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Abstract

The 4D low-energy limit of string compactifications is characterised by the ubiquitous presence
of string moduli which are new gravitationally coupled scalar fields which develop mass via
supersymmetry breaking effects. During inflation it is generically expected that these fields re-
ceive large contributions to their mass of order the Hubble constant. They are therefore shifted
from their minimum and after the end of inflation start oscillating around it behaving as non-
relativistic matter. Given that matter redshifts slower than radiation, the moduli quickly come
to dominate the energy density of the universe. Hence, when they decay, they would dilute any-
thing that has been produced before. It is thus crucial to require that the moduli decay before
Big-bang nucleosynthesis in order to preserve the successful prediction for the abundances of the
light elements. This condition sets a lower bound on their masses of order 50 TeV. This potential
problem goes under the name of “cosmological moduli problem”. In this thesis, we shall study
this problem in promising multi-field inflationary models which naturally emerge in type IIB
compactifications. In particular, we will explore if the presence of a large number of spectator
fields during inflation can reduce the initial misalignment of the moduli. We shall also explore
if the dynamics of the system can forbid a period of moduli domination after the end of inflation.






Sommario

Il limite di bassa energia della compattificazione delle stringhe € caratterizzato dalla presenza
di moduli, ovvero campi scalari accoppiati con il campo gravitazionale che sviluppano massa
tramite effetti di rottura di supersimmetria. Durante 'inflazione si prevede che questi campi
ricevano grandi contributi alla loro massa dell’ordine della costante di Hubble. Di conseguenza,
vengono spostati rispetto al loro minimo e durante l'inflazione iniziano ad oscillare intorno a
questo, comportandosi come materia non relativistica. Considerando poi che in un universo in
espansione la materia si diluisce piu lentamente della radiazione, i moduli possono dominare
rapidamente la densita di energia dell’universo. In questo caso, quando decadono diluiscono
tutto cio che era stato prodotto precedentemente. Risulta quindi cruciale imporre che i moduli
decadano prima della nucleosintesi degli elementi, cosi da preservare le ottime previsioni per
I’abbondanza degli elementi leggeri nell’'universo. Questa richiesta fissa un limite inferiore per
le loro masse dell’ordine dei 50 TeV; questo potenziale problema va sotto il nome di “cosmo-
logical moduli problem”. In questa tesi ci proponiamo di studiare questo problema in modelli
inflazionari a piti campi, che emergono naturalmente dalla compattificazione delle stringhe di
tipo IIB. In particolare, indagheremo se la presenza di un grande numero di campi spettatori
durante 'inflazione ¢ in grado di ridurre lo spostamento iniziale dei moduli. Inoltre, ci proponi-
amo di studiare se la dinamica del sistema puo proibire un periodo in cui ’energia dell’universo
¢ dominata dai moduli dopo la fine dell’inflazione.
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INTRODUCTION

Cosmic inflation is a theory of accelerated cosmological expansion following the conjectured Big
Bang singularity. It was first elaborated in 1979 by Alan Guth and further developed over the
following years. Since then, this theory has been the object of great interest among physicists,
as it has proven to be extremely successful: it is able to explain, among other aspects, the origin
of the large scale structure of the universe.

Despite this, the mechanism to describe this cosmic expansion is still unknown; it is commonly
believed that the dynamics of a scalar particle called inflaton is responsible for inflation. In
particular, a great deal of attention has been attracted to the so called slow-roll models.

Recently, string theory has been an important source of inspiration for the development of
effective theories for inflation. Indeed, string theory is a candidate for the fundamental theory of
Nature and thus it should be able to describe every single aspect of our universe. In particular,
the four-dimensional low energy limit of string compactifications gives origin to supergravity
models with many moduli, i.e. gravitationally coupled scalar fields. Recent developments in
moduli stabilization techniques have opened the way to string phenomenology, as moduli VEVs
determine such basic quantities as the string scale and the gauge coupling constants. Given the
moduli potential, one possible application is precisely to inflation theory.

In this thesis we focus on the study of promising inflationary models with Kéahler moduli
derived from the low energy limit of type IIB string theory compactifications.
The first chapter is dedicated to a brief discussion of supersymmetry and supergravity. The
focus is on the mathematical structure of generic theories in order to present the procedure for
building supersymmetric models. Particular attention is given to models with A/ = 1 supersym-
metric charges and to the derivation of the scalar potential of the theory.
The second chapter is meant to bring to light some of the features of string theory which allow
one to obtain low energies effective supesymmetric theories. We provide the main concepts of
string compactifications for type IIB string theory with emphasis on the scalar fields that arise
from this procedure, i.e. the moduli. The large volume scenario of moduli stabilization is then
reviewed in a simple case.
In the third chapter we introduce the very basis of cosmology and inflation, underlying the prob-
lems of the hot Big Bang model and the necessity of introducing the inflationary scenario. We
then give a first insight on string inflation using a toy model effective potential for the moduli in
order to discuss the standard assumptions of the inflationary epoch. Finally, we introduce the
cosmological moduli problem of the post-inflationary epoch, as this problem is present in lots of



inflationary models.

The fourth chapter contains the original part of this work. After a general review of Kéahler
moduli inflation, we first derive general strong constraints necessary to obtain phenomenological
acceptable models, which could correctly reproduce the properties of the present universe. The
calculations aim to account for the most general case, and we do not assume any specific values
for the various parameters until the end. We then analyze the multi-field case, on the assump-
tion that almost all the particles behave in the same way, and gather the expected output of
the system. In particular, we derive an expression for the shift between the volume modulus
during inflation and the volume after inflation, together with an expression for the ratio between
its mass and the inflationary Hubble constant. These are fundamental parameters for under-
standing the physics of these models. After that, we discuss the post inflationary scenario and
we derive an expression based on fundamental parameters useful to estimate whether a post-
inflationary period of matter domination is present. Finally, we numerically solve the complete
system of differential equations freely choosing some parameters and exploiting the previously
derived relations in order to assign the remaining ones.

The appendix is also an important integrating part of this thesis, as we perform detailed calcula-
tions of the masses of the moduli in the multi-field case, showing the dependence on the number
of fields n, and we clarify how the specific uplift term of the potential affects the connection
between n and the parameters of the model.



CHAPTER 1

A BRIEF REVIEW OF SUPERSYMMETRY AND
SUPERGRAVITY

1.1 Why supersymmetry?

During the last decades, the Standard Model of particle physics has proven to provide a wonderful
description of some properties of the subatomic world, explaining a wide spectrum of phenomena.
It represents a concrete example of application of QFT, as it is a gauge theory based on the
internal symmetry

Gsm =SU3).@SU2)L@U(1)y,

which accounts for strong and electroweak forces. In particular, it describes all know particles
and interactions in four-dimensional spacetime:

e matter particles, i.e. quarks and leptons, which are organized in three families differing
only by their mass;

e interaction particles, arising from the gauge group Ggys, namely the photon ~, the gluons
g and the electroweak bosons Z° and W;

e Higgs boson, the scalar particle responsible for the breaking of SM gauge symmetry and
for the mass of all the particles.

Despite its success, SM is not the end of the story as it cannot answer many questions.
Hence, it cannot be a fundamental theory of the universe, but only an effective theory valid at
low energies. Indeed, SM is not able to address some of the modern physics puzzles:

e quantum gravity: SM describes three of the four fundamental interactions at quantum
level, but it does not include gravity, which has to be treated at classical level;

e hierarchy problem: it is not clear why there are totally different energy scales, namely
Mgw « 102 GeV (the electroweak scale) and Mp « 10'® GeV (the reduced Planck scale,

Mp = \/ 5 in natural units);
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e cosmological constant: the vacuum energy predicted by SM is much smaller than the
observed cosmological constant of the universe.

These are only few of the serious problems we face; other issues concern for example the strong
CP problem, the treatment of strong coupling field theories (as for instance QCD, due to the
asymptotic freedom property), the origin of the parameters of the SM, the mass of the Higgs
boson,...etc.

There are several different ways to try to extend the Standard Model, from ad hoc addition
of new physics guided by experiments to theoretical extensions suggested by first principles. In
this last procedure, the idea is to look for more general symmetries of Nature, which could be
both internal symmetries (as for example the GUTSs) or spacetime symmetries. The former case
relies on the assumption that these new symmetries are broken at some scale Mguyr > Mgw
and give origin to SM at lower energies, the latter exploits higher dimensional spaces or more
general symmetries (such as supersymmetry) for the standard four-dimensional spacetime.

Supersymmetry is one of the candidate theory for an extension of the Standard Model, even
though it does not solve all the problems we cited before. Indeed, it addresses somehow the
hierarchy problem, in the sense that it affects the sensitivity of the Higgs potential to the new
physics. In addition, supersymmetry really seems to be a fundamental symmetry of Nature: in
1975, Haag, Lopuszanski and Sonhius generalized the Coleman-Mandula theorem, discovering
that the most general superalgebras admitted in quantum field theory are the supersymmetry
algebras, which extend the Poincaré algebra.

The problem linked to the Higgs boson consists in the fact that its mass receives enormous
quantum corrections from the virtual effects of every particle which couples (directly or indi-
rectly) with the Higgs field H. For instance, if we write the Higgs potential as

Vi =m%4|H> + \|H|*,

for a Dirac fermion f which couples with H with the term —A\;H ff, aloop diagram gives the
correction

sl
82

Agmy = 2N, (L1)

whereas for a scalar particle S with a Lagrangian term —\g|H|?|S|? it gives

As

Ayy

These corrections depend on the ultraviolet momentum cutoff Ayy, i.e. the energy scale at
which new physics is expected. We do not know the value of Ayy, but for a large value, for
example Ayy «~ Mp, the Higgs mass receives enormous quantum corrections, which are not
compatible with the experimental measurements. Furthermore, even if the other SM particles
do not have direct quadratic sensitivity to Ay, they are indirectly affected due to their coupling
with the Higgs boson.

A possible solution to avoid such effect is to look for cancellations between the various con-
tributions to Am?: looking at (1.1) and (1.2), from the relative minus sign between the two
corrections we can imagine that we need a symmetry that relates fermions and bosons. This
is precisely the idea behind supersymmetry: each particle of the Standard Model has to be
accompanied by a supersymmetric partner (or sparticle) with a spin differing by 1/2 unit and



1.2. SUPERSYMMETRY ALGEBRA )

with Ay = |A\f|?>. For example, and electron is expected to come with two scalar fields called
selectrons, one for each chirality state of the fermion. Then, their combined contribution to the
Higgs mass looks like

Auv
Am? ~Aln [ —/ | . 1.
o At (220 (13

Hence, the quadratic dependence on Ayy is “substituted” by a logarithmic behavior, which is
much less dangerous.

