g(N — 1)
perturbative Cartan components of the g adjoint matter representations, together with m
“spectator” hypermultiplets, m = hyjy—g(N—1)+1. The left-over N>~ N non-Cartan vector
and g(N? — N) matter multiplets are massive. On the other hand, for the compactification
on M" to reproduce the spectrum in the Higgs branch, one must have h}; + 1 = n Abelian
vector multiplets, and h},+1 = (g—1)(N?—1)+m massless hypermultiplets. The remaining
N2 —1 matter multiplets combine with the SU(N) vector multiplets into long massive vector

multiplets. As a result, one obtains [13]

3.2 Tree level low energy description in gauged supergravity

At finite temperature, the one-loop low energy effective action of the type ITA theory com-
pactified on either M or M"” can be decomposed in two parts. The classical one, which is
independent of T', and the one-loop Coleman-Weinberg thermal effective potential evaluated
in some classical background. In this Section, we focus on the tree level action, which can
be described by an N = 2 gauged supergravity. The latter, to be valid in the neighborhood
of the extremal transition M <> M”, has to include explicitly the whole set of light degrees

of freedom, including the SU(N) gauge sector coupled to g hypermultiplets in the adjoint.

Due to the relation (3.1), we can organize our discussion in terms of the Hodge numbers

of M. The ungauged supergravity we start with contains hy; + N? — N vector multiplets and

12When some non-trivial VEV’s in the Cartan subalgebra coincide, SU(N) is broken to a product of
non-Abelian SU groups and U(1) factors, with total rank equal to N — 1. Geometrically, this corresponds
to singular configurations of M, where some (but not all) of the N — 1 2-spheres are vanishing. These
circumstances are encountered in loci in the moduli space that admit the full enhanced SU(N) enhanced
symmetry locus as a submanifold.
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his+1+¢g(N?— N) hypermultiplets, in order to take into account the non-Cartan generators,
which arise from solitonic D2-branes when the compactification is on M. The scalar fields
span a product manifold My x My, with special Kahler and quaternionic metrics g; 7 and
has. Asin the case of the conifold locus, we refer to the set of points in My x My associated
to compactifications developing the curve of Ay_; singularities as the non-Abelian locus. In
the symplectic bundle (X°, X7: Fy, F;) (I = 1,...,hy; + N2 — N), the electric components
are homogeneous coordinates of My,. Therefore, in the neighborhood of a given point Py on
the non-Abelian locus, we can set one of the X-entries to 1, say X°, and work with special
coordinates X’. Furthermore, we choose a chart ¢* (A =1,...,4(hi2 + 1+ g(N* — N)))
of real coordinates on the hypermultiplet manifold My, whose properties will be specified

shortly.

By construction, the metrics g;7 and hyy are non-singular and admit a subgroup SU(N)
of isometries we now gauge. We choose the vectors and scalars of the gauged vector multiplets
to be labeled as A and X* (a=1,...,N?—1) and denote the left-over “spectator” scalars
as X? (p= N2,...,hi1+N?—N). Restricting for simplicity to the metric and scalar degrees

of freedom, the N = 2 tree level gauged supergravity action is
R _
Stree = /d4$ V=g {5 — g7 XIVHXT — sV, Vg — V}’ (3.2)

where the covariant derivatives are expressed in terms of the non-trivial Killing vectors kl

and kA acting on My and My,
VX'=0,X"+ Akl NX'=0.X"+ Akl V' =0  + A%k (3.3)
The scalar potential V takes the form [23]
V = (917 kI + dhps k2 kD) £ X0XE + gl f2 PO Prpg — 35X X PPy, (3.4)
where the Kéhler potential K is defined as in Eq. (2.5) and
o= (aXI + %8XIIC> (e2FX9), o= (a)-(, + %a)—@/c) (€3 X9). (3.5)

The triplets of momentum maps appearing in Eq. (3.4) are associated to the non-trivial
Killing vectors acting on the quaternionic manifold My, and are related to the hyper-Kahler

2-forms K*,

2k KRy = V! PPT = 0,5PF + Wl P (3.6)

a
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Utilizing Appendix C, the momentum maps Py = P, vanish identically, since the associated

Killing vectors k' and ké\ are trivial.

The vacua satisfy V = 0, and in particular the non-Abelian locus in My x My, where
all vector multiplets and hypermultiplets we have introduced are massless. This is the case
for the ¢"’s if (X?) = 0, and for the X%’s if the Killing vectors and momentum maps vanish,
(kXY = (P®) = 0. Thus, the point Py and actually the non-Abelian locus on which it sits are
fixed by the isometries. In the following, our aim is to derive the Taylor expansion of the

Lagrangian density of the action (3.2) at P.

Vector multiplets sector: Let us denote the coordinates of Py in My as (X¢ = 0, X?)
and begin our discussion with the vector multiplet sector. The infinitesimal isometry action

on the scalars, 6 X7 = k!, is generated by Killing vectors satisfying the su(N) algebra,
[k'éaxl 5 kga)(]} - fabc k{aXI, (37)

where fe¢ are structure constants. Since the X%’s are in the adjoint representation and the

Killing vectors are vanishing at F,, we conclude that at lowest order,
KD = f" X+ O((X — X0)%), k' =0((X - Xo)?). (3.8)

Utilizing Killing’s equation, the above expressions can be used to constraint the zero' order

of the Kéahler metric,

B _ a fachc a fachc
VI, J,a: g DikE + gy DikE =0 — g9 % + g\ % =0, (3.9)

where D is the covariant derivative on the complex manifold My. Taking (I,J) = (d, &)
leads to [¢®),T%] = 0, where (T%),. = —if® are the SU(N) generators. Therefore, g((l%)
is proportional to the identity matrix. On the other hand, the choice (I,.J) = (d,p) yields

gég) = 0. Altogether, we conclude that there exists a constant [?> > 0 such that

Gab = l25a5 + O(X - X0)7 gaﬁ - O<X - XO)a gpq = gz(?(qz) + O<X - XO) (310)

Finally, the K&hler potential at Py takes the form given in Eq. (2.9), in term of which we

have

fo =2k 50 4 O(X — Xy), Fo = e2K” 59 4 O(X — X,). (3.11)
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Hypermultiplets sector: The matter sector necessitates more technical manipulations.

Again, we start with the Killing vectors, whose action on My must satisfy
(k20 , kyOys] = [ kRO, (3.12)

Since the geometry of the compactification is telling us that this algebra is realized by 4¢g
adjoint representations, we know we can single out a coordinate system (¢*,q%), where
a=1,...,N*~land A=1,...,4g, and a = 4g(N*> — 1) + 1,...,4(hys + 1 + g(N? — N)).
Physically, the 4¢g adjoint representations are the components of the g hypermultiplets that
are transforming under SU (), while the remaining ¢®’s are singlets of SU(N) and therefore
referred to as the components of the “spectator” hypermultiplets. Denoting the coordinates
of Py in My as (q3*, q%), where the Killing vectors are vanishing, the latter can be written

at lowest order as
B = (e = )+ Olla— @), K = Ol - w)?) (313)

To write down the form of the quaternionic metric at F,, we make use of Killing’s

equation, where we denote interchangeably the coordinate system as ¢* or (¢*}, ¢%),

abc cA abe e
VA, Y, a: hpz DskZ +hyz Dk =0 = hA bA _(f ) + hg],)b/\ 5’(faq[i1 :

aqz = 0.

(3.14)

In the above equation, D is now the covariant derivative on Mp. The choice (A, X) =
(dp, ec) gives [h?) T%] = 0, where we have defined A" = B o bo» Which is therefore propor-
tional to the identity matrix. Moreover, for (A, X) = (dp, @) one obtains hi'}, = 0. In total,

we have at this stage
ha)\,bp = 5abhAp + (’)(q - QO)v ha)\,a = (’)(q - 90)7 haﬁ = h(o) + O( >7 (3-15)

where hy, is a constant metric.

To characterize the hyper-Kéhler forms K* at P, we use the fact the quaternionic struc-
ture must be preserved by the isometric flow, up to SU(2) transformations. This is formu-

lated by saying that there exist sections W of the SU(2)-bundle over My, such that

LoK* = eV KYW?, (3.16)
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where £, are the Lie derivatives with respect to the Killing vectors k20,a. The W2’s are
called compensators and we first determine their value at Fy. To do so, we consider the

relation [23]
Low® = VAW = qWWe + V2 VW2, (3.17)

Starting from the definition L,w* = d1,w" + i,dw”, where dw”® + %ewyzwy Aw? = Q% = AK*®
is the SU(2) curvature proportional to the hyper-Kéhler forms, and using i,(w? A w?®) =

iqw? w?® — wY i,w*, we obtain from Eq. (3.17)
VAW = Ni, K* 4+ VIV @i 7, (3.18)
Combining with Eq. (3.6), we find
SU(2) A x T - T A x x - T
\Y 573& + WP —i,w” | =0 = 573& + W?F —i,w” =0, (3.19)

by virtue of Theorem 3 in Appendix C. Since both P? and ké‘an vanish at Py, we conclude
that W¥(qo) = 0 as well. We are now in a position to use efficiently Eq. (3.16) we rewrite

in components as,
VA, S a0 k3 0zKis + Ok ) Ky + (0k5 ) KE) = €KY\ WE. (3.20)

At ¢ = qo, this relation with (A, X) = (b), cp) gives [K**) T = 0, where we have defined
K;‘"C(’\p ) = Kf/\(f?p,which is thus proportional to the identity matrix. With (A, X) = (bA, a),

one obtains instead Kf/\(oo)[ =0, so that

Koy = 0uk5, + Ola— @), Kh,=0g—q), Kiy=K.3 +0(q—q), (321)

al,x «

where K73 is an antisymmetric constant matrix.

The triplet of complex structures are related to the hyper-Kéahler forms by the definition
(B.4), so that J*y = —hASKZ,,. Using Eqgs (3.15) and (3.21), we obtain in the vicinity of
POJ

JTN = 68T, + Ol — qo),  J"a=0(q—q), J%=J"9% 40— q),
(3.22)

where Jz’\p = —hA"K(fp. Using the fact that the J*y’s are satisfying the quaternionic
algebra (Eq. (B.1) with n = hiy + 1 + g(N? — N)) everywhere on My and thus at P,
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we find J*, are also triplets of complex structures (Eq. (B.1) with n = g) in each of the
N?—1 sub-tangent planes 7o, at Py spanned by 0/0,. (at fixed a), endowed with the metric
hyp. Applying Theorem 1 (see Appendix B) in 7p,, there exists a new basis e,4, in To,
and its dual basis #¢4* in 7%, where A = 1,...,g and u = 1,2,3,4, such that J””’\p, hxp

Au

and K7y, take canonical forms. This local basis defines a new set of coordinates ¢*** such

that de*|, = V26" and 4|,
hyper-Kéhler forms and Killing vectors on My. Using Eqgs (3.15), (3.21) and (3.13), we
obtain in the neighborhood of P,

= 0, which greatly simplifies the form of the metric,

1
haAu,va = ééabdAB 61“1 + O(q - q0)7 haAu,oc = O(q - QO)a hozﬁ = hgl)ﬁ) + O(q - QO)u

1 X
K pupo = 500045 + 04 = o). Kiaya = Ola —w0), K2y = K5 +0(q — a).
kot = f e+ O0((g—@)?), ki =0((q— q)?)-
(3.23)

Finally, we know the momentum maps P, are vanishing at . Moreover, since the left
hand side of Eq. (3.6) is first order, the P¥’s must be second order. To determine them
explicitly in the neighborhood of Py, we rewrite Eq. (3.6) as

ap&f abc _cBu, = 2 87323 9
30”5” - _f & Nuw + O((q - qO) )7 aqa = O((q — qO) ), (324)
whose solution is
1
Pi = 5 e dAre g, 4+ 0((a = w)’). (3.25)

Effective action: We are now equipped to determine the potential V of Eq. (3.4) in the
vicinity of Fy. As follows from Eqs (3.10), (3.8), (3.23), the first three terms in V, which are
positive, are of order four in (X — Xj) or (¢ — qo), while the last one, which is negative, is
of order six and can be ignored. Introducing the SU(2)g-doublets and notations

GHA = (2?;;1 :;ﬁﬁ?) . X =XT°, X=X°T, cM=c4re  (3.26)
the tree level potential can be written as

I 1
V = & (21X, XJ[X, X]° + 20X, (e, X)2 4 DD 4

where D% = —j fobe gtATgrgeA, (X, V] = ifre xbye, (3.27)

130(q — qo) denotes terms of order c®4* or (¢ — q).
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with the dots standing for order five terms.

Collecting the leading contributions to the kinetic terms, the low energy effective action
(3.2) of the type IIA theory at finite temperature and compactified on M or M”, close to

their extremal transition, is at tree level and lowest order in scalar fields,
4 R 2 ax7L ya (0) P AL Y q 1 aAup aAu (0) anu B
Siree = [ d"x\/—g E—ZV#XVX — Gpg OuXPO"X —§Vuc VE — hy 5 0uq" 0

N —
— K (l2[X, X)X, X"+ 20X, e e, X]° + ED‘”‘D‘“) +-- }
(3.28)

Therefore, up to the “spectator multiplets”, the Lagrangian density has the form of a min-
imally coupled rigid N' = 2 supersymmetric SU(N) gauge theory coupled to ¢ hypermulti-

plets in the adjoint representation, formally coupled to gravity.

3.3 Tree level masses

The tree level potential (3.27) admits flat directions, along which masses for the degrees of
freedom involved in the SU (V) gauge theory are generated. Since they depend on the moduli,
the one-loop free energy we will take into account in the following Sections will behave as
an effective potential, able to lift the flat directions of the vector and hypermultiplet scalars
charged under SU(N). Actually, rather than the masses themselves, this goal requires the
sum of the tree level squared masses of the bosonic degrees of freedom we now determine.
Let us start by characterizing the flat directions of V. In the vicinity of F,, whose
coordinates in My x My are (X = 0,XF;caA = 0,q), the set of vacua splits into a

Cartesian product between:

e The space parameterized by the “spectator moduli” X? and ¢®, which are coordinates

along the non-Abelian locus.

aAu

e The space of configurations of the X*’s and ¢™*"’s, which are canceling the semi-definite

positive potential V. It is defined by the conditions
(X, X] =0, VA u: [X,c* =0 and  Va,z: D=0, (3.29)
which admits Coulomb and Higgs branches to be specified later.
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To determine the mass terms, we substitute in the action (3.28)
X = X" 40X, Ay A 4§t AY (3.30)

where (X¢,c*) satisfies the constraints (3.29), and focus on the quadratic terms of the

potential. For 6 X5 X ¢, we obtain from the first two terms of V in Eq. (3.27)
L (212 [6X, 6X]9[X, 0X]% + 2[6.X, Ao [cAe, 55(]@) = B 0X"%Xe,  (3.31)

while the contributions in 6X%9X¢ and their complex conjugate are irrelevant to compute
the trace of the squared mass operator. Taking into account the normalization of the kinetic
terms of the §X*’s in the action (3.28), we find a contribution to the trace

2 1@ avya 1 aAu aAu
i = 73 Baa + oo = AN (XX 4 ohugndn) (3.32)

tr M2
The factor 2 counts the real and imaginary parts of 6 X, the factor N arises from the relation

tr (TT?) = N§® and the ellipsis stand for higher order terms in the scalar fields.

Terms in §c?446cPP? arise from the second term in (3.27),

i} 1
e V2[X, s [sA, X = 5 Lauon, A B, (3.33)

and the D-terms. To evaluate the latter, it is convenient to rewrite the third term of Eq.

(3.4) around Py in an alternative form, using Eq. (A.5),

1 1 / /
eIC(O) 4_12 D% Dar — e’C(O) E <2[C’AU, CAu]a[CBu, CBv]a — Cyvulv’ [CAua CAU]G[CBu ) CBU ]a) : (334)

Substituting (3.30), the only terms that may contribute to the trace of squared masses are

1 1
e’C(O)l—Q([5CAU,CAU]Q[5CBU,CBv]a + [50,411’ CAu]a[CBu,(SCBU]a) = 5 A bBo (56““4“501)8”, (3.35)
The kinetic terms of the §¢®**’s being canonical, we obtain
= 3
JCI']MQ‘(SC — (L + P)a.Au,a.Au + ... = 4NeIC(0) <4gXaXa + ﬁ Ca.AuCa.Au) 4 (336)

All terms in 6 X 5c¢* or their complex conjugate do not contribute the trace. This completes

the analysis arising from the scalar fields.

To proceed, we need the contribution associated to the vector bosons. The Yang-Mills

Lagrangian density implicit in Eq. (3.28) can be written as

1
LA FF (3.37)
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where the index A takes values 0 or I to account for the graviphoton and TE&); are the gauge

kinetic functions evaluated at Py and F4 = dA%4. When (3.30) is applied and we keep the
lowest order contribution in scalar fields, a mass matrix (), is generated by the covariant

derivatives and we obtain in flat Minkowski space,
t Tih AN (0,0 — 9,0,) AP — L g M Qap A” . (3.38)
2 2
Therefore, the contribution of the vector bosons to the trace of squared masses is
tr M2 = 37Oy ... — 7 Oba peda peeb <Z2de—e 4 % Cd.AuCe.Au> NI (3.39)

where the factor 3 counts the number of degrees of freedom in massive spin-one fields. It
is certainly possible to evaluate the inverse metric 7% from its form dictated by A = 2
supergravity [23]. However, this can be avoided by noticing that tr M?|,, is known when
g = 1. In this conformal case, there is no Higgs branch and, in the Coulomb phase, all
massive degrees of freedom sit in long vector multiplets (see Table 2). Each of them contains
3 degrees of freedom associated to the vector bosons and 5 from the scalars, which are all

degenerate. Therefore, we have

— — - _ 1
tr M2 iwl — g (trM2 gxl + trMQ}ic 1) I 12N < (X“X“ + —caluc‘““> 4.
(3.40)

Comparing with Eq. (3.39), we find 70 feda feebj2 = 9 NeK 5de and therefore for arbitrary
921,

1
tr M2, = 12N (XaX“ + c“A“c“A“) SRR (3.41)

|AM 2[2

Collecting the contributions of the scalar masses Eqgs (3.32), (3.36) and spin-one fields Eq.
(3.41), we arrive at the final result for the trace of the squared mass operator in the bosonic
sector of the SU(N) gauge theory coupled to g hypermultiplets in the adjoint representation,
valid in the vicinity of Py,

o
= 16N ((g F1)XOX 4 c“f‘ucaf‘“> T (3.42)

trM2| 2

gaug

We recall that the above expression applies to any scalar configuration satisfying (3.29), in

which case all tadpoles are vanishing.
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3.4 Lifting the Coulomb branch at one-loop

The space of classical flat directions around F, splits into several branches. The Coulomb
phase corresponds to scalar VEV’s such that the matrices X®T® and ¢***T* sit in the Cartan
sub-algebra. In this case, the two first conditions in Eq. (3.29) are satisfied, while the D-term
condition follows from Eq. (3.34). Denoting as T° (i = 1,..., N — 1) the Cartan generators
of SU(N) and T% (a = N, ..., N> — N) the remaining ones, we have

Coulomb branch: {(X © arbitrary, X¢ = 0, ¢ arbitrary, (@4 = O)} X {(X P qo‘) arbitrary},
(3.43)

which corresponds to a compactification on the CY space M. As noticed in Footnote 12, M

is a smooth manifold, except when some X = X7 and % = ¢#4 for i # j, so that SU(N)

is broken to a non-Abelian subgroup of rank N — 1.