The above discussion is of course exactly valid if supersymmetry is unbroken. However, since
no supersymmetric particle has ever been observed, it is clear that supersymmetry (if it really
exists) must be a broken symmetry. Thus in a realistic theory we must account for a term
Lireak in the Lagrangian which does not spoil the cancellation between scalar and fermionic
contributions to the Higgs mass.

Supersymmetric particles are also of interest in theoretical physics as they may be related to
dark matter. In particular, one of the neutral scalar particles that arise in the Minimal Su-
persymmetric Standard Model (MSSM) is the so called WIMP (Weakly Interacting Massive
Particle), which constitutes a promising candidate for dark matter.

Despite the benefits that supersymmetry would bring to fundamental physics, it does not ad-
dress the cosmological constant problem, which still remains one of the greatest mysteries of
present physics.

In this chapter we shall provide a brief description of the main tools necessary to construct a
supersymmetric theory. The goal is to show how to build a generic supersymmetric Lagrangian
and how to derive from it an expression for a scalar potential. In particular, this discussion is
meant to give an idea on how to derive a scalar potential from a supergravity theory, as such
potential is a fundamental ingredient for the inflationary models we are studying in this thesis.

1.2 Supersymmetry algebra

We introduce here the supersymmetry algebra. Before giving the properties of this algebra, we
briefly recall a few definitions.

Def. (Graded algebra). Let A be a commutative group. An algebra g over a field K is said
to be graded if it can be written as a direct sum

g= EB 9
€A
of vector spaces g; over K with a bilinear map
*x:gXxXg—g.
such that
*(9i,85) € Gity -
If A = Z5 the algebra is called a superalgebra.

Def. (Graded Lie algebra). A graded Lie algebra K over a field is a graded algebra where
the map

x:gXxXg—g, *(9i,95) — 19i, 951,V 9 € 8i,9; € 9;

generalizes the Lie product and satisfies
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i [glagj] C Jitj 7Viaj € A7

e [gi,95) = —(—1)]gj,0:), Ygi€0i,95 €9y;

o (=1)*[gi, lgj, gkl) + (=1)"[g;, [gk, 9i] + (=)7*[gr. [9i, 95]] = 0,
V9i €6i,95 € 8,9k € Ok -

Def. (Lie superalgebra). A Lie superalgebra is a graded Lie algebra where A = Zy. It
contains a set of generators {G,} which satisfy

GoGy — (1) GyGy = iC*,, Ge

where the gradings 7, take the values

0 for bosonic generators
Na = ..
1 for fermionic generators

If we call B, the bosonic generators and F}, the fermionic generators, the generalized Lie product
satisfies

[Baa Bb] - Z achC?
[Ba7 FOé] - ZgaaIBFﬁ i
{Fa, 3} = hog"Ba,

and the Jacobi identity can be written as
[Ga, [Gy, G} } + cyclic graded perm. =0,
where we used the notation

)= {{, 3 if they are both fermionic,

[, ] otherwise .

We point out that these definitions are not “standard”, as some authors refer to a graded Lie
algebra as an ordinary Lie algebra endowed with a gradation compatible with the Lie product
and use the above properties to define a graded Lie superalgebra. We will refer to [1] for our
convention.

Finally, after these definitions we come to the supersymmetry algebra, which is a Lie superal-
gebra that extends the Poincaré algebra. For this reason it is also called super Poincaré algebra.
First of all we recall the Poincaré algebra

[PH,PY] =0,
MW, PPl = i(PHtnP — PYpHP 1.4
n
[MM MP?] = i(MMnP + MYPphe — MH#PYPe — MY phe)

where P* are the generators linked to translations and M*" are the ones related to rotations.
We can now add the fermionic generators Q2, where A = 1,2, ..., N for generic extended SUSY,
to enlarge our algebra. We will focus on the case of simple SUSY with A/ = 1, since it is the
interesting case for us.
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We already know the commutation relations of the Poincaré algebra, so we just need to find the
relations with Q. and QTB. We will not derive them here, but we indicate two different strategies

to do it.

The first idea, followed in [2], is to use the index structure to make an ansatz and use some
known results to find the correct relations. It also use the fact that fermionic generators are
both spinors and operators, and they should transform following both ways.

The second idea, more physical, is to start building a minimal Lagrangian with a single left-
handed Weyl fermion and its supersymmetric partner (i.e. a complex scalar field). After having
defined the transformation rules of the fields and added a scalar auxiliary field (in order to
make the algebra closed off-shell), the Noether supercurrent and the conserved charges can be
found. The latter are the generators of supersymmetry transformations and their commutation
relations can be worked out using their quantum mechanical properties and the transformation
rules of the fields. For more details see [3].

The relations are then

[QQ,MW] = (0")."Qp (1.5)

[Qa, P [QT",P’*] =0 (1.6)
{Qa, Qp} = { } (1.7)
{QQ,QT} 2(0") Py - (1.8)

It is really important to note that the relation (1.8) implies that supersymmetry is a spacetime
symmetry and not an internal one, as the combination of two supersymmetry charges is linked
to a spacetime translation.

1.3 Superspace and superfields

In this section we define some very important mathematical tools useful to understand the
structure of supersymmetric theories.

We first recall that in non supersymmetric theories particles are described by fields defined on
Minkowski space

é: M* SR,

which transform under the Lorentz group.

The idea for supersymmetric theories is to extend these fields into some objects ® acting on a
superspace, whose coordinates are identified by X, and which transform under the super Poincaré
group.

Let us start by defining the superspace coordinates

X = (z",6%,01), (1.9)

where 6% and Hl are spinors of Grassman variables (also known as anticommuting numbers or
fermionic variables). Grassman variables are objects g; which generate a Grassman algebra Gy,
and satisfy the relations

{gi,gj} =0 \V/Z,] = 1,2, s
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If we consider a single variable g it is easy to see that a generic function f : G — R can be
written as

F9)=>_feg" = fo+ hy,

k=0

which tells us that the most general function is linear. Its derivative is simply

and requiring that the integral of a Grassman valued function is invariant under translation, i.e.
[dg f(g9) = [dg f(g + h), we found that

/dggzl, /dgle. (1.10)

These properties define the Berezin integral

/@ﬂm:/@wwﬁm:ﬁ:g. (1.11)

It is important to specify that the derivatives act on the left: for example, with two Grassman
variables g, h we have

0 0 0

8—g(gh) =h, %(hg) = %(_gh) =—h.

Let us come back to our spinors and give some definitions

00 := 6°0,, 070" .= 0gigte, (1.12)

which imply
1 NS R
66° = —560‘[399, pregts = 5&59* of . (1.13)

For the derivatives we have
() =00 gg(0) =0 () =ak () =0, a

whereas for multi integrals

/d91/d92 020" = ;/dm/da? 00 =1. (1.15)

This last leads to the definition
1
2/d91/d92 = /d29, (1.16)

and to integrate over a superspace we use

1 1 e
d29:—1d9ad95ea5, d26T:—1d0T°‘d0wedﬂ~. (1.17)
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1.4 General scalar superfield

To write the general scalar superfield in a superspace with coordinates x*, <, 9}; we expand the
field in power series in the anti-commuting variables

S(2,0,0T) =p(x) + 0 (x) + 0 X (x) + 00M (z) + 6T0TN () + (00"0T)V,,(2) (1.18)
+ (00)0T Xt () + (8101 0p () + (00) (70T D(x) .

Geometrically, a SUSY transformation is a translation in the superspace along the 6 and 6f
directions, but, as we pointed out before, (1.8) states that supersymmetry transformations also
generate spacetime translations. Hence a SUSY transformation can be written as

S(z,0,01) — exp(i(eQ v eTQT))S(x,a, 01) = Sz — i(ea™d) + i(00Pe), 0 + e, 0T + €T . (1.19)

From these translation arguments we can define the differential operators acting on superfields:

0

Qo = —i% G (1.20)
|
P, = —id),. (1.22)

It is easy to show that these operators satisfy the super Poincaré algebra. From an infinitesimal
SUSY transformation
65 = i(eQ + €'Q")S (1.23)

we can get explicit terms for the transformations of the different fields of S(z,#,0"). We will
not do that here (see [2]), as we are more interested in the chiral superfields, which are the basic
fields we need in order to build a Lagrangian.

It is enough for our purposes to give the tranformation of the D-term

0D = %8M(60“AT — potel), (1.24)

since it is the only term which transforms as a total derivative and for this reason it will play a
crucial role to build a generic Lagrangian.

1.4.1 Chiral superfield

If we want to construct generic supersymetric Lagrangians in superspace, we need derivatives
respect to the Grassman variables which are invariant under SUSY global transformations. But

oS 0
o (ae) aa 9%)
i.e. derivatives respect to 6% (and GL) are not superfields.
To fix this problem we define the covariant derivatives
0

) _
= _— +i(ct6t L= — — (64
Do = 55 +1i(c"0") a0y, Dy 507 i(00")a0u (1.25)
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which satisfy

{Da,Qs} = {Da, Q%) = {Ds, Qs} = {Da, QL} =0,
{Da, Dg} = {Da, Dy} =0, (1.26)
{Da, Dy}t = —2i(a“)a58u.
In this way it is straightforward to verify that D,S is a superfield and finally transforms as
D, (0S) = (§D,S), as required for a supersymmetry transformation.

Since S(z,6,0") is not an irriducible representation of supersymmetry we are free to eliminate
some components: this allows us to find an irreducible representation of the supersymmetry
algebra.

One of the very important fields is the chiral field, as it contains matter particles (quarks and
leptons) and the Higgs boson, together with their supersymmetric partners. It is defined by the
condition

Dy® =0,

and it can be explicitly written in term of its components as
O(x,0,0") = p(z) + V20 (x) + 00F (x) + i05"010,,p(x) (1.27)
] 1
(00)0u ¢ ()"0 + 1(99)(“9*)%3%(%) ,

7

V2

where ¢ represents the scalar part, 1 the fermionic one and F' is an auxiliary field necessary to
close the supersymmetry algebra off-shell.
Under a SUSY tranformation (1.23) we find for the change in components

b =V 2e, (1.28)
5 = iv/20" €' 0,p + V2 F (1.29)
OF = iv261610,1). (1.30)

Similarly, an antichiral field is defined by the condition D,®' = 0. It is important to notice that
the product ®'® and the sum ®f + & are both real superfields but neither chiral nor antichiral.