In the coulomb phase, when the X¥’s are generic but ¢4* = 0 (for all A and u), no
mass mixing terms of the form § X" or §X%5c*PY are generated by the shift (3.30) in
V. Therefore, the N? — N gauge bosons that are acquiring masses eat half of the degrees of
freedom of the §X%’s and §.X%'s, and combine into N2 — N short massive vector multiplets.
Thus, the ratio tr M?| . / tr M?|;, must equal 3/(2—1) = 3, which is satisfied by Egs (3.39)
and (3.32). The complete superfield content in this case is reported in Table 2.

Similarly, when X? = 0 (for all i) but the ¢™*’s are generic, there are still no mixing
terms between the vector and matter scalars. However, the N2> — N vector boson eat as
many would-be-Goldstone bosons now among the §c®A*, and the massive spectrum contains
N? — N long vector multiplets. Thus, the ratio tr M?|,,. / tr M?|;, must equal 3/2, again

satisfied by Egs (3.39) and (3.32).

On the contrary, at a generic point in the branch (3.43), the mass mixing terms imply the
mass eigenstates are combinations of vector and hypermultiplet scalars. Therefore, tr M?|;
and tr M?|;, cannot be interpreted as sums of squared masses in separated vector and hyper-
multiplet scalar sectors. Only the sum tr M?|;, + tr M?|;, makes sense, as the contribution
of the full spin-zero sector. Moreover, the would-be-Goldstone bosons are combinations of

the non-Cartan vector and hypermultiplet scalars.

Restricted to the weak string coupling regime, we are now ready to write the one-loop

thermal effective action. In the Coulomb branch, it amounts to adding the tree level action
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Scalars acquiring VEV’s Superfields
In vector In hyper- Vector multiplets Hypermultiplets
multiplets | multiplets g{fg&fﬁ Massive l\'IlaosI?igve ?fﬁﬁfﬂ} Massive
Coulomb X none N—-1|N*-N 0 g(N —1) g(N? = N)
phase
X cAu N -1 0 N?—-N g(N —1) (g —1)(N? = N)
or none
%" mod.
Higgs gauge orbits 2 B 5
phase none cuch  that 0 0 N*—1 | (g—D(N*-1) 0
D* =0

Table 2: Superfield contents in the Coulomb and Higgs branches (when g > 2) associated to the
N =2 SU(N) gauge theory coupled to g hypermultiplets in the adjoint representation, which is
encountered in the neighborhood of a non-Abelian locus in My x My. The scalars X? and ¢® of
the massless spectator vector multiplets and hypermultiplets are not represented. At special loci
in the Coulomb branch, where some X? = X7 and ™% = A% for i # j, some generically massive
multiplets are actually massless, and the SU(N) gauge symmetry is broken to a non-Abelian
subgroup of rank N — 1, rather than U(1)N1,

(3.28) in a vacuum (3.43) to the one-loop Coleman-Weinberg effective potential F,

R L 1
S-loop = / d'z/—g g{ 5 —l0.X 0 X 909, XPo" X1~ G Ouc et h$)0,q%0" ¢ —]—“}.
(3.44)

As seen in Eq. (2.21), F is actually the free energy density, which in the present case is

F=-T" { (4 + 4hyy + 4(hys + 1))0(0) + Z G(A;) + O(e*%) } (3.45)

where the index § labels all pairs of degenerate boson/fermion states in the massive vector
multiplets and hypermultiplets involved in the SU(N) gauge theory and collected in Table
2. In Eq. (3.45), we take the temperature to be below the lower bound M, > 0 at By
of the remaining masses of the full string spectrum. F is minimal when and only when all
classical masses in the SU(NN) gauge sector vanish, ¥§ : M; = 0. Using the general formula
(3.42) in the Coulomb branch,

L. 1 . ,
doMZ= M| = 16N ((g XX+ 5 c“““c“‘") TR (3.46)

this implies X* = 0, ¢™A* = 0. Therefore, all moduli involved in the Coulomb phase of the

SU(N) gauge theory are lifted. Their kinetic terms being diagonal, the masses they acquire
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at one-loop are

1 0*F T2 1 0% M? N 0
O TR OXIOX g 16 B A4 OXOXT| (9+D 3
0?F T? 0*M? N o
M? = — = — — =722 ¢ 3.47
1. Aul-loop aczAuaczAu i Au—g) 16 - 8CzAu802Au e I2 ’ ( )

while the classically massless U(1)¥~! spin-1 fields do not acquire masses. Moreover, due to
the arbitrariness in the choice of Cartan subalgebra at the origin of the Coulomb branch,

aAu

we conclude that all vector multiplet and hypermultiplet scalars X and ¢**", even though

classically massless, have one-loop masses at their point of stabilization,

N N
M_?(l-loop = T2 (g + 1) K M2 = T2 2 —eK(O)

l_2€ ) cl-loop 12 )

(3.48)
where the full SU(N) x U(1)M1=(N=D+1 gayge symmetry is restored.

In a homogeneous and isotropic universe, the free energy density (3.45) leads along the
SU(N) non-Abelian locus to the state equation for radiation, p = 3P, when T is low enough.
Consequences of this fact are similar to those encountered in the case of the conifold locus,
below Eq. (2.30). A cosmological evolution for the scale factor and temperature exists, with

static scalars fields,

1
a(t) o m xVt, X®=cM=0, XP ¢°constant, (3.49)

where ¢ is the cosmological time. Since T' decreases, the consistency of the approximation
T < My, used to neglect exponentially suppressed contributions in the free energy (3.45) is
guaranteed. As in the N’ =4 case (¢ = 1 here) analyzed in Ref. [11], other time-evolutions
compatible with homogeneity and isotropy exist, where the moduli X* and ¢ oscillate
with damping in the Coulomb branch, thus converging to their minimum. The fact that
their masses are of order the temperature scale and decreases as the universe expand implies

the cosmological moduli problem is avoided.

3.5 Lifting the Higgs branch at one-loop

At the origin of the Coulomb branch, the conditions D* = 0 become non-trivial constraints

on the hypermultiplet scalars, which define the Higgs phase,

Higgs branch :  {(X* = 0,%"4 such that D" = 0) | x {(X”,¢") arbitrary |. ~(3.50)
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e Along

The above conditions fix 3(N? — 1) components among the 4g(N? — 1) scalars ¢
the flat directions, the SU(N) local symmetry is completely Higgsed spontaneously. The
remaining global SU(N) orbits can be used to gauge away N2—1 would-be-Goldstone bosons,
so that 4(g—1)(N?—1) flat directions of inequivalent vacua remain. By supersymmetry, the
latter can be parameterized by the scalars of (¢ —1)(/N? — 1) neutral hypermultiplets. Thus,
the above Higgs branch exists only for g > 2, in which case it is realized geometrically by
compactifying on the CY M” with Hodge numbers given in Eq. (3.1). Actually, N? — 1 of
the initial g(N? —1) hypermultiplets combine with the Higgsed vector multiplets into N% —1
massive long vector multiplets, as summarized in Table 2. Therefore tr M?|,, / tr M?|5, =

tr M?|s, / tr M?|;5 = 3/2 must be satisfied, which is consistent with Eqs (3.32), (3.36) and
(3.39) when X* = 0.

In the case of the Coulomb phase, we introduced an arbitrary choice of Cartan gener-
ators T° among the 7%s. In a similar way, we now define an arbitrary set of coordinates
& (m = 1,...,4(g — 1)(N? — 1)) along the Higgs phase flat directions. They satisfy
fabe @bt (€)aEeA(€) = 0 and the Jacobian matrix (‘%GAH) is of rank 4(g — 1)(N?—1). The

oem
origin of the Higgs branch is denoted &;'. In these notations, the one-loop effective action of

the type ITA string theory compactified on M" at finite temperature is, in the neighborhood
of Po,

R _
S1loop = / d*z \/—g {5 — g5 0XPOXT — 1) dgmAE" — h() 0g"dq” — ]—"}, (3.51)

where the induced metric of the £™’s is

a Ca.Au
oEn

h(O) B 1 8caAu

mn 5 aé-m

(3.52)

o o

In the present case, the free energy density F takes the form

F=-T { (4+4h,1/1 +4(Ryy + 1)>G(0) + 8ZG<A;Q> +O(e”

) } , (3.53)

where the factor 8 counts the number of boson/fermion pairs of states in the long vector
multiplets of masses M, (a = 1,...,N* — 1). The contributions of all the other massive

modes of the spectrum are exponentially suppressed when T < M y.

The minimum of F is reached when the classical masses M, vanish. Applying Eq. (3.42)
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in the Higgs branch,

gauge l 2

N
8y M2 = tr M? = 16— (HAugedu 4 L (3.54)

we see that this selects the origin of the Higgs branch, ¢®A* = 0. Therefore, all classical
flat directions £™ are lifted and admit a unique minimum at &J* at the one-loop level. The

squared mass matrix of the £™’s is

1 o? T 1 O? M? N
A”mn — _pO)ml F — = _pomi ] Z a —T29 _eK(O)ém (355)

2 ogloen |, 16 2 DELPEN 12 n?

0 &o
where we have used the fact that ¢®%|s = 0 to reach the last equality. Thus, the £™’s are
mass eigenstates and degenerate. Since the parametrization of the Higgs branch was chosen

At acquire a common mass given by Eq. (3.55).

arbitrarily, we obtain that all scalars ¢*
Consistently, this is the result we already found by approaching the SU(N) non-Abelian

locus from the Coulomb branch, Eq. (3.48).