1.4.2 Vector superfield
The most general real field V(xz,0,07) = Vi(x,0,07) is
V(x,0,0") =C(x) +ifx(x) — i\ () + %HQ(M(QJ) +iN(z)) — %QTQT(M(:U) —iN(z))
00101V, (x) + i(00)61 (-MT(:,;) + ;5“8ux(m)) (1.31)

—i(0toMye <z’)\(a:) - ;0“8MXT(x)> + %(99)(9*9*) <D _ ;auaﬂc> .

To enlighten its physical meaning we note that if A is a chiral field, then the combination
i(A — A') is a vector superfield. We can then define a gauge transformation

VHV—%(A—AT),
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and we can freely choose the components of A. A very important choice is the Wess-Zumino
gauge, in which the superfield takes the form

Vivz(x,0,07) = (00”01 V,(z) + (00)(0TAT(x)) + (6707 (O (2)) + %(ee)wmf)p(x) . (1.32)

From (1.32) is clear that such superfield contains the gauge particles V,, (photons, gluons, W,
Z9) and the gauginos A and Af, plus an auxiliary field D(z).

1.5 Supersymmetric Lagrangians

Now that we have all the mathematical tools we need, we can try to define a general supersym-
metric Lagrangian. We will consider few simple cases as the main goal of this chapter is to find
the general structure of the supergravity potential without gauge fields.

We start considering the general chiral superfield Lagrangian. In order to build a Lagrangian
invariant under global supersymmetry we recall the supersymmetry transformations (1.24) and
(1.30): we can exploit these properties in order to ensure that L is a total derivative under
SUSY transformations. The most general Lagrangian for chiral fields ®; is then

L= K(®;, &1

+ <W(<I>i)

+ h.c.> , (1.33)
D F

where K (®;, ®/ T), known as Kdhler potential, is a real function and W (®;), called superpotential,
is a holomorphic function of the chiral superfields and thus it is a chiral superfield itself. With
these properties, we can give general form of such functions ([3], [4])

K(®;,®1) = ol | (1.34)

) 1 .. 1 ..
W(®;) = L'®; + 5 MY ®;®; + By”k@i@j@k : (1.35)

where L # 0 only if ®; is a gauge singlet, M % is a symmetric mass matrix for fermion fields and
y* is a Yukawa coupling of a scalar and two fermions that must be totally symmetric under
interchange of ¢, 7, k.

To obtain the expression of the Lagrangian in terms of the components of the superfields we can
expand around ®; = ;; in particular, the superpotential is

1 *W
209,00,

ow

W(®;) = W(pi) + 9%,

(@i — i) +
D=0

(@i — i) (P — ) » (1.36)
Pi=p;

and defining (%Vi = W the F-term of W are

Di=p; oo
oW 1 W
W(®i)| =-—[(®i—wi)l| +3 (@i — i) (®j — ;)] (1.37)
g h 6901 7 3 h 9 89018%0] 7 7 J j h
With the same reasoning for the Kéahler potential we finally come to the full Lagrangian
, : 1 0°W
L= "% 8,0; + it 'a o, — = [ ———ith; + he. | + L, 1.38
@ M‘Pz""“ﬁ o ,Lﬂvb 2<8(Pia¢jw¢]+ C>+ F ( )
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where oW oW
Fy+ —F* (1.39)

Lp=FEF*
F 7 + 8907, 890*1

is the part of the Lagrangian containing the F' fields, which are not physical. Indeed, from L
it is evident that the fields F; do not propagate due to the absence of derivatives.
We can now eliminate these auxiliary fields using the equations of motion

F¥ = _gW
{F‘ o 8?/1? : (1.40)
K3 - aw*z
these define the scalar potential
ow ow
Ve=—Lpr=— - 1.41
P 0 0y 4y

Let us now give the framework of a more general theory. If we want to introduce interactions,
we also need vector superfields with their kinetic terms. We can build a supergauge theory, in
analogy with what we do in non superymmetric cases. In this case, the Lagrangian takes the
form

L= K(®; &)

ot <(j1 Fan(@HW WS + W(<I>z)>

ot h.c.> : (1.42)

where fq(®;) are the gauge kinetic functions, W, are the field-strength superfields and
dti — (<I>*ev)j,
V =2¢,T°V?,

where T are the generators of the gauge symmetry, V' are vector superfields (one for each Lie
algebra generator) and g, are the gauge couplings.

In this case, if we want to find the scalar potential, we have to take into account that in the
Lagrangian are also present D-terms; therefore, eliminating all the auxiliary fields through their
equations of motion, we find a scalar potential of the form Vi = Vg + Vp.

In such general cases the F-term scalar potential Vi takes the form

= OW oW
Vp = KY
T dpi0pr

(1.43)

where K% is the inverse of the Kdhler metric

2
K= (5205) (1.44)
OptOp*I

which is the metric over a complex Kéhler manifold whose coordinates are the scalar fields .

In summary, a general supersymmetric Lagrangian depends on three functions of superfields:

e the Kahler potential K, a real function of both chiral and anti-chiral superfields, which
could include vector superfields in order to be supergauge invariant;

e the superpotential W, an arbitrary holomorphic function of the chiral superfields, which
must be invariant under the gauge symmetries of the theory;

e the gauge kinetic function f,;, a dimensionless holomorphic function, symmetric under
interchange of its two indices a, b, which run over the gauge group.
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1.6 Supersymmetry breaking

As we outlined in the introduction of this chapter, supersymmetry must be a broken symmetry.
For what concerns the symmetry breaking, we remind that a symmetry is said to be sponta-
neously broken if the Lagrangian is invariant under such transformations but the vacuum state
is not. We then speak of broken SUSY if the vacuum state satisfies

Qq |vac) #0. (1.45)

Let us consider (1.8) contracted with (60)"%‘“

. 2
(0°)" { Qs Q1 } = > (Qu@h+QhQu) = 4P = (1.46)
since for a generic state |¥)
(9] QuQl + QLQa [¥) = Qa [¥) " + QL [¥) " > 0, (1.47)

it follows that £ > 0 always. This also implies that if the state |¥p) has £ = 0 it must be a
ground state; however, not every ground state has zero energy and from (1.45) it is clear that
SUSY is broken if

(vac] QQQTCY + QLQQ |vac) > 0, (1.48)

i.e. the vacuum has positive energy. If we now look at the chiral field transformation laws (1.28),
(1.29) and (1.30), it is evident that if one among dp, 01, 6F # 0 then supersymmetry is broken.
Actually, to preserve Lorentz invariance we need (1)) = (0,¢) = 0 which implies 61) = 6F = 0;
hence supersymmetry is broken if and only if dp # 0 or

(F) 0.

If we look at the equations of motion (1.40) for the auxiliary fields F;, from (1.41) it is evident
that in terms of F; the scalar potential is

Vi = F;F*, (1.49)

and the SUSY breaking conditions are equivalent to

(VF) > 0. (1.50)
If we consider a vector field V(A, A, D), given that (see [3] and [4])

AN=€D+ %(a”&”)(@u‘/y -0, V),

with the same reasoning as before it is evident that if

(D) #0,
then supersymmetry is broken.

In conclusion, in a general model with both F-fields and D-fields supersymmetry is broken if at
least one of the auxiliary fields acquires a non-vanishing vacuum expectation value.
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1.7 N =1, D = 4 supergravity Lagrangian

Supergravity is the gauge theory that arises when we extend SUSY to a local symmetry; intu-
itively, this is similar to General Relativity invariance under general coordinate transformations.
This operation introduce a gravity supermultiplet with two more particles, the graviton (a spin
2 particle) and the gravitino (a spin 3 particle).

Supergravity is a quantum theory of gravity, and the case N’ = 1 is the most interesting one as it
includes gravity in a natural way and it is the only one phenomenogically acceptable. Anyway,
this theory is not renormalizable, and supergravity Lagrangian has to be considered an effective
phenomenological Lagrangian which comes from a more complex framework.

We present here some useful results that we will use in the following chapters. A D =4, N =1
supergravity Lagrangian depends only on two functions, the Kdhler function

G(®,d") = K(®,d") +In|W (D), (1.51)

and the gauge kinetic function

fan(®). (1.52)

We see that for supergravity the Kéahler potential and superpotential are not independent;
however, it is still useful to work with them instead of G. In this case, the action exhibits an
extra symmetry, the so called Kahler invariance

K — K + h(®) + h*(®1), (1.53)
W — e M@y

where h(®) is an arbitrary function.
Let us concentrate on the chiral supergravity Lagrangian: we are not interested in the gauge
fields coupled to supergravity, as these fields do not arise from compactifications of the extra
dimensions of string theory we will consider in the next chapters. In particular, from this pro-
cedure lots of scalar fields are originated. Hence, we do not write the full Lagrangian explicitly,
which can be found in [5], but we give the general form of the Lagrangian for a scalar field,
which is

Ly =K;; 8M<p18“ - Vr. (1.54)

The scalar potential, which can be derived as in section 1.5, is now

K ‘W‘Q
Vp = (K”D WD;W —3 > , (1.55)
Mg
where
D;W : f(?W—i—MQ(@K)W (1.56)
In this case, the F-terms are given by
K -
Fl= P KID,W,  Fl= 2MQ PKTD;W . (1.57)

Note that in the limit Mp — oo the potential (1.55) becomes equal to the standard supersym-
metric case of (1.43), as we expect.



CHAPTER 2

4D LVS STRING MODELS

2.1 Why string theory?

Nowadays string theory is one of the most promising fundamental theories which may be able to
describe all the known interactions in an elegant unified framework. It is build on a rich mathe-
matical structure where the point-like objects of particle physics are replaced by one-dimensional
objects, namely the strings. Such theory requires the existence of six extra dimensions for in-
ternal consistency, introduced with the help of a six-dimensional manifold.

It seems there exist only five different string theories: type I string theory (closed and open
strings), type ITA and IIB string theory (closed strings), heterotic Fg x Eg and SO(32) string
theory. These theories are related by a number of dualities and are believed to correspond to
different limits of an underlying theory known as M-theory.

In order to make contact with our four-dimensional world, it is the necessary to find a way to
“hide” the extra dimensions making them invisible at our present instrumentation. This tech-
nique is called compactification and it corresponds to the low energy limit of string theory. This
limit (some orders of magnitude below the Planck scale) leads in general to a supersymmetric
low energy effective theory. Hence, it is particularly interesting as it can provide an extension
of the Standard Model, naturally accounting for supersymmetric particles, and cosmological
models useful to describe some features of the universe evolution.

Despite being a candidate to describe Nature in all its aspects, string theory lacks any kind

of experimental evidence. However, even if a direct confirmation seems at present impossible, it
is worth to look for phenomenological implications of the theory, which could produce realistic
models of some natural phenomena.
In particular, in this thesis we are interested in cosmological models for inflation, i.e. the period
of accelerated cosmological expansion soon after the Big Bang. In this chapter we will focus
on some results of type IIB string theory necessary to build suitable model for this purpose;
the goal of this discussion is to give an idea of the underlying theory and its low energy limit
without any claim of completeness. More exhaustive treatments can be found for example in
[6], [7] and [8].
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2.2 Compactification and dimensional reduction

In this section we present the most important features of the low energy limit of string compact-
ifications for type IIB string theory. This procedure allows us to get rid of the extra dimensions,
providing a connection with our four-dimensional world and obtaining an effective theory we
can work with. In particular, we are interested in supersymmetric compactifications in order to
find a A/ = 1 supergravity potential, which is the most interesting one from a phenomenological
point of view. Indeed, in general the low energy limit gives origin to supersymmetric theories in
which supersymmetry is broken, for instance supergravity with NV =8, N =2 or N = 1.

In relevant models for cosmology, the ten-dimensional space is assumed to be factorized as

Mig = My x Y, (2.1)

where M, is the Minkowski space-time and Yy is a compact Calabi-Yau three-fold, which is
tipically compactified at low energies. This specific choice is justified by the fact that with this
manifold we can recover a 4D N = 2 supergravity, which can be further reduced to A" = 1. In
this case the line element (ignoring possible warping) can be written as

i

where y™ ., m = 1,2, ...,6 are coordinates on Yg and Gy, is a metric on it. In general, the theory
does not provide a specific choice for the internal space Yg. Its form has to be determined in
order to match observations and we can be guided by cosmology and particle physics to gather
an ansatz for the structure of the manifold.

We sketch here the idea of dimensional reduction, following [6]. To compute the four-
dimensional effective action we begin with the ten-dimensional Einstein-Hilbert action

10 M38 10 \/7

where M is the string scale, G is the modulus of the determinant of the metric Gjsny and Rqg is
the ten-dimensional Ricci scalar constructed from G ;. The next step consists into performing
a Kaluza-Klein reduction (i.e. considering the low energy limit below the Kaluza-Klein scale
Mg ), noting that in this case the integral can be factorized as

M8 .
Sk =" [ uva [ davaRs. (2.4)

where g = |det g,u|, § = |det Gmn| and Ry is the usual Ricci scalar in four dimensions. The
volume of the internal space is given by

Vol(Y) :/ dSy\/g= VIS, (2.5)

Ys

where [ = 27V o/ is the string length and ﬁ is the string tension. The string length is linked
to the string mass scale Mg by s = ﬁs
To recover the Einstein-Hilbert action in four dimension
M2
Sty = 2P/d4x\/§7€4, (2.6)
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is immediate to make the identification

Mp

where the volume is intended in string length units (Is = 1). The value of M is smaller than Mp
and we need V > 1. Beside this, we can also put an upper bound given the fact that up to now
LHC did not find any hint of new physics above 1 TeV; thus, the volume should be V < 1030
[9].

We can now also estimate the Kaluza-Klein scale considering that it has to be the scale for which
lengths are bigger than the Calabi-Yau characteristic dimension

1 1 M, Mp
(Vol(Ye)/8) ~ Wi/, — yi/s 2/

Mgk -~ (2.8)

Referring to My, the low energy limit gives rise to a ten-dimensional type IIB supergravity with
N = 2 whose field content is given by the massless degrees of freedom of string theory. To
compactify the extra dimensions is necessary to go below Mgk, as we did in the above example.
For the sake of simplicity, from now on we will work in Planck units Mp = 1, unless otherwise
specified.

2.2.1 Moduli

After Calabi-Yau compactifications, we are left with lots of different type of moduli, which are
neutral scalar fields gravitationally coupled to matter fields through Planck-suppressed inter-
actions. In this section we will show the connection of these fields with the geometry of the
considered manifold.

We have already mentioned that the simplest compactification with Calabi-Yau manifold
leads to a N = 2 supergravity theory. We then exploit this feature in order to outline where the
moduli come from; we will focus exclusively on them, as the other forms and additional scalar
fields of the theory do not directly appear in this thesis.

Once we get a 4D effective theory, we can basically distinguish three kind of moduli fields:

o azio-dilaton S = e~® 4+ iCy, where Cj is an axion-like field and ® is a field called dilaton,
whose VEV fixes the string coupling e~ (®) = 1/g,;

o complex structure moduli ¢, which parametrize the shape of internal space and arise from
deformations of the complex structure on Yg, which may be written as

891 = Hgnch‘(x)(m)i;mf’i (2.9)

where x4 represents a set of harmonic (1,2)-forms, A = 1,2,...,h%? (M2 is a Hodge

number, thus in this case the dimension of the Dolbeault cohomology group H 1.2) and
Q = Qyxd2" A dz? A dz* is the holomorphic (3,0)-form of Yg, ||Q|? = %Qiﬂciwk;

e Kihler moduli t', which are deformations of the Kéhler form

J =ig;det AF (2.10)



18 CHAPTER 2. 4D LVS STRING MODELS

which can be parametrized by a set of harmonic (1,1)-forms DI 1=1,2, .. »tt (1 is a
Hodge number, thus in this case the dimension of the Dolbeault cohomology group H'1),

J=tl(z)Dy. (2.11)

Let us now turn to the most interesting case. In order to finally obtain an acceptable
phenomenological model, it is possible to introduce an orientifold projection O which breaks the
N = 2 supersymmetry into a A/ = 1 supersymmetry. These type of compactifications typically
include non-trivial background fluxes and local sources such as D-branes.

Under the orientifold action the cohomology groups split into

HPY = HP @ HPY (2.12)

where the subscripts denote the parity of the forms under orientifold action. Consequently, also
the basis for HY! and H%2? decompose into basis for an even and an odd space.
The Kéahler form can be written as

J=t(x)D;,  i=1,2,..,h%", (2.13)

where as before t* are the Kihler moduli, which measure the volume of two-cycles that are even
under the involution O. In the same way, the complex structure moduli are (%, a = 1,2, ..., hl_’2,
whereas ® and Cjy are automatically invariant under the orientifold action.

Now we can further discuss this last framework. We begin noticing that the compactification
volume can now be written with the help of the Kéahler form as

1 1 .. N N N 1 .
v / JNTANT = gt’tjtk DiANDj A Dy = gcijktztﬂtk, (2.14)
YG . .

3 Ye
where ¢;;;, are the triple intersection numbers of Yg.
The fields entering the N' = 1 chiral multiplets are the complexified Kahler moduli

T, =7 +10;, (2.15)

where 7; is a four-cycle and 0; is its axion-like partner, i.e. a pseudoscalar field with Peccei-Quinn
shift symmetries of the form 6; — 0; + const.
The four-cycle volumes are related to the two-cycle volumes by

o 1

. 1 ,
— | DIANJAJ = §c,~jktﬂt’“. (2.16)

T, = — =
Lot 2y,

2.3 Moduli stabilization

As we have seen, moduli are zero-energy deformations arising from the geometrical properties of
the Calabi-Yau manifold. All of them are characterized by a vanishing potential at some level of
approximation; some of them have exactly vanishing potential before supersymmetry breaking,
while others have vanishing classical potential but acquire mass thanks to quantum effects. In
order to describe cosmological evolution it is fundamental to understand the dynamics of these
scalar fields.
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A first task is then to find vacua in which all moduli have positive mass-squared. This operation
is extremely important, as moduli VEVs determine fundamental quantities such as coupling
constants, and allows us to build realistic models. Furthermore, we know that moduli cannot
be massless, otherwise they would originate a fifth force and we would have already observed
them. This technique goes under the name of moduli stabilization.

Let us now list the fundamental functions of the supersymmetric effective theory. After
having compactified the Calabi-Yau manifold in order to obtain a 4D N = 1 supergravity, we
can write the corresponding Kahler potential and superpotential. At leading order in the o/ and
string loop expansions, the Kéhler potential is

Ko = —2log(V) —log(S + S) — log (—Z/Q A Q> , (2.17)

where the holomorphic three-form €2 of the Calabi-Yau manifold depends on the complex struc-
ture moduli {, and the volume depends on the Kahler moduli 7;.
The tree level (flux-induced) superpotential is

Wozc,/GgAQ, (2.18)
«

where ¢ is a constant and G3 is a three-form flux. The superpotential is independent from the
Kahler moduli since G5 = G3(S) depends only on the axio-dilaton and Q = Q(¢); thus we can
write Wg = W()(S, C)

The scalar potential associated with Ky and W is then

V0 = o [ngDIWODJWO —3wo)?] (2.19)

where the indexes I, J run over all the moduli (73, (4, 7). The Kéhler potential in (2.17) satisfies
the no-scale condition B
> Ky DWoDWo =3 (2.20)
1,J=T;

and the scalar potential (2.19) reduces to

Ve = N K DWoD W (2.21)
IJ4T;

this property is the so called no-scale structure. Since the superpotential (2.18) is independent
of the Kéahler moduli, the scalar potential is now independent from the F-terms of the Kéhler
moduli.

At tree level the potential is positive semi-definite and the minimum is then Vlg’mm = 0,
which implies
DsWy =0, D¢aWy =0. (2.22)

Hence, the axio-dilaton and the complex structure moduli can be stabilized at tree level solving
these equations. In particular, as mentioned before, we obtain Re ((S)) = e~{®) = 1/g,; it is
fundamental to stabilize the dilaton in order to have gs < 1. In this case, from (1.57) it is
immediate to recognize that the global minimum is supersymmetric as long as D7, Wy = 0.

In order to stabilize K&dhler moduli we then need to consider perturbative and non-perturbative
corrections to the tree level potential, which break the no-scale symmetry, lifting or destabilizing
the flat directions and altering the vacuum energy.
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2.3.1 Perturbative corrections

The Kahler potential receives corrections order by order in o/ and string loop expansions

K = 06Ky + 0K, ; (2.23)

there are also non-perturbative effects that we can safely ignore as they are subdominant com-
pared to above corrections.