From a cosmological point of view, the expanding universe with static moduli and filled
with radiation of Eq. (3.49) appears as a particular case of a second class of homogeneous
and isotropic time-evolutions. In this class, even if the £™’s oscillate with damping, the

cosmological moduli problem is avoided [11].

4 Stabilization at intersections of extremal transition
loci

In the previous Sections, we have shown that the thermal effective potential admits local
minima along submanifolds in moduli space, where the internal CY develops singularities.
Therefore, the intersection points of various such loci are expected to define dynamically
preferred configurations of the internal space. In the following, we illustrate this fact on
an example in type ITA (IIB), where the Kéhler (complex structure) moduli space is com-
pletely lifted, together with some of the complex structure (Kéhler) moduli. This implies
in particular that the axio-dilaton field of the heterotic dual description is stabilized. We
then discuss how this phenomenon is expected to apply in generic CY compactifications to

all vector multiplet and most of the hypermultiplet scalars.
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4.1 Example

Let us consider an example, with small Hodge number hq; [28,29]. The type ITA model we
analyze at finite temperature is compactified on a CY manifold M obtained by resolving the
singularities of a degree 12 hypersurface in P?1,1,2,2,6)' Denoting the projective coordinates as
x1,...,Ts5, the ambient space presents initially a singularity of type A; at 1 = 2o = 0. Along
this locus, the polynomial of M defines a curve C of genus 2. Blowing up the ambient space
singularity, M becomes a smooth CY manifold, whose Kéahler moduli space My admits a
non-Abelian locus with N = 2 and g = 2. Counting the allowed monomials of the defining

polynomial of M, one finds there are hi; = 128 complex structure moduli.

Equivalently, the model can be analyzed in type [IB compactified on the mirror CY three-
fold W. The latter is defined by the vanishing locus of degree 12 polynomials in P?LLZZG)’
modded out by some particular Z2 x Z, group. The most general hypersurface consistent

with this action is [13, 14, 28]
P = a1 + 1% + b + 2+ 2k — 129 vy vpsvars — 20 2825 (4.1)
which admits 2 complex structure deformations, ¢ and ¢. Therefore, the manifold M admits

h11 = 2 Kéahler moduli. Defining

1 ¢ |
:_@$7 22:E7 (42)

the locus & = 0 develops singularities when A.A, 4 vanishes, where

21

Ac=(1-2)"— 2z, Apa=1—2. (4.3)

When A, = 0, nodes are occurring, which are identified under Z2 x Zy. Therefore, My
admits a conifold locus characterized by R = S = 1.4 When A,4 = 0, other isolated
singularities occur, yielding again a single singular point on the quotient. Since we know
My, admits a non-Abelian locus, this second point-like singularity must be associated to
the type IIB realization of the SU(2) gauge theory. This is confirmed once the orbifold
singularities implied by the discrete modding are blown up to obtain a smooth manifold

W [28,29].

14We use the fact that the mirror of the conifold W is a conifold M.
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Since R = S, there is no extremal transition associated to the conifold locus. On the
contrary, when M develops the genus-g curve of A; singularities, the fact that g > 1 implies
that M can be deformed into a distinct smooth CY M”. The ambient spaces, degrees
of polynomials and Hodge numbers of the families of CY manifolds on either side of the

associated non-Abelian extremal transition are [13,14]
P?1,1,2,2,6)[12](27 128) +— P?1,1,1,1,1,3) [2,6](1,129). (4.4)

Beside the U(1)gray gauge factor associated to the graviphoton, the type IIA compactifica-
tions on M and M" realize geometrically the phases of the U(1)q,, Abelian theory coupled to
a charged hypermultiplet and SU(2) super-Yang-Mills theory coupled to two hypermultiplets

in the adjoint representation,

type IIA on M {Coulomb phase of U(l)con} X {Coulomb phase of SU(Q)}

type IIA on M" : {Coulomb phase of U(l)con} X {Higgs phase of SU(Z)}. (4.5)

The conifold and non-Abelian loci intersect at two points on the compactified moduli

space My [28],
(z1,20) = (1/2,1) or (o0,1). (4.6)

In either of these configurations, the node and isolated singularity on the hypersurface & = 0
are separated from each other and generate independent massless states. From the type IIA
point of view on the singular space M, the single massless black hole hypermultiplet has
charges Q1 = 1 with respect to U(1).on and (2 with respect to the U(1) Cartan subgroup
of SU(2). Similarly, the vector multiplet and g = 2 hypermultiplets in the adjoint represen-
tation of SU(2) are neutral with respect to U(1)eon. Therefore, we can combine the results
of the previous Sections and consider the extended moduli space My x My, which takes
into account the scalar fields of the light non-perturbative states arising in the vicinity of
the points (4.6) in My,. Choosing a point Py located at the intersection of the conifold and

non-Abelian loci in My x My, the tree level low energy effective action of the type ITA
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string theory compactified on M or M" takes near P, the form,
R _ _
Stree = /d4$ vV —a {5 — l% 3MX18"X1 — l2 V#Xav,uXa
1 1
—-3 V. cvvtett — 5 VucaA“V“c“A“ — hgg 8uq°‘8“q5

1
_ K@ (2 X2 ctecte — (Cluclu)2>

N _—
— K <l2[X, X)X, X"+ 20X, e e, X]° + ED‘“‘D‘“) +-- }
(4.7)

Our conventions are as follows: X! is the scalar partner of the U (1)con gauge boson and
X% (a = 2,3,4) is in the adjoint of SU(2). Similarly, ¢'* are the components of the black

a4u are those of the two hypermultiplets in the adjoint of SU(2).

hole hypermultiplet, while ¢
The scalars of the 127 (see below for the counting) hypermultiplets that are neutral with
respect to U(1)eon X SU(2) are denoted ¢® and the metric in their subspace in My at Py is
hg)ﬁ) Similarly, 12, [? are the non-vanishing entries of the Kihler metric on My at Py, whose
coordinates are (X! =0, X§ = 0;ct* = 0, c34* = 0, ¢3), so that the Kihler potential defined
in Eq. (2.5) reduces to K = —In[i(Fy — Fp)].

aAu

Taking into account one-loop corrections, the scalars X*, X¢, ¢! and c¢*** are stabilized at

zero and acquire masses of order the temperature scale, while the ¢*’s remain flat directions
of the thermal effective potential. Moreover, the full U(1)gay X U(1)con X SU(2) gauge theory
is restored. From a geometrical point of view, starting from a type ITA compactification on

M, the quantum/thermal effects on the perturbative moduli imply:
e The hy; = 2 Kéhler moduli are stabilized in one of the two minima given in Eq. (4.6).

e The scalars of g(N — 1) = 2 hypermultiplets are stabilized at the origin of the Coulomb
branch of SU(2) in M.

e The scalars of the hjy + 1 — g(N — 1) = 127 left-over hypermultiplets remain flat

directions in M.

Similarly, starting from a type ITA compactification on M"” the thermal free energy density

implies:
e The A} =1 complexified Kéhler modulus parameterizing M7, is stabilized.

e The scalars of (g — 1)(N? — 1) = 3 hypermultiplets are stabilized at the origin of the
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Higgs branch of SU(2) in MY,.

e The scalars of the by, +1— (g —1)(N? — 1) = 127 left-over hypermultiplets remain flat

directions in MY;.

The heterotic dual: At zero temperature, the type ITA string model compactified on M
admits a heterotic dual description [20]. This follows from the fact that the CY manifolds
in the family ]I”‘(‘17172’276)[12] are K 3-fibrations [19]. The heterotic model is compactified on
K3 x T?, where the 2-torus moduli 7}, and Uy, are identified, T}, = Uj, (their difference being
projected out), and the full non-Abelian gauge group is Higgsed. Consistently, the massless
spectrum contains 2 vector multiplets associated to the T}, and S, moduli, where S}, is the

heterotic axio-dilaton, together with 129 neutral hypermultiplets.

T}, and S, are special coordinates that can be identified with those obtained by inverting
the mirror map: z;(t1,t2), 22(t1,t2). To render the identification precise [20], one observes

that in the large complex structure limit of W, t5 — +o00, one finds

1728 ¢
2] = - + e =€ 2+ 4.8
L) ’ 48)

where j is the SL(2,Z)-invariant modular form. Therefore, zo — 0 and the two roots of

the discriminant locus A, in Eq. (4.3) merge into z; = 1. These facts match exactly the

behavior of the perturbative heterotic model, under the identification
Th = tl, Sh = tQ. (49)

Actually, the latter develops an SU(2) enhanced gauge symmetry'®, when T}, = ¢ modulo the
classical T-duality group SL(2,Z), in perfect agreement with Eq. (4.8) for z; = 1. Moreover,
when %, is finite, the conifold locus splits into two branches, as predicted by the exact pure
SU(2) N' = 2 super-Yang-Mills theory [30]. Being asymptotically free, the latter reduces
in the IR to a U(1) gauge theory coupled to a single (dyonic) hypermultiplet, realized as
U(1)con in the type IT setup [21,22].

In their exact versions, the type II and heterotic models are supposed to be equivalent.
Therefore, switching on finite temperature on both theories must lead to a new dual pair
of non-supersymmetric models. This expectation is confirmed by the fact that at the levels

of the worldsheet conformal field theories, finite temperature is introduced by implementing

15To not be confused with the SU(2) gauge group occurring at the type II non-Abelian locus.
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spontaneous breakings of supersymmetry “a la Scherk-Schwarz”, along the Euclidean time
circles. Using an adiabatic argument [31], under a free action, the two theories remain dual.
Therefore, the stabilization of the complex structure moduli z;, 2o of W at one of the two
points in Eq. (4.6) translates immediately into a stabilization of the torus modulus 7}, and
axio-dilaton S} in the dual heterotic model at finite temperature. The latter are given by
the inverse mirror map, Ty,(21, 22), Sk(z1, 22), where z; = 1/2 or 0o and z5 = 1. As seen in
Eq. (4.8), the obtained value of S}, corresponds to a strong coupling regime of the heterotic

theory.