If we neglect string loop contributions (see [10] and [11] for discussions on these terms), we are
left with § K/, where o' corrections descend from an (o/ )3 curvature correction in ten dimen-
sions. If we stabilized at tree level the dilaton and the complex structure moduli with the help

of (222) we get
2 ) cs Q

§= _ x(¥e)C(3) (2.25)

2(27r)3g§/2 ’

where

X(Ys) is the Euler characteristic of the manifold Y and ((3) ~ 1.202 is Apéry’s constant. The
o/-corrected Kéhler potential no more satisfy the no-scale condition (2.20) unless x(Ys) = 0.

It is important to notice that a’-correction is an expansion in inverse volume which can be
controlled only at large volume.

The leading contribution to the potential is

(€2 + 76V 4+ V?)
(V—=9@2V+¢)?

KW 3EWG

_ac K
OV = 3e v 18

3
We ~ G (2.26)

where we assumed K4 ~ 0.

2.3.2 Non-perturbative corrections

Unlike the Kéahler potential, the superpotential receives no corrections in o’ or gs. Due to the
non-renormalization theorem its first corrections arise non-perturbatively and the general form
of the corrected superpotential is

1,1
hy

W =Wo+ Wy =Wo+ Y _ Ae™ T, (2.27)
=1

where the coefficients A; are independent from all the Kéahler moduli, but generally depends
on the complex structure moduli and on D-brane positions. In particular, such terms can be
generated from gaugino condensation in supersymmetric gauge theories located on D7-branes
wrapping 4-cycles or from Euclidean D3-branes (also wrapping 4-cycles). In particular, in the
first case a; = 37 (for a SU(N) gauge theory), whereas in the second a; = 2.

Let us now compute the non-perturbative contribution to the scalar potential. For an arbi-
trary Kéhler potential, from (1.55) and (2.27) we get

Vop = KK aiAiaiﬁje_(“iTﬁ'“ﬁj) — (aiAie_aiTiW83K + a;Z;e_aﬁj W&K)] . (2.28)
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2.4 The Large Volume Scenario

We now turn to investigate whether the new potential corrected with (2.24) and (2.27) presents
metastable vacua even though the classical theory has unstabilized Kéhler moduli.

In general, leading-order corrections create an instability in the potential, which drives the
theory either towards extremely large or extremely small values of the volume, depending on the
situation. A metastable vacuum can arise only considering higher-order corrections which can
counterbalance the instability generated by leading corrections. Unfortunately, such corrections
are in general not known and stabilization may not be an easy task.

However, there exist (at least) two mechanisms which can achieve moduli stabilization exploiting
competition among known correction terms; these are known as Large Volume Scenario (LVS)
and KKLT scenario. In this section we briefly discuss the LVS as it provides the framework in
which the model we will study in chapter 4 is embedded. For a more general discussion see [12].

The LVS allows to obtain Kahler moduli stabilization by balancing the leading o/ correction
of the corrected Kahler potential (2.24) against the non-perturbative superpotential (2.27). This
approach is particularly useful as it allows to stabilize the volume modulus V at large values;
this assures us that we can neglect the unknown o and gs corrections, which are subleading
compared to (2.24). In particular, this procedure originate a non-supersymmetric AdS minimum
at exponentially large volume.

The first thing to do, in analogy with the KKLT scenario, is to integrate out the complex
structure moduli: we stabilize the dilaton and complex structure moduli by solving (2.22), as
was already suggested. We now can put together the o/-corrected Kéhler potential (2.24) and
the superpotential (2.27) in order to find the full scalar potential, which depends only on the
Kahler moduli

Vi = Vi + 6V = e {KJ [(0,W)(@;W) (2.29)

+ (W(OiW)(8;K) + W (0;W)(8;K))]
3§W02}

1y

where we used the large volume limit V > 1. Actually, these perturbations generate also a
small shift in the minimum of the other fields, namely DgW « DeaW ~ O(V71), whose role
is analyzed for example in [13]. However, this shift is small and we can regard their values as
fixed.

In the following discussion we consider cases with £ > 0 (x(Ys) < 0), which is equivalent to have
more complex structure moduli than Kéhler moduli, as x(Ys) = 2(h*! — h21).

In order to distinguish different terms whose combination can generate a metastable vacuum,
we first note that the non-perturbative contribution to the potential (2.28) can be splitted into
Vap = Vapt + Vipa, where

Vi = 5K ((9;W)(@;W)) (2.30)
Vipe = X KT (W(O,;W) (%K) + W (O;W)(9,K)) - (2.31)

In order to achieve stabilization, the authors of [12] assume the presence of several real moduli
7; = Re(T;) which satisfy
7, 00 for V — oo, (2.32)
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which is the decompactification limit (in which the corrections to the tree level potential must
vanish), and of small modulus 74 for which this condition does not hold. They also argue that
the first limit must be well-defined and that 75 must appear non-perturbatively in W, whereas
this is not necessary for “big” moduli. In order to achieve competition between dK,/, V1 and
Viap2 the small modulus has to behave like

asTs =InY for V—o0. (2.33)

Indeed, with this requirement all the three terms are of the same order in 1/V. At large volume
the dominant one is the negative contribution of V;,;2, as we will see in a moment, and thus
the potential approaches zero from below. Hence, if such assumptions are suitable to achieve
stabilization, the minimum they generate must be AdS.

A more general analysis [14] shows that we can choose a Calabi-Yau with several “big” and
“small” moduli such that at the large volume limit

{TZ‘ remains small Vi = 1,2, ..., Ngnail (2.34)

Tj — Q0 ,Vj = Neman + 1, ---7h1,1 5

with a superpotential whose non-perturbative corrections depend only on the small moduli

Nsmall
W=Wo+ Y AT, (2.35)

i=1

In this case the scalar potential admits a set of a AdS non-supersymmetric minima at exponen-
tially large volume located at V « €% Vi = 1,2, ..., Ngnau if and only if € > 0 and 7; is a local
blow-up mode resolving a given point-like singularity Vi = 1,2, ..., Ngmai-

It can also be shown that 7; is the only blow-up mode resolving a point-like singularity if and
only if K% « V/7;. If the singularity is resolved by more than one blow-ups the structure of
K% is more general, see again [14].

Let us now study a very simple case which enlightens the above idea in a straightforward
way and clarifies some of the statements we made. We can assume the simplest possible form
for the Calabi-Yau which satisfies the requirements (2.34)

V=732 (2.36)

Using the results of appendix A.2, we can compute the non-perturbative contributions in the
large volume limit V « 75/2 > 1 using the superpotential W = Wy + Age~%7Ts as in (2.35). For
simplicity we assume that both Wy and A are real. For V;,;,1 we find

K.
N86 cs 9

Vipt = e K55 ((9;W)(0;W)) ~ Y Teal A% (2.37)
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To compute V2 we need to be more careful. Recalling % = % 5 we have

Vipz = + e K55 (W(0sW)(0s K) + W (W) (0s
+ XK (W(9s W) (0pK) + W (0,W) (05
+ KX K (W (W) (0:K) + W (9 W) (9K

Kes _

o~ eV2 K5 2?;\/773 (asA Wole —asTs | e—a5T5)>
+ KK (0,K) (W(9:W) + W (9, W))

oKes
~ SWTsasASWOe_aS“ cos(asfs)
Kcs
V2
Kcs

+ 12—-T15asAsWoe™ ™ cos(asbs)

:+4e

—a
WTsasASWOe s7s cos(asbs) ,

—2a5Ts

where we discarded the terms e . Finally, the total potential looks like

3EW
4V

81
Vi o~ efes [a2A2\/> —2asT2 4 4—A5W0a57'se_“”5 cos(asbs) +

3% 5 (2.38)

In order to approach zero from below and generate a minimum we can act on axion fields,

minimizing them setting 6, = nz’T we obtain

A Wasre T 4

81
Vi o~ efes [azA2 Tee 20T _ (2.39)

3EWE
3p°e -

V 4 V3

From this final expression it is evident that V' > 0 for small values of V; on the contrary, using
(2.33) we then see that at large volume the potential is negative

V onefles {3])3 a3? A2/ In Y — 4 A sWo

v — 4WASWO an,

fwo}

5 (2.40)

and thus V < 0 for ¥V — oo. It is then immediate to gather that it must exist at large volume
an AdS minimum, as we stated previously. The form of the potential is sketched in figure 2.1.

We point out that this example explains correctly the idea of the article [12], where the
authors assume more in general the presence of several big moduli and just one small modulus,
deriving the most general potential

1 1
Vi vag\AS]2(—cssktk)e_2a‘“75 - WCLSTS@_“”S|ASW| + %|W!2 . (2.41)

2.4.1 Uplift

Now that we have found a global AdS stable minimum, it is necessary to uplift it to account for
a dS vacuum, in order to give a realistic description of our universe. Indeed, to describe inflation
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Figure 2.1: Typical behavior of the potential after LVS stabilization.

in the early universe and dark energy in the late universe we need vacua with positive energy.
In particular, in order to reproduce the vacuum of our present epoch the global minimum of
the potential has to be approximately Minkowskian. This is not always an easy task in string
theory, as dS vacua are more subsceptible to instabilities.

Common mechanisms to generate such term rely on addition of anti-D3 branes or on the presence
of magnetic fluxes on D7-branes. In general, the uplift can parametrized by

D

Vu :Wu

(2.42)

where D > 0 and v depends on the specific mechanism generating this term and typically takes
values in the range 1 <~ < 3. The new behavior of the total potential

VI =V 4+ Vi

is represented in figure 2.2.

\%

Figure 2.2: Plot of the potential with inclusion of the uplift term V,,, and with a nearly
Minkowskian minimum.



CHAPTER 3

THE COSMOLOGICAL MODULI PROBLEM

3.1 Inflation

After the development of Einstein’s General Relativity, lots of scientists tried to apply this theory
to the study of the dynamical structure of the entire universe. In order to study the large scale
structure, it is convenient to think about the universe as a fluid where galaxies constitute its
particles.

Apart from this assumption, cosmology is based on three principles:

e General Relativity alone is sufficient to describe the large scale features of the universe;

e the motion of the galaxies is governed only by gravitational forces generated by the galaxies
themselves; this is the Weyl’s principle, which in other words states that the world lines
of galaxies form a spacetime-filling family of non-intersecting geodesics (which we can
consider as “fluid lines”) converging towards the past;

e the universe is the same in any point of the space (homogeneous) and symmetric in any
point of the space (isotropic); this is the so called cosmological principle.

In particular, the last hypothesis implies that there is no privileged observation point and that
the universe appears the same in every place. In addition, it also tells us that the universe must
be described by a constant curvature space. From these assumptions we can work out the line
element ds? for an expanding universe, finding the famous Friedmann-Robertson-Walker (FRW)

metric

dr?

1 — kr?

ds® = dt? — a®(t) + r2(d6? + sin? 6d¢?) | | (3.1)

where (7,0, ¢) are radial coordinates, k takes into account the geometry for a constant curvature
space (k = 0 flat, k = 1 spherical and k = —1 hyperbolic) and a(t) is the scale factor.

Solving Einstein equations we can find the dynamics of the scale factor, which contains all the
information on the universe expansion thanks to the homogeneity and isotropy assumptions. In
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particular, we obtain the system of equations

3a = —471G(p+ 3p)a (3.2)
ai + 242 + 2k = 47G(p — p)a® '
and combining them we are lead to the Friedmann equation
8rG
k= ”Tpcﬂ , (3.3)

where p is a pressure term and p is the energy density as usual.

Fundamental observational facts strongly suggest that our universe is spatially flat on large
scale and that it is then well described by FRW metric with £ = 0. To better discuss the causal
structure of the FRW spacetime it is convenient to write the metric in term of the conformal
time 7

ds? = a®(7) [d7'2 - dx2] , (3.4)

such that the distance that a particle can travel in A7 is simply |Ax| = A7 (comoving distance).

Let us now discuss some features of standard Big Bang cosmology. We begin introducing the
concept of cosmological horizon. Imagine a signal emitted at the moment of Big Bang (¢t = 0)
which travels at the speed of light since then: we can ask what is the distance [ (t) that such
signal covers from the point of its emission after a time t > 0. [y (t) represents the size of the
region causally connected by the time t. This means that an observer living at time ¢ cannot
know in principle what has happened outside the sphere of radius /7 (¢) and therefore this sphere
represents the observable part of the universe at time ¢. This sphere is the so called cosmological
horizon; lg(t) increases in time and the horizon opens up.

If we choose the coordinates in order to have the initial singularity at ¢ = 0, then the maximum
comoving distance that a particle can travel at ¢ > 0 since that moment is given by

t / tl . a 1
AT:/ dt :/ _adt’:/ —dlna, H=
o a(th 0 Ga o aH

and the physical size is

(3.5)

ISHIESE

L (t) = a()Ar = a(t) /0 a‘g:) . (3.6)

For example, if the universe was matter dominated, we would have a(t) o t*/3, H(t) = 2/(3t) and
then Iy (t) = 3t = 2/H (t) and the size of the horizon today would be Iy, = 2/Hy ~ 2.6 x10?® cm.
Hence, in model with cosmological horizon the observable region has a finite size even if the
universe is infinite. For further details and discussion see for example [15].

In standard Big Bang cosmology the expansion of the universe is driven by the energy density
of radiation; from (3.2) it is evident that & < 0 and that at sufficient early times a — 0 and the
metric becomes singular. Therefore, during standard Big Bang evolution the comoving radius
(aH)~! = (a)~! grows with time and the integral (3.5) is dominated by the contributions from
late times. This fact implies that the amount of conformal time between singularity and the
formation of the cosmic microwave background (CMB) is much smaller than the time between
CMB formation and today. This generates a serious problem: CMB is experimentally found
to be the same in every direction (to one part in 10%), but according to standard Big Bang
evolution photons coming from different regions of the universe were never in causal contact.
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More precisely, it can be calculated that CMB separated by more than one degree were never
in causal contact. This is the so called horizon problem.

This situation is illustrated in figure (3.1), from which it is clear that in standard Big Bang
theory the light cones of CMB do not overlap.

50 [ 10,
NOW =

L0
g 0.8
o= Ho0.6

30| = 0.4

0.2

scale factor

20—
—0.1

conformal time [Gy1]

10— :

- 0.01
= 0.001

CMB |-

comoving distance [Glyr]

Figure 3.1: Illustration of the horizon problem in comoving coordinates. All the events that
we observe (we are the central dotted wordline) are in our past light cone. At time of CMB
formation it can be seen that photons coming from opposite regions were never in causal
contact, as their light cones (shaded in gray) never cross.

In other words, we can say that the horizon problem is due to the fact that universe expands
slowly, so an observer see more and more regions that have never been in causal contact. We can
perform some simple calculations exploiting this consideration. At time ¢; the size of a causally
connected region is given by

L = a(t)Ar = a(tl)/o 1 a‘(lg) , (3.7)

and due to cosmological expansion this very same region at time tg is stretched to

L = a(to) AT = alty) /0 1 ao(lz,') | (3.8)

a(to)
a(t1)

lm, (to) =

We can now compare this last expression with the present horizon size /g,

to dt’ a0 da
by o ay  f0 Ay at)H(t)

= n = a ~ ’ 39
() 4 da S (o) H(ro) 39

since with matter domination we have a o t2/3 and H « t~!, then aH x a~'/? and we can

rewrite
lHo _ (l(t()) o p;
L, (to) \/; = Vi+z(t), (3.10)

where z(t1) is the redshift parameter. If we take ¢; = ¢,, which is the time of recombination,
z(t,) = 1100 and

lH,
ZHI (tO)

~ 35, (3.11)
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which implies that the size of the region linked to recombination is around 35 times smaller than
the present horizon size. In other words, in Hot Big Bang theory the universe visible at present
contain about 35 regions that were causally disconnected by recombination.

In order to address the horizon problem, we may imagine that the comoving Hubble radius

(aH)~! was decreasing in early universe, so that (3.5) is dominated by the contributions from
times very close to the moment of the Big Bang. This add an extra time between the singularity
and the CMB formation (and conformal time extends to negative values) and if this period of
decreasing comoving Hubble radius is sufficiently long all the points in the CMB originate from
a causally connected region of space.
Therefore, to solve this problem we can postulate a period of expansion called inflation. Ac-
cording to the inflationary theory, the Hot Big Bang epoch is preceded by an inflationary epoch
of accelerated cosmological expansion. At the end of that, the energy density varies slowly in
time and the universe expands and becomes homogeneous, isotropic and spatially flat.

We can mathematically translate the requirement of decreasing comoving Hubble radius as

d . 1| H
—(aH) "= —= | = +1 A2
3 (@) — gz T <0 (3.12)
and introducing the Hubble slow-roll parameters
H .
€= = (3.13)

ZER He

we can equivalently require € < 1; this last will be our definition of inflation. In the limit ¢ — 0
we found a de Sitter solution
a(t) oc et (3.14)

with H ~ const, which tell us that the space grows exponentially.
Using H and Mp, we can rewrite the Friedmann equations from (3.2) and (3.3) as

3M2H? =
{ pEo=p (3.15)

6M3(H + H?) = —(p + 3P)

Working out the above system of equations, we obtain

=3 <1 N 1;) ; (3.16)

hence, during inflation P < —%p and a possible energy source is a positive potential energy
density of a scalar field with negligible kinetic energy.

3.1.1 Cosmological perturbations

Inflationary theory is very promising as it not only explains the homogeneity of the universe,
but also take into account the primordial inhomogeneities necessary to explain the structure
formation.

In this section we will briefly recall some expressions of observables (derived from the treatment
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of primordial fluctuactions) that will be present in the model we will study in the next chapter;
we refer to [6] for further details.

The power spectrum of primordial curvature perturbations is given by

Pr(k) = [Ri|* = L (3.17)
S VT (N = '
together with the dimensionless power spectrum
k3 1 H?
A = Y= ———+—. 3.18
R 27r27772( ) 872 M| e (3.18)
The right-hand side is supposed to be evaluated at horizon crossing, where csk = aH.
In standard model of cosmology, the power spectrum is assumed to behave as
k'/ nsfl
AR (k) = Aq <k> ; (3.19)
where ng is the spectral index that can be found from
EEELLE Y S (3.20)
T e T '
where
Cs
= . 3.21
FE e (3.21)

One of the cleanest predictions of inflation is a (dimensionless) spectrum of primordial gravita-
tional waves, which is given by

k3 2 H?
a2 = 2 py = 210 (3:22)
27?2 w2 Mf—,

where the right-hand side is evaluated at horizon crossing k = aH.
For observational purposes it is useful to define tensor modes with the help of the tensor-to-scalar
ratio )

Ah

r = —"
2
AR

(3.23)

as the amplitude of scalar fluctuations can be easily measured.

3.1.2 Slow-roll model

We give here a brief overview of a general slow-roll model, which can be used to describe inflation.
We are presenting a very simple toy model in order to enlighten the physical idea behind this;
in chapter 4 we will study in detail a realistic model arising from the low-energy limit of string
compactifications.
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In order to describe inflation, we can imagine that there exists a scalar field, the inflaton,
minimally coupled to gravity whose dynamics leads to inflation. For a single scalar field ¢, the
action is

2
5= / dz'y =g []‘?DR @07 ~V(9)] (3.24)

where V(¢) is an arbitrary inflaton potential.
In particular, we can imagine to use an exponentially flat potential of the form

Vig) =V — cpe ke

as the one in figure (3.2). Inflation occurs in the “plateau” region, for large value of ¢; here,
the field expectation value is large (and slightly constant for all the duration of inflation) and
can account for a large vacuum energy which drives the accelerated expansion of the universe.
Inflation ends when the field rolls down towards the minimum and start oscillating around it;
here the value of the potential must be zero, in order to account for the vacuum energy of the
post-inflationary epoch.

V(é)

¢

Figure 3.2: Example of an exponentially flat potential. Inflation occurs in the “plateau”
region, and ends at the vertical red line, which represents the point where the slow-roll
regime ends. After that the field rolls down towards the minimum, oscillating around it.