Actually, the two local minima of (7}, S,) are uniquely determined, modulo the orbit
of the exact heterotic duality group. Since the complex structure moduli space of W is
exactly known at tree level in type IIB, the exact heterotic duality group is nothing but
the monodromy group derived around the singular loci of the type IIB complex structure
moduli space My . As shown in Ref. [22], the latter contains the perturbative heterotic
duality group (including the quantized axionic shift), the monodromies of the exact pure
SU(2) N = 2 super-Yang-Mills theory, as well as a generator associated to the non-Abelian
locus in My that exchanges roughly 7}, with Sy, [19,22].

From the heterotic viewpoint, the origin of the SU(2) gauge theory coupled to two
adjoint hypermultiplets at z; = 1 is intrinsically non-perturbative and may be related to
the existence of the NS5-brane. In fact, translated via S-duality into a type I picture [32],
NS5-branes would be mapped into D5-branes that may play a role analogous to that of D1-
branes already considered in Ref. [11]. There, D1-brane states winding internal 1-cycles were
taken into account in the evaluation of the thermal free energy, whose effect was to stabilize
internal moduli. Adding the contributions of D5-brane states winding internal 5-cycles in the
evaluation of the free energy may lead to a stabilization of the type I dilaton. Alternatively,
the contributions of the solitonic D1-brane states were shown to be equivalently described
in terms of El-instantons wrapping the Euclidean time circle S'(Ry) and internal 1-cycles.
Thus, it would be interesting to see if E5-instantons wrapping S*(Ry) and internal 5-cycles

would contribute in such a way to generate a potential for the type I dilaton.

Finally, note that the depth of the minimum of the free energy density depends only on
the number of classically massless states at this point. Therefore, the two minima in Eq.

(4.6) are degenerate. Moreover, both are at finite distance in the compactified moduli space

38



My,. Therefore, it may be interesting to find instantonic transitions between them, and

analyze resulting physical consequences.

4.2 Discussion

The qualitative behavior and stabilization issues of the example of compactification we have
analyzed are shared by numerous models based on other families of threefolds, with small
Hodge numbers hi;. For instance, cases where hyy =2 or 3, N =2or 3 and g =2,...,15

can be found in Refs [13,14].

In fact, in any type II compactification on a CY space, we expect the vector multiplet
moduli space My to be completely lifted once finite temperature is switched on, the latter
point being certainly relevant to describe the cosmological evolution of our universe. Geo-
metrically, this means that all Kahler moduli in type ITA and all complex structure moduli
in type IIB have masses of order the temperature scale. From the ITA point of view (and
similarly in the IIB mirror picture), the mechanism is based on the fact that all homology
classes of 2-cycles can vanish and that D2-branes wrapped on their representatives should al-
ways give rise to non-perturbative BPS states that are massless (at zero temperature), when
the cycles collapse. In this work, this was analyzed in detail at conifold points, as well as at
loci of SU(N) enhanced gauge symmetries coupled to g hypermultiplets in the adjoint rep-
resentations. It would be interesting to extend our approach to other points where 2-cycles
are vanishing, by identifying the geometrically engineered gauge theories and the associated
massless BPS states. For instance, one may analyze the case of non-Abelian gauge theories

coupled to matter in the fundamental representations, which is considered in Ref. [15].

Flat directions in the classical hypermultiplet moduli space My are also lifted. This
is the case for the directions that realize branches of the above mentioned gauge theories.
In other words, say in type ITA, the 3-cycles that can be resolved into 2-cycles when they
collapse are expected to be associated to quaternionic directions in Mg lifted by the thermal
effective potential. For instance, these directions parameterize the Higgs branch arising at
a conifold locus (when R > S), or the Coulomb or Higgs branches of the non-Abelian case
we have analyzed. A question then arises: Can we stabilize this way all complex structure

moduli in type ITA (K&hler moduli in type I1IB)? To answer this question, let us consider
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a CY manifold M admitting 2-cycles that cannot be deformed into 3-cycles. Such a case
was understood physically in our study or the conifold locus in type ITA, when R = S and
no Higgs branch exists. By mirror symmetry, there exist 3-cycles in the mirror CY W that
cannot be resolved into 2-cycles. Utilizing W to compactify the type ITA string, the eventual
(gauge) theory realized geometrically in the vicinity of the vanishing locus in My of these
3-cycles is not know to us. Therefore, we are not able to identify possible massless states
occurring at these points, which would induce a local minimum of the free energy density
and a stabilization of the associated complex structure moduli of W. Clearly, it would be

very interesting to clarify this issue.

The above discussion of Mg concerns the his quaternionic directions associated to the
complex structure of the internal space in type IIA. The remaining one, associated to the
unique (3, 0)-homology class, is parameterized by the scalars of the universal hypermultiplet,
which contains the type II dilaton. Since the 3-cycles involved in the discussion of the tree
level masses we considered can be resolved into 2-cycles, the universal hypermultiplet was
always “spectator” and therefore unlifted by the thermal effective potential. This fact is
actually consistent with our restriction to the case of a dilaton field sitting in a weak coupling
regime, throughout the process of moduli stabilization. In fact, in string-frame, the one-loop
correction to the vacuum energy is independent of the dilaton. In the Einstein frame, the
vacuum energy acquires a dilaton dressing, which is however absorbed in the overall T
factor (see e.g. Eq. (2.23)), where the temperature measured in this frame is defined as

¢
= 27(:30’

(4.10)

Therefore, it is only by taking into account higher loop corrections and non-perturbative
effects that the thermal effective potential would source the type II dilaton, though at strong
coupling. It may then be possible to study this regime in the dual heterotic picture, where
the hypermultiplet moduli space My is exactly know, given the fact that S}, sits in a vector
multiplet. Working at heterotic weak coupling, the one-loop free energy evaluated on the

heterotic side may stabilize the hypermultiplet containing the type II dilaton.

In this paper, the attraction to a point Py in My x My where additional states become
massless at zero temperature is shown, provided the temperature is low enough compared to
M i, the lower bound of the non-vanishing masses at F,. Moreover, if at this point the hAq;

homology classes vanish, it follows that M, must be of order O(e?/+v/a’). Therefore, the
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massive contributions O(e~min/T) we neglected in the free energy (see e.g. Eq. (2.23)) are

exponentially suppressed, as soon as the universe exits the Hagedorn era and starts to cool.

At very early times, close to the Hagedorn temperature (T =~ e?/ \/E), the width of
the potential F as a function of the moduli is very large. This follows from the fact that
e~ Ms/T (see Eq. (2.26)), where M, is a moduli-dependent mass that vanishes at Py, is not
narrow when 7T is large. Therefore, even if initially the moduli fields sit at a point P very
far from the local minimum at F,, the well of the potential may contain both P and F,
so that the system is dynamically attracted to a neighborhood of Fy, where the analysis of
the present work starts to apply. Actually, the well of the effective potential may overlap
many CY moduli spaces, such as M, M’, M”,... connected by extremal transitions, so that
the dynamical mechanism of moduli stabilization may favor CY compactifications with large

Hodge numbers, for the local minima of F to be deep.

5 Summary and perspectives

In this paper, we address the question of moduli stabilization in the context of type II super-
string theory compactified on CY threefolds, once finite temperature is switched on. Even if
the worldsheet conformal field theory is interacting, finite temperature can be implemented
at the string level by a free orbifold action on the Euclidean time circle. This setup leads to
no-scale models [6], i.e. classical theories where supersymmetry is spontaneously broken in
flat Minkowski space. Therefore, flat directions of the classical potential exist, which can be
organized as product of special Kéahler and quaternionic manifolds, as follows from N = 2

supersymmetry.

The above moduli spaces admit particular loci, where the internal manifold develops
singularities when 2-cycles or 3-cycles collapse, implying generically massive supermultiplets
to become massless. For instance in type IIA, BPS D2-branes on vanishing 2-cycles lead to
hypermultiplets charged under U(1) factors at conifold loci [12], or SU(N) enhanced gauge
symmetries coupled to g hypermultiplets at some “non-Abelian loci” [13]. We show that
at least in the weak coupling regime, quantum/thermal effects stabilize the moduli at such
particular points. The analysis is based on the one-loop low energy effective action, without

integrating out the above additional light states in the sense of Wilsonian effective action,
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in order to avoid any IR divergence. We first determine the classical part of the action,
which is a supergravity theory, whose gauging induces a potential we use to determine
the moduli-dependent classical masses of the extra light states. At one-loop, the stringy
Coleman-Weinberg effective potential depends on the classical masses and can be shown to
admit local minima precisely where the light fields become massless, when the temperature

is low enough.

The scalars that are stabilized are those belonging to the vector multiplets and hyper-
multiplets involved in the gauge theories geometrically engineered in the vicinities of the loci
where the internal CY is singular. From the perspective of their string realization, they can
either be non-perturbative fields, or perturbative one, in which case they are identified with
flat directions of the initial classical potential. Therefore, the mechanism stabilizes both
Kahler and complex structure moduli. In fact, the points in moduli space that are favored
are situated at the intersection of several loci, each of which being associated to singulari-
ties developed by the internal space. We have argued that in general, say in type ITA, the
entire Kahler moduli space is expected to be lifted, as well as the complex structure moduli

associated to 3-cycles which can be resolved into 2-cycles.

In this setup, the temperature T is actually the no-scale modulus, also lifted by the ther-
mal effective potential. However, instead of being stabilized (!) it acquires a run away behav-
ior, which from a cosmological point of view arises when the flat universe expands. In other
words, the model being non-supersymetric, time-translation is broken and the non-trivial
one-loop contribution to the vacuum energy back-reacts on the classically static universe,
which enters in quasi-static cosmological evolution. Homogenous and isotropic radiation
dominated eras exist, characterized by static moduli sitting at their minima. They are par-
ticular solutions among more general ones where the massive moduli oscillate with damping
around their minima. However, their “masses” happen to be proportional to the tempera-
ture, which is itself time-dependent and decreasing. As analyzed in detail in Ref. [11], the
energy density stored in their oscillations scales as 7% rather than 73, as is the case when
scalars have constant masses. As a result, moduli never dominate over radiation and the

cosmological moduli problem [17] does not occur.

At one time or another, switching on finite temperature in a theoretical setup is certainly

relevant to account for certain phases of the cosmological evolution of the universe. We stress
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that in the context of type II compactifications on CY threefolds, the effects described in
this work should not be omitted. In the same process, they lead to stabilizations of moduli
and determine the gauge group of the theory. In particular, the non-Abelian factors arise

precisely at the points of enhanced gauge theory the moduli are attracted to.

However, more work is required to extend our results to compactifications on generalized
CY spaces [33], including fluxes, branes and/or orientifold projections, leading to N' = 1
backgrounds at finite temperature. Furthermore, for A/ = 1 to remain broken when the
temperature is low and recover an MSSM-like model, an additional source of spontaneous
breaking of supersymmetry should be implemented, whose origin may be attributed to in-
ternal fluxes. It would be interesting to extend to this context the results of Refs [18,26, 34|
derived in orbifold models. In these works, it is shown that the time trajectories of the scale of
spontaneous supersymmetry breaking M (t) and temperature T'(t) are attracted to a partic-
ular solution, where they are proportional to the inverse scale factor, M(t) oc T'(t) o< 1/a(t).
Therefore, as the universe expands and cools, the hierarchy M < Mppnac is dynamically

generated.

Moreover, in models where the light spectrum is realistic enough, the Higgs mechanism
should take place when the temperature is about the electroweak scale M,,,, in order to not
screen radiative corrections. In this case, the evolution of the moduli masses proportional to
T and M should halt at about M., the scale where M is stabilized by radiative corrections
[35,36]. It is only at this stage that questions about dark matter may be addressed in this

setup.

Finally, toroidal type II compactifications in presence of “gravito-magnetic” fluxes lead to
thermal models, free of Hagedorn-like divergences [37]. The induced cosmological evolutions
include bouncing [38] or emerging universes [39], where no initial singularity is encountered,
while remaining in a perturbative regime. Therefore, it would be interesting to see if gravito-
magnetic fluxes can be implemented in (generalized) CY compactifications and possibly
lead to a theoretical framework able to account for both very early and very late times

cosmological eras.
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Appendix A: ’t Hooft symbols

We collect in this Appendix the definitions and useful properties of the 't Hooft symbols.
They are denoted n**, and 7%, (x = 1,2, 3; u,v = 1,2, 3,4), are antisymmetric in u, v, and

satisfy
,,,’I’U,v — ﬁxuv — Exuv (u’ v = 1, 2, 3) , 772?1144 — _/]7]33“4 — 51"“’ (A'l)

where €'? = 1. The indices u, v are equally up or down, since they are raised or lowered by

Kronecker symbols. In matrix form, the 't Hooft symbols are written as

0O 0 01 0O 0 —-1 0 0O 1 0 0
1 0O 0 10 > |0 O 0 1 3 | -1 0 0 O
T=1o —1tool""T(1 0 o of'T"|lo0o 0o 0 1]
-1 0 00 0O -1 0 0 0 -1 0
0O 0 0 -1 00 -1 0 1 0 O
4 {0 0 1 0 5 |00 0 -1 3 | =100 O
=lo 100" " 100 o' "o o001 ©“
1 0 0 0 01 0 0 0O 01 0
and fulfill the relations
,r]xny — _6myl4 - 6ﬂvyznz 7 ﬁxﬁy — _612,!]4 _ emyzﬁ27 (Ag)
which imply
trn®nY = tr g nY = —46"Y (A.4)
Summing over z, they give
nmtunacvw — 5w5uw - 52}55 ‘I‘ €tuvw ’ ﬁxtuﬁmvw — 5w5uw - 52}55 - Etuva (A5)
where €234 = 1.
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Appendix B: Canonical basis in hypergeometry

We first recall that the complex structures, metric and hyper-Kahler forms defined on a
vectorial space take simple forms when they are written in a canonical base. We then apply
these properties in the tangent plane at a given point Fy of a quaternionic (or hyper-Kéhler)
manifold. Finally, we find the canonical form of the Killing vectors associated to Abelian

isometries that fix P,.

Theorem 1 : Let V be a 4n-dimensional real vector space supplied with a triplet of

complex structures J* (x = 1,2, 3), satisfying the quaternionic algebra
JPTY = —0" Iy, + €Y7 J%. (B.1)

Let V* be the dual of V. Then, there always exists some basis e4, in V and its dual 4%
in V* where A = 1,...,n and u = 1,2,3,4, such that the complex structures take the

following form, in terms of 't Hooft symbols:
J? = =05 0"y eaq @ O°. (B.2)

Moreover, suppose V' is endowed with a metric A, which is Hermitian under the three complex

structures J* (z = 1,2, 3),
Yo,weV:  h(J%, Jw) = h(v,w), (B.3)
and define the triplet of hyper-Kéhler 2-forms K* by
Vo,we Vi K¥v,w) = h(J%,w). (B.4)
Then, the basis {e4,} can always be chosen orthonormal,
h = 048 Oup 0 @ 05, (B.5)
and the hyper-Kéahler 2-forms take the canonical form

1
K* = 5644877195@ (9'Au /\(QBU. (B6)

P?"OOf . Pick up any non-vanishing vector e;4 € V, and define e, = —J%ey. It is

straightforward to consider an arbitrary linear combination of these four vectors to show

45



that they are linearly independent. Denote V; = Span(ejy, ez, €13, €14) and repeat the
previous steps by taking a non-vanishing eyy € V\Vi. Apply —J% on it to define ey,
and hence Vo = Span(esq, €99, €93, €24). After repeating this procedure n times, we obtain
V=Vi®- - @V, Itiseasy to check that in the basis e4, (A =1,. ;u=1,2,3,4), the
Kéhler forms J* take the canonical form (B.2).

Next, defining 6% to be the dual basis of V*, we write the metric on V as
h = hupo 02" @ 05, (B.7)

and introduce the alternative notation h%B) = hauy- Then, the Hermitian conditions (B.3)

lead to
", 45 = 0. (B.8)

This implies the real 4 x 4 matrix h*®) can be written as

QAB)  pAB)  AB)  (AB)
_pAB) G (AB) _g(AB)  (AB)
(AB) _ 1 (BA)T _
W= =h = | _ 4B gAB)  LAB)  _p4B) (B.9)
_JAB) _AB)  p(AB)  ,(AB)

and satisfies
RAB R BA) — \(AB) 1 where A\AB) = (a(AB))2 + (b(AB))2 + (C(AB))2 + (d(AB))Q. (B.10)

In particular, K4 is diagonal with a4 > 0, for the metric h to be definite positive. Thus,
we can always rescale ey, to effectively set hA4 = I,. Clearly, such a rescaling does not
spoil Eq. (B.2). Now, we introduce a scheme that removes the off-diagonal blocks of the
metric, h4B) for A # B, while keeping the standard form of the complex structures. We
work this out block by block.

Take (A, B) = (1,2), and exhibit the relevant part of the metric as

_ (pIT 22T I, hn? 6!

It is straightforward to see that under the change of dual basis of V* and V/,

o'\ (L. —hUDY (0" I, K2
(62) T <O4 ]4 9/2 ) (61762) (61762) 04 _[4 5 (B12)
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the metric becomes

h = ellT 0/2T -[4 04 6,1 B.13
= ( ) ) 04 (1 _ )\(12))]4 6/2 + sy ( . )

while the canonical form of the complex structures (B.2) is conserved, as follows from Eq.
(B.8). Since Eq. (B.13) and the positive-definiteness of A imply A2 < 1, it is possible
to rescale the #”?*’s to absorb the factor (1 — A1) in this equation. Again, this operation

conserves the form of the complex structures.

Then, we apply the same procedure to eliminate the block (A, B) = (1,3). It is easily
seen that this procedure does not reintroduce a non-trivial bloc (1,2). In general, one can
show by double recursion that for A =1,....n—1and B=A+1,...,n, one can get rid
off the blocks h(®). At the end of this process, the metric is diagonalized, h = 4%, and
Eq. (B.2) is valid. In this basis, the components of the hyper-Kéhler forms are

Khup = hocwd " au = G4BT, (B.14)

Theorem 2 : Let M be a quaternionic (or hyperKihler ) manifold of dimension 4n, and
any given point Py € M. Then, there exists some local coordinates ¢** (A =1,...,nju =
1,2,3,4) such that qA"}PO
Kahler forms K* at P, are:

= 0 and the complex structures J*, the metric h and the hyper-

S p, = =1 (anu ® qu”) L (B.15)
0
hlp, = (dg™“dg™)|, | (B.16)
1
K| g, = S (dg™ A dg™)| (B.17)

Proof : Consider a chart {U,¢*}, where U is an open neighborhood of Py and ¢* some
coordinate system in U. Let ¢} be the coordinates of Fy. Applying Theorem 1 to the tangent

plane at any point P € U, there exists a vielbein #4* and its dual e, in U, such that

1
JU = =™, e, @02, h=0"®0" K°= 5 04 A 0. (B.18)

We can write 84 = UA%, dg™ and ey = U™ 44 88 , where the matrix (UA“A) is invertible
q

and depends smoothly on P € . The new coordinates in U

¢t = U, (@ @) (B.19)
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satisfy Eqs (B.15)—(B.17) and vanish at F.