In presence of a homogeneous scalar field ¢(¢) the Friedmann equation and the Klein-Gordon
equation respectively have the form

3SMEH? = %éQ +V, (3.25)
. .oV
¢+3H¢+a—¢—0. (3.26)

If we apply the time derivative % to the Friedmann equation and substitute this expression in
the Klein-Gordon equation we obtain

oV 6 L . $?
—— =-M}HH — H=——F73F.
9 & © ¢ = 2M3
Then the € parameter is now .
H = 3¢

inflation therefore occurs when the potential energy of the field dominates over the kinetic energy,
V> %(252. The kinetic energy remains small and slow-roll persists if the acceleration of the field
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is small, |§| < 3H|@|. From these two conditions and from (3.25) and (3.26) we get

3M2H?2 ~V
{BHS v (3.28)
= T 9

and the conditions for prolonged slow-roll inflation can be expressed as conditions on the shape
of the potential

3 \Vagp vk (3.29)

Ml%(mv
€s =
2

2 2
1|02V
) <1, In| = M? ‘

where €, < 1 and 7 < 1 are slow-roll parameters. In this model, inflation ends when ¢, = 1
(and n -~ O(1)).

During a slow-roll period, the “potential slow-roll parameters” €5 and 7 are related to the
“Hubble slow-roll parameters” e and 7 via

{65 ~e . (3.30)

n=n+te

For the spectra of scalar and tensor fluctuations we get

1 v 2

— i P=—"_V 3.31
2412 M3 €5’ h ( )

P,
° 3m2M3

and the scalar spectral index and the tensor-to-scalar ratio are
ns — 1 = 2n — beg r = 16¢; . (3.32)

The observables have to be evaluated at the time of the horizon exit. This time can be
calculated using the number of efoldings dN. = Hdt

Nlot — /Hdt—/lqus; (3.33)

if Gerit > Geng are respectively the value of the field at the horizon exit and at the end of
inflation, using (3.28) we find

Ntot - /¢end Ed¢ B Pexit 1 d¢ (3 34)
‘ Dexit ¢ Dend M‘% v 265 ' '

The value of N!° depends on the inflationary model and on the details of reheating and typically
takes values in the range 40 < Nt < 60.

3.2 Cosmological moduli problem

In this thesis we are interested in inflationary models derived from the low energy limit of string
compactifications in type IIB string theory. This procedure is characterized by the presence of
gravitationally coupled scalar fields called moduli with Planck-suppresed couplings to Standard
Model fields, as we already discussed in chapter 2. For this reason, from now on we will speak
about “moduli” and “scalar fields” without distinction.
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3.2.1 Moduli cosmological evolution

In general, slow-roll models come with lots of scalar fields. In this section we will consider a
simple case with only one field in order to discuss the standard assumptions of inflation and to
describe the post-inflationary scenario and its problems. We refer in particular to [16] and [17]
for this discussion.

The simplest effective potential we can consider is
L o, 2, C7 2
V= §m¢(¢ — ¢x)" + 7H (¢ — din)”, (3.35)

where C' is some constant factor which could arise from radiative corrections. From (3.26) we
then find ) '
6 +3Ho +mi(¢ — ¢.) + C*H* (6 = ¢in) =0, (3.36)

where we have neglected the decay rate I'y of the particle.

Standard assumptions of the cosmological evolution state that at the beginning of inflation
H > mgy and that the field is kept fixed in its inflationary minimum ¢;,,, as the friction term
3H¢ in the equation (3.36) dominates.

When H < myg the field is no more pinned in ¢;, and it can start to oscillate around its post-
inflationary minimum ¢, with amplitude roughly d¢ = ¢;, — ¢«. Hence, at the end of inflation
the energy density associated with this field is of order pg mi(égb)z.

If we take H(t) = % (for matter domination), we can give an approximate analytic expression
of the solution for time t > m%# (which means for H < my), which for C « 1 is

b g(égb) (35@) sin (mot) - (3.37)

The numerical solution can be found in figure (3.3).

]
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Figure 3.3: Numerical solution with C =1, mg = 1, ¢, = 0 and ¢;, = 1. The yellow line
represents the line of the mean value of the field at each time.

The factor H(;) ﬁdﬂf accounts for the decrease of the amplitude of the oscillations due to the

expansion of the universe.
In the above expression the solution has a weak dependence on C; however, if one takes C' > 1
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the behavior of the solution changes dramatically. In fact, the field follows the position of the
time-dependent minimum of the effective potential, and its oscillations around it are rather
small. In this case the solution looks like

4 Cr 2 .
b \/303/2(5@6—3 <3m¢t> sin (mgt) ; (3.38)

the plot for the numerical solution can be found in figure (3.4).
¢
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Figure 3.4: Numerical solution with C = 3, mg = 1, ¢ = 0 and ¢;, = 1. The yellow line
represents the line of the mean value of the field each time.

If we compare (3.38) with (3.37) we can see that the amplitude when C' > 1 reduced by a factor

z,/%gcfﬂ26—9¥. (3.39)

This has also the effect to reduce the energy density stored in the oscillations of this field; as we
will see in the following section and in the next chapter, this could have a significant impact on
the post-inflationary scenario.

3.2.2 Reheating from moduli decay

It is now important to consider the post inflationary scenario and the moduli decay. In particular,
since they are unstable, we need to consider their decay rate I'y and modify the Klein-Gordon
equation (3.26) for a single field into

- ov

¢+BH+FQ¢+5$=07 (3.40)

3
where I'y %. As previously discussed, the energy density associated with this modulus is
P

P mi(&b)?. Since moduli behave as non relativistic matter, their energy density redshifts as
pm o< a~2 and they could come to dominate the energy density of the universe, as it increases
with respect standard radiation density pyqq o< a2

If we consider that p.qq « T%, from the Friedmann equation (3.15) we get H « T?/Mp and



34 CHAPTER 3. THE COSMOLOGICAL MODULI PROBLEM

since the field starts to oscillate when H « my the initial temperature of this period can be
estimated as Tj, v~ \/myMp. Therefore we can write

T\* T ’
pe(T) = po(Tin) <Tm> w mg (60)° <m¢Mp) : (3.41)

If the field ¢ is stable, these oscillations will surely dominate the energy density of the
universe. Imposing that the energy density at the temperature Ty today is

p6(To) < peritical = SHFMB ~ (1072 V)4,

where Ty and Hy are respectively the temperature and the Hubble constant today, we find a
constraint on §¢

_ m —1/4
56 <107 (o Gay) | Mpo

Hence, if §¢ «~» Mp a stable scalar field with mg > 10726 eV would have a large energy density
that would be incompatible with our observations.

If the field is unstable, its decay could happen very late in the history of the universe and could
spoil the nucleosynthesis process. In particular, the field is expected to decay at a temperature
Tp for which H(Tp) -~ I'y. Then, using the expressions we found before and (3.15),

m3
F¢ “A (]\4‘3) mll/ﬁ
[
: T 3 = Ip+~ M1/6(5¢)2/3 ) (342)
p(Tp) = p(Tin) (T) P

7

If we assume that at temperature Tp the energy density p4(Tp) is promptly converted into
radiation we can estimate the reheat temperature as

m3 1/2
TRHz<p¢(TD))1/4w<Mpr¢>”2w(Mji> : (3.43)

In order not to spoil the successful predictions of the Big Bang nucleosynthesis (BBN) process
we need to require that Try > 10 MeV, which assures that moduli decay before the BBN,
as Tgpn v O(1) MeV. This puts a bound on the mass mg 2 100 TeV; this is the so called
cosmological moduli problem. It is therefore important for a successful inflationary model to
generate moduli with large masses.



CHAPTER 4

KAHLER MODULI INFLATION AND MODULI
DOMINATION

4.1 Kahler moduli inflation: effective action

The theory of inflation has proven to be very successful in explaining lots of phenomena in early
universe cosmology. However, it is still not clear what could actually produce a mechanism of
accelerating expansion.

One idea is to look for possible ways to explain this period of cosmic evolution within the
framework provided by a fundamental theory. Today, one of the most promising fundamental
theory is string theory, and the moduli stabilization mechanism discussed in section 2.3 has
opened the way to application to inflation. Stabilization techniques represent the first step
towards string phenomenology, as moduli VEVs are connected to important basic quantities
such as the string scale and the gauge coupling constants.

The idea developed in [18] is to construct a model, called “Kéhler moduli inflation”, within
the LVS framework for moduli stabilization in IIB flux compactifications with a blow-up Kéahler
modulus playing the role of the inflaton.

4.1.1 The scalar potential

The structure of the potential of Kahler moduli inflation is such that inflation is obtained natu-
rally and almost inevitably. In particular, the authors of [18] noted that with non-perturbative
correction to the superpotential (2.27), in the non-perturbative contribution to the scalar po-
tential of supergravity (2.28)

Vop = KK [aiAiaEZﬁ*(“iTﬁaﬁf) — (W(@iK)ajﬂje*“ﬁj + c.c.)

T; only appear non-perturbatively along exponentially flat directions. Such features naturally
suggest possible applications to inflation. Indeed, slow-roll inflation precisely requires the pres-
ence of almost flat directions in the scalar potential.

In order to build a suitable model, the authors of [18] chose the simplest LVS realisations,



CHAPTER 4. KAHLER MODULI INFLATION AND MODULI
36 DOMINATION

which are provided by Calabi-Yau manifolds whose volume takes the Swiss-cheese form

( ZA 3/2> (4.1)

Y = T4+ T2 =" N(Ty + T;)%/?
2\[(14-1 ; +T;)

where as before T; = 7; + i0; are the Kéhler moduli, 7; are four-cycles volumes (called blow-ups)
and 6; are the associated axions.

Using the o/-corrected Kéhler potential (2.24) and keeping in mind that aiTi = % B
build the Ké&hler metric for an arbitrary number of moduli

we canl now

K 3aM3(4V — € + 60 7y T )  3aX(2V 4 €+ 6anT?) (42)
U AV e raXr, a1 i 42V + €)%/
Kﬁ__9a2/\j\/ﬁ\ﬁj o 902 NiNj\/Ti\/Tj
U o0y 462 0T 2062

together with its inverse

gl _ ARV EOVREY T E+ 60, M) ARV O VEEY — €+ G
3a(4V —¢) ’ 3a(4V — &)\ ’
(4.3)
g1 = 8@V +Ony K _ BV + 97T
4V —-¢) 4V -9
Finally, using the superpotential (2.35)
W =W+ ) A 7 (4.4)
=2

from the expression (1.55) we can work out the explicit form of the potential

= AijAjcos(aibl — ajb) _ (o riar
e @z;];l gy ren ¢ TTIB2ARY + o) @+ am + 2aiaymiry) + 246+

(4.5)

n ]_6((11‘A,L')2\/7TZ-6_2(11'7'1' 32@1;14127'2'(1 + al-n-)e_zam 12514126_2“”7 )
2 ( BN+ @W-o+9 T @-g@+or) T

" SW()Ai cos(aiﬁi) —a;Ti . 3{
; @W-gevroF <4“”Z * 2v+£> i

N 126W¢
4V —§)(2V +£)?