Abelian isometries : In order to describe the charged hypermultiplets sector of an
Abelian gauge theory, we suppose from now on the manifold M in Theorem 2 admits U(1)*

isometries with fixed point F,. Our aim is to find a canonical form for the Killing vectors at

F.

We know from the first part of Theorem 1 (see Eqs (B.1) and (B.2)) applied to the
tangent plane at P, that there is a system of coordinates ¢*** in the neighborhood U of P,

such that (B.15) is satisfied an ¢**| , = 0. We are interested in metrics on M admitting

7,
U(1)% isometries, whose Killing vectors have components k** (i = 1,...,S) admitting Taylor

expansions of the form
k= QM ", ¢ + O(). (B.20)

By construction, P, is fixed under the action of U(1)®. Moreover, the isometries do not mix
the components of different hypermultiplets. In other words, the quadruplet (¢!, g2, g3, ¢**)
has a well defined charge Q7' under the i*" U(1). The U(1) generator t*, in Eq. (B.20) is
determined by the convention to define complex numbers in the affine plane at F,. For in-
stance, the multiplication by the imaginary number i is represented by .J?, when we combine
the ¢*’s into complex numbers ¢! + ig”? and ¢*® + i¢g”**. In this case, the infinitesimal

U(1)% transformations
et QA . . i .
ele' Qs (q.Al —|—qu2) _ (qu +ZqA2) +e Qf(_qu —i—Zqu) T
—icl QA ; ; { )
e (¢ +ig™) = (¢ +ig") + €QMNgM —ig™) + -+ (B.21)

we want to represent with d¢** = eik‘;““ imply t = —7%.

A question then arises. Is the first order form of the Killing vector (B.20) conserved,
when we diagonalize h, while keeping the canonical form of the complex structures J* at

Py? The answer to this question is yes, due to the fact that the metric h must satisfy Killing

equation
Ok kS
h.Au,Cw aqsv + th,Cw anu = 07 (B22)
which at order zero in ¢*** means
B ju Aqw
h.Au,Bw|PO Ql t v + th,.Aw’pO Ql t u — 0. (B23)
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To diagonalize the hermitian metric h without spoiling the form of Eq. (B.15), we saw in
the proof of Theorem 1 that we can set the blocks A4 = I, and eliminate successively all
non-diagonal 4 x 4 blocks h(*8) (A # B) of the metric by performing a sequence of changes of

Au»

basis. These changes of bases for blocks h(A4) are only rescalings of the ¢*’s which certainly

conserve the form of the first order expansion of the Killing vectors k$“0e,,. For the blocks

RAB) with A < B, they are of the form

¢\ _ (L —BYPLLN (4 (ﬁ i)Z(i i) I, A9,
q° 04 I %) \ogA 9¢B g4 ogA) \ 0, I ’
(B.24)

which conserve the first order form of k§“c,, as well, as can be checked using Eq. (B.23).
To summarize, we have shown that there exists a system of coordinates ¢"** on M such that

qA"‘PO = 0 and Eqgs (B.15)—(B.17) and (B.20) are statisfied.

Appendix C

Theorem 3 : Let M be a quaternionic manifold of dimension 4n and w® the connection
of the associated SU(2) principal bundle. The fiber bundle over M, whose fibers are triplets

of SU(2), does not admit non-trivial local parallel sections. In other words, the equation
VU2 = L7 4 VWYL =0 (C.1)

in an open set U of M has only the solution L* = 0.

Proof : We carry out a point-wise proof. For any given point Py € U, we consider the
coordinate system ¢** of Theorem 2 and write Eq. (C.1) as

oL”

VP el :
< aq.Au

+ e™*wh, L7 = 0. (C.2)
Taking the partial derivative 9/0¢" and antisymmetrizing in (Au, Bv) yields
e V5o l” =0, (C.3)

where Q7 = dw” + 3€™*w? A w? is the curvature 2-form of the SU(2)-bundle. Since M is
quaternionic, we have 2* = AK”, where ) is a non-vanishing constant. Given the fact that

K?|p, satisfies Eq. (B.17), we obtain e**n¥, L*|, = 0. Multiplying with n**, and summing
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over r and u, Eq. (A.3) leads to #**,L*|p = 0. Multiplying with #*,, and summing over

w and v, our desired result L*|5 = 0 is obtained using Eq. (A.4).

1]

2]

[4]

[5]

References

E. G. Adelberger, B. R. Heckel and A. E. Nelson, “Tests of the gravitational inverse-
square law,” Ann. Rev. Nucl. Part. Sci. 53 (2003) 77 [arXiv:hep-ph/0307284].

M. Brandle and A. Lukas, “Flop transitions in M-theory cosmology,” Phys. Rev. D 68
(2003) 024030 [hep-th/0212263].

L. Jarv, T. Mohaupt and F. Saueressig, “Effective supergravity actions for flop transi-

tions,” JHEP 0312 (2003) 047 [hep-th/0310173).

L. Jarv, T. Mohaupt and F. Saueressig, “M-theory cosmologies from singular Calabi-

Yau compactifications,” JCAP 0402 (2004) 012 [hep-th/0310174].

T. Mohaupt and F. Saueressig, “Effective supergravity actions for conifold transitions,”
JHEP 0503 (2005) 018 [hep-th/0410272].

T. Mohaupt, F. Saueressig, “Dynamical conifold transitions and moduli trapping in

M-theory cosmology,” JCAP 0501 (2005) 006. [hep-th/0410273].

A. Lukas, E. Palti, P. M. Saffin, “Type IIB conifold transitions in cosmology,” Phys.
Rev. D71 (2005) 066001. [hep-th/0411033].

E. Palti, “Aspects of moduli stabilisation in string and M-theory,” [hep-th/0608033].
L. Kofman, A. D. Linde, X. Liu, A. Maloney, L. McAllister and E. Silverstein, “Beauty

is attractive: Moduli trapping at enhanced symmetry points,” JHEP 0405 (2004) 030
larXiv:hep-th/0403001].

S. Watson, “Moduli stabilization with the string Higgs effect,” Phys. Rev. D 70, 066005
(2004) [arXiv:hep-th/0404177].

P. H. Ginsparg and C. Vafa, “Toroidal compactification of nonsupersymmetric heterotic

strings,” Nucl. Phys. B 289 (1987) 414.

V. P. Nair, A. D. Shapere, A. Strominger and F. Wilczek, “Compactification of the
twisted heterotic string,” Nucl. Phys. B 287 (1987) 402.

50



[6]

E. Cremmer, S. Ferrara, C. Kounnas and D. V. Nanopoulos, “Naturally vanishing cos-

mological constant in N' = 1 supergravity,” Phys. Lett. B 133 (1983) 61.

J. R. Ellis, C. Kounnas and D. V. Nanopoulos, “No-scale supersymmetric GUTs,” Nucl.
Phys. B 247 (1984) 373.

J. R. Ellis, C. Kounnas and D. V. Nanopoulos, “Phenomenological SU(1,1) supergrav-
ity,” Nucl. Phys. B 241 (1984) 406.

J. R. Ellis, A. B. Lahanas, D. V. Nanopoulos and K. Tamvakis, “No-scale supersym-
metric standard model,” Phys. Lett. B 134, 429 (1984).
J. Scherk and J. H. Schwarz, “Spontaneous breaking of supersymmetry through dimen-

sional reduction,” Phys. Lett. B 82 (1979) 60.

R. Rohm, “Spontaneous supersymmetry breaking in supersymmetric string theories,”
Nucl. Phys. B 237 (1984) 553.

C. Kounnas and M. Porrati, “Spontaneous supersymmetry breaking in string theory,”

Nucl. Phys. B 310 (1988) 355.

S. Ferrara, C. Kounnas and M. Porrati, “A" = 1 superstrings with spontaneously broken

symmetries,” Phys. Lett. B 206 (1988) 25.

S. Ferrara, C. Kounnas, M. Porrati and F. Zwirner, “Effective superhiggs and Str M?
from four-dimensional strings,” Phys. Lett. B 194 (1987) 366.

S. Ferrara, C. Kounnas and M. Porrati, “Superstring solutions with spontaneously bro-

ken four-dimensional supersymmetry,” Nucl. Phys. B 304 (1988) 500.

C. Kounnas and B. Rostand, “Coordinate dependent compactifications and discrete

symmetries,” Nucl. Phys. B 341 (1990) 641.
S. P. Patil and R. Brandenberger, “Radion stabilization by stringy effects in general
relativity,” Phys. Rev. D 71 (2005) 103522 [arXiv:hep-th/0401037].

S. Watson and R. Brandenberger, “Stabilization of extra dimensions at tree level,”

JCAP 0311 (2003) 008 [arXiv:hep-th/0307044].

T. Battefeld and S. Watson, “String gas cosmology,” Rev. Mod. Phys. 78 (2006) 435
[hep-th/0510022].

o1



[10]

R. J. Danos, A. R. Frey and R. H. Brandenberger, “Stabilizing moduli with thermal
matter and nonperturbative effects,” Phys. Rev. D 77 (2008) 126009 [arXiv:0802.1557
[hep-th]].

R. H. Brandenberger and C. Vafa, “Superstrings in the early universe,” Nucl. Phys. B
316 (1989) 391.

J. E. Lidsey, D. Wands and E. J. Copeland, “Superstring cosmology,” Phys. Rept. 337
(2000) 343 [arXiv:hep-th/9909061].

R. H. Brandenberger, “String gas cosmology,” arXiv:0808.0746 [hep-th].

J. Estes, L. Liu, H. Partouche, “Massless D-strings and moduli stabilization in type I
cosmology,” JHEP 1106 (2011) 060. [arXiv:1102.5001 [hep-th]].

A. Strominger, “Massless black holes and conifolds in string theory,” Nucl. Phys. B451
(1995) 96-108. [hep-th/9504090].

B. R. Greene, D. R. Morrison, A. Strominger, “Black hole condensation and the unifi-

cation of string vacua,” Nucl. Phys. B451 (1995) 109-120. [hep-th/9504145].

S. H. Katz, D. R. Morrison, M. Ronen Plesser, “Enhanced gauge symmetry in type II
string theory,” Nucl. Phys. B477 (1996) 105-140. [hep-th/9601108].

A. Klemm, P. Mayr, “Strong coupling singularities and non-Abelian gauge symmetries

in A/ = 2 string theory,” Nucl. Phys. B469 (1996) 37-50. [hep-th/9601014].

P. Berglund, S. H. Katz, A. Klemm and P. Mayr, “New Higgs transitions between dual
N = 2 string models,” Nucl. Phys. B 483 (1997) 209 [hep-th/9605154].

P. Candelas, P. S. Green, T. Hubsch, “Rolling among Calabi-Yau vacua,” Nucl. Phys.
B330 (1990) 49.

T. Banks, M. Berkooz and P. J. Steinhardt, “The Cosmological moduli problem, su-
persymmetry breaking, and stability in postinflationary cosmology,” Phys. Rev. D 52
(1995) 705 [arXiv:hep-th/9501053].

B. de Carlos, J. A. Casas, F. Quevedo and E. Roulet, “Model independent properties
and cosmological implications of the dilaton and moduli sectors of 4-d strings,” Phys.

Lett. B 318 (1993) 447 [arXiv:hep-ph/9308325].

52



18]

[19]

[20]

[21]

22]

23]

[24]

[25]

[26]

G. D. Coughlan, R. Holman, P. Ramond and G. G. Ross, “Supersymmetry and the
entropy crisis,” Phys. Lett. B 140, 44 (1984).

J. Estes, C. Kounnas and H. Partouche, “Superstring cosmology for Ny = 1 — 0
superstring vacua,” Fortsch. Phys. 59 (2011) 861-895. [arXiv:1003.0471 [hep-th]].

F. Bourliot, J. Estes, C. Kounnas and H. Partouche, “Cosmological phases of the string
thermal effective potential,” Nucl. Phys. B 830 (2010) 330 [arXiv:0908.1881 [hep-th]].

A. Klemm, W. Lerche and P. Mayr, “K 3-fibrations and heterotic type II string duality,”
Phys. Lett. B 357, 313 (1995) [hep-th/9506112).

S. Kachru and C. Vafa, “Exact results for N' = 2 compactifications of heterotic strings,”

Nucl. Phys. B 450 (1995) 69 [hep-th/9505105].

S. Kachru, A. Klemm, W. Lerche, P. Mayr, C. Vafa, “Nonperturbative results on the
point particle limit of NV = 2 heterotic string compactifications,” Nucl. Phys. B459
(1996) 537-558. [hep-th/9508155].

I. Antoniadis and H. Partouche, “Exact monodromy group of N' = 2 heterotic super-

string,” Nucl. Phys. B 460 (1996) 470 [hep-th/9509009].

L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria, S. Ferrara, P. Fre and T. Magri,
“N' = 2 supergravity and N/ = 2 superYang-Mills theory on general scalar manifolds:

Symplectic covariance, gaugings and the momentum map,” J. Geom. Phys. 23 (1997)

111-189. [hep-th/9605032].

A. Ceresole, R. D’Auria, S. Ferrara, A. Van Proeyen, “Duality transformations in su-
persymmetric Yang-Mills theories coupled to supergravity,” Nucl. Phys. B444 (1995)
92-124. [hep-th/9502072).

P. Fayet, “Spontaneous generation of massive multiplets and central charges in extended

supersymmetric theories,” Nucl. Phys. B 149 (1979) 137.

T. Catelin-Jullien, C. Kounnas, H. Partouche and N. Toumbas, “Thermal/quantum
effects and induced superstring cosmologies,” Nucl. Phys. B 797 (2008) 137
[arXiv:0710.3895 [hep-th]].

53



[27]

28]

[29]

[31]

32]

T. Catelin-Jullien, C. Kounnas, H. Partouche and N. Toumbas, “Induced superstring
cosmologies and moduli stabilization,” Nucl. Phys. B 820, 290 (2009) [arXiv:0901.0259
[hep-th]].

F. Bourliot, C. Kounnas and H. Partouche, “Attraction to a radiation-like era in early

superstring cosmologies,” Nucl. Phys. B 816 (2009) 227 [arXiv:0902.1892 [hep-th]].

P. S. Aspinwall, “Enhanced gauge symmetries and K3 surfaces,” Phys. Lett. B 357
(1995) 329 [hep-th/9507012].

P. Candelas, X. De La Ossa, A. Font, S. H. Katz, D. R. Morrison, “Mirror symmetry
for two parameter models — I,” Nucl. Phys. B416 (1994) 481-538. [hep-th/9308083].

S. Hosono, A. Klemm, S. Theisen and S. -T. Yau, “Mirror symmetry, mirror map and
applications to Calabi-Yau hypersurfaces,” Commun. Math. Phys. 167 (1995) 301
[hep-th/9308122].

N. Seiberg and E. Witten, “Electric-magnetic duality, monopole condensation, and
confinement in N' = 2 supersymmetric Yang-Mills theory,” Nucl. Phys. B 426 (1994)
19 [Erratum-ibid. B 430 (1994) 485] [hep-th/9407087].

C. Vafa and E. Witten, “Dual string pairs with N' =1 and N/ = 2 supersymmetry in
four dimensions,” Nucl. Phys. Proc. Suppl. 46 (1996) 225 [arXiv:hep-th/9507050)].

I. Antoniadis, C. Bachas, C. Fabre, H. Partouche and T. R. Taylor, “Aspects of type
I - type II - heterotic triality in four-dimensions,” Nucl. Phys. B 489 (1997) 160 [hep-
th/9608012)].

I. Antoniadis, H. Partouche and T. R. Taylor, “Duality of A" = 2 heterotic - type I
compactifications in four-dimensions,” Nucl. Phys. B 499 (1997) 29 [hep-th/9703076].
K. Dasgupta, G. Rajesh and S. Sethi, “M-theory, orientifolds and G-flux,” JHEP 9908
(1999) 023 [arXiv:hep-th/9908088].

S. Gukov, C. Vafa and E. Witten, “CFT’s from Calabi-Yau four-folds,” Nucl. Phys. B
584 (2000) 69 [Erratum-ibid. B 608 (2001) 477] [arXiv:hep-th/9906070].

S. B. Giddings, S. Kachru and J. Polchinski, “Hierarchies from fluxes in string com-

pactifications,” Phys. Rev. D 66 (2002) 106006 [arXiv:hep-th/0105097].

o4



[36]

S. Kachru, M. B. Schulz, P. K. Tripathy and S. P. Trivedi, “New supersymmetric string
compactifications,” JHEP 0303 (2003) 061 [arXiv:hep-th/0211182].

M. Grana, “Flux compactifications in string theory: A comprehensive review,” Phys.

Rept. 423 (2006) 91 [arXiv:hep-th/0509003].

C. Kounnas and H. Partouche, “Inflationary de Sitter solutions from superstrings,”

Nucl. Phys. B 795 (2008) 334 [arXiv:0706.0728 [hep-th]].

L. Alvarez-Gaume, J. Polchinski et M. B. Wise, “Minimal low-energy supergravity,”
Nucl. Phys. B 221 (1983) 495.

L. E. Ibanez et G. G. Ross, “SU(2), x U(1) symmetry breaking as a radiative effect of
supersymmetry breaking in GUTs,” Phys. Lett. B 110 (1982) 215.

L. Alvarez-Gaume, M. Claudson et M. B. Wise, “Low-energy supersymmetry,” Nucl.
Phys. B 207 (1982) 96.

J. R. Ellis, D. V. Nanopoulos et K. Tamvakis, “Grand unification in simple supergrav-

ity,” Phys. Lett. B 121 (1983) 123.

C. Kounnas, A. B. Lahanas, D. V. Nanopoulos et M. Quiros, “Supergravity induced
radiative SU(2) x U(1) breaking with light top quark and stable minimum,” Phys. Lett.
B 132 (1982) 95.

C. Kounnas, A. B. Lahanas, D. V. Nanopoulos et M. Quiros, “Low-energy behavior
of realistic locally supersymmetric Grand Unified Theories,” Nucl. Phys. B 236 (1984)
438.

C. Kounnas, F. Zwirner et I. Pavel, “Towards a dynamical determination of parame-
ters in the minimal supersymmetric standard model,” Phys. Lett. B 335 (1994) 403
larXiv:hep-ph/9406256].

C. Angelantonj, C. Kounnas, H. Partouche and N. Toumbas, “Resolution of Hagedorn
singularity in superstrings with gravito-magnetic fluxes,” Nucl. Phys. B 809 (2009) 291
[arXiv:0808.1357 [hep-th]].

I. Florakis, C. Kounnas and N. Toumbas, “Marginal deformations of vacua with massive
boson-fermion degeneracy symmetry,” Nucl. Phys. B 834 (2010) 273 [arXiv:1002.2427
[hep-th]].

%)



[38] C. Kounnas, H. Partouche, N. Toumbas, “Thermal duality and non-singular cosmology
in d-dimensional superstrings,” Nucl. Phys. B855 (2012) 280-307. [arXiv:1106.0946
[hep-th]].

I. Florakis, C. Kounnas, H. Partouche and N. Toumbas, “Non-singular string cosmology

in a 2d Hybrid model,” Nucl. Phys. B844 (2011) 89-114. [arXiv:1008.5129 [hep-th]].

[39] C. Kounnas, H. Partouche and N. Toumbas, “S-brane to thermal non-singular string

cosmology,” arXiv:1111.5816 [hep-th].

56