+Vupa

where V,, is the uplift term. The chosen form of this term could lead to different dependencies
on the internal volume, as shown in appendix B. In this case, following [19], we take

Clup| Wo ? Ciu Cup = 10-a?/?
V'u,p - % <1 - 2/2) 9 { b 167{.‘3/(”2 . (46)
V V Csub = s 180473
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Actually, in principle C;, and Cj,;, depend on some parameters of the theory [20]; however, this
dependence is weak (in the sense that those parameters could take values in small ranges) and
we can safely consider them fixed as in (4.6).

We now briefly describe inflation with Ké&hler moduli, which will be enlighten in the next

sections. The idea is to displace the inflaton (one of the blow-ups, 75 in our convention) from its
minimum while keeping the other moduli in their global minimum; the potential is exponentially
flat in this direction (at constant volume) and the inflaton rolls back towards the global minimum
driving inflation, as we discussed in 3.1.2. Actually, the displacement of the inflaton affects the
other moduli, in the sense that they will be positioned in a new local minimum (the inflationary
minimum, which depends on the position of the inflaton); in order to obtain stability, this minima
must be very close to the global ones. We stress that for the model to work it is necessary that
all the moduli are stable during inflation, in particular the volume modulus.
The blow-ups have a marginal role in inflationary dynamics (except the inflaton of course), but
their presence is fundamental to stabilize the volume modulus during inflation. Furthermore, the
volume modulus plays a crucial role in the post-inflationary scenario. Depending on the values
of the parameters, after the inflaton decays into radiation the universe could enter a period of
matter domination due to the small decay rate of the volume. We will analyze in detail this
possibility in section 4.3.

4.1.2 Large Volume Limit and constraints

We can now consider a simplified version of the potential taking the large volume limit, including
only the leading terms up to (’)(%)

n
8(aidi)>\/Ti o o 3EW?
ViArGE = Z W@ 20 (aib;)Tie” " + iv30 + Vip s
i=2 ’ i=2
where Vy,;, ~ %‘%0‘2 In particular, the volume should take value in the range 10° < V < 107

(in string length units). Recalling the discussion of section 2.4, we can put the axions in their

minima (which satisfy cos (ai%m”) = —1) as they do not play any active role during inflation,
obtaining
8((11141,)2 Tz o2 _ 3§W02 Cy |W0|2
V) = T — i P 4.7
LARGE ;:2 EESWY T s V8 (4.7)

Now we can find the minima % = 0 of the blow-ups 7; for i = 2,3, ..., n keeping the volume
Y fixed. For the sake of simplicity, we are using the same notation for the field and its numerical
value in the minimum, as the meaning is always clear from the context. In general, 7; will always
indicate the minimum, except when it appears in a potential which explicitly depends on that
field, as for instance in Vi arcE.
The minimization leads to

304)\Z'W0 (1 — am)

iAj)e” T =
(@idi)e o (o)

Vi (4.8)

It is useful for further calculations to set

(4.9)

€ =
4CLZ'7'1'
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and to write (4.8) as
30()\7;W0 (1 — 461')
v d-a) Vi (4.10)

(CLiAZ')B_aiTi ==

Now we can do the same with the volume requiring a 0, where V, is the post-inflationary

minimum for the volume modulus. We can easily find

vlv, =

IEWE  8C, WG

_‘117—1 —
s T3

= 8(ai AT o A
— YT AT SW,
; 3a; Vy ¢ ; 0 V,2

Substituting the minima of the moduli (4.10) into the above relation, with a little algebra (see
appendix B for more details) we come to

461 3 32
ozz [ a2 f] - 2f7cupv*1/3. (4.11)

The next step is to fix the condition to obtain a Minkowski vacuum. Indeed, after inflation
the inflaton relaxes to the global minimum of the potential, whose VEV must correspond to the
vacuum energy we measure today. If we substitute the minima (4.10) in the potential (4.7) we
are left with

N aNWE 30 [3(1—4e)?  _(1—4e)]  3EWE  CupW§
Vmin 1770, bt v ! 0 w0 . 4.12
Pher =2 5 S e e | Tt o 12
using (4.11) and requiring V"%~ = 0 we get
27 A
V3= 2Ly B e (1 - 4 4.13
Vi Cupoz 1= i €) - (4.13)

1=

Finally, we can rewrite (4.11) using the equation (4.13) in order to find an expression for &
which depends only on the parameters of the model and the minima; this will be helpful for
the numerical analysis. Furthermore, it is quite instructive to understand its dependence on the
important parameters we will focus on. We obtain

—ZaZ As 21 = 166,)(1 — 4e;) . (4.14)

4.1.3 Preliminary considerations on stability

It is now important to make some preliminary considerations about the stability of the moduli

minima based on the constraints we found. The stability problem will be discussed further in
4.2.1.

When the inflaton 75 is displaced from its minimum, the potential (4.7) no more depends on
it; the field minima will be in a slightly different position 7; and V;,, where

—aiT 30[)\iW0 (1 — aﬁi) =
'LAZ ;T e 7 - 4.1
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Therefore, the minimization condition (4.11) is modified into

461 3/2 3 1/3
_QaZ[ T oe Z/} 57 CupVin, (4.16)

Let us now assume that the potential is well stabilized and 7; >~ 7;. Since ¢ is constant, (4.11)
and the above relation (4.16) give

1/3 1/3 27 2a (1 — 462) 3/2
Since we are assuming 7; ~ 7;, equation (4.15) implies also that V;;, ~ V,. We underline that
(4.17) is not at all correct, as Vi, > V,, but it is significant because it gives us a clue on the
parameters we should keep under control in order to obtain a small shift between inflationary
and post-inflationary volume minima. Recalling that C;, -~ o?/3 we gather from the right hand
side of (4.17) that we have to require

al/? [&Eli;g 5 2] <1, (4.18)

Let us now start from a different consideration and assume that the volume is well stabilized,
Vin =~ V,. Putting together again (4.11) and (4.16) we obtain

=3 1=2 =3

Since, as before, V;;, ~ V, implies 7; >~ 7;, we must require that

1—4ep) _3/2
/\251 552)72/

=

<1. (4.19)

Relations (4.18) and (4.19) must both be true at the same time. Hence, we can imagine at
least two ways to achieve stability:

e choosing \; «~ O(1) and taking

(1—4e2)
ez <1 , (4.20)
LT, 1=3,4,...n

and thus m > —

N(ZQ

e choosing 7; 2 1 (which gives ¢; < 1) and using

Ay < 1
2 < . . (4.21)
Ao K Ny, 1=3,4,..n

The first strategy was adopted for instance in [20]; we will give an example of this method in
the example 1 of section 4.4.1. However, in the following discussion we will exploit the second
case for reasons that will be clear in a moment.
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4.2 Kahler moduli inflation: inflationary analysis

In this kind of model with Swiss-cheese Calabi-Yau manifold we can basically distinguish three
kind of fields:

e the inflaton, which in our convention is the modulus 7»;

e the volume modulus 7 (or V);

e the spectator fields 7, i = 3,4, ..., n.

In order to study the multi-field dynamics, it is necessary to make some assumptions. Since

the spectator fields do not play any active role, it is reasonable to assume that they all behave
in the same way. To achieve this, we need to assume that all the parameters are equal, hence

N — )\3
a; — as Vi= 4,5, R (4.22)
Ai — A3

In order to wisely choose the parameters not directly constrained by relations in section 4.1.2
(as for example the Calaby-Yau manifold parameters n, a, A2 and A3) it is important to notice
from (4.13) that

e 27
V*1/3 i<t C—a ()\2723/262 +(n— 2)/\3733/263) . (4.23)
up

From this relation we clearly see that a large number of moduli n > 1 would lead to an extremely
large volume, which is not compatible with the value V < 107 proposed in [18] and discussed in
section 4.2.2. Indeed, with 75 v~ 73, n>> 1 and A2 < A3 (as in (4.21)) we have

27 3/2
VB~ 2o ((n—2)As7 %es) (4.24)
oy (=2
which entails the dependence
V, v a((n—2)X3)3. (4.25)

Hence we are forced to choose )\/

in order to keep the volume under control; for 73 2 1 and a «~ O(1), A; must take values in the
range 1 < A5 < 50. These conditions could be partially relaxed if the uplift has the form

D

Vu:ﬁ

and v < 2, as shown in appendix B.
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4.2.1 Single-field potential

We now turn to study the single-field potential for the volume modulus. The goal of this analysis
is to understand the physical behavior of the system and to see in particular if there are any
connections with the model proposed in [16] and discussed in section 3.2.1.

For the sake of brevity we will indicate Vi srgg simply as V. If we consider cases in which
6 <1 (e 7> 4%1,, tipically 7; 2 1), (4.10) can be rewritten as

1 )% 30&)\1'W0
T, n < ) 1 A, (4.27)

To obtain the single-field potential we need to put the moduli in their minima (4.27)

V(V) = ?ﬁ [Z:; (— 323;) In <Z>3/2 - zf - CupV1/3] : (4.28)
During inflation 75 is displaced on the “plateau” of the slow-roll potential, which could be written
as
V() = Eﬁ [z”: <—3a)\i> In <V>3/2 + §§ + Cupvl/?’ - 4WL2AZ7'267Q2T2 (4.29)
LG - 261?/2 Hi 4 v2
=W 4W03§A2 —agT2

To obtain the expression for V;; we should consider the volume in its inflationary minimum V;,
(which means its local minimum calculated when the inflaton has a large value). Since the shift
between local and global minima is expected to be small, in first approximation we can consider
Vin =~ Vs from (4.28), using relations (4.13) and (4.14), we find

-~ %30&)\2 3/2 N W02 3@)\2 3/2

Vo ~ ~
CTw T2 2 Tz g

. (4.30)

It is useful to set ¢ = InV, as the canonical field for the volume is

c_ |2 _ 3
é _\/;mv, ¢_\/;¢, (4.31)

the potential is then

V(g) =Wge [Z (— 30; /2> (6 —Inp)*? + %é + Cypet/ 3‘1 : (4.32)

i=2 2a;

During inflation 7 > 1 and the inflationary potential looks like

_ - 305)\2' 3
Vin(¢) = Wge > [Z (—2 3/2> (¢ —Inp)*? + i Cupel/?"f’] : (4.33)
i=3 a;
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As stressed in [18], the volume modulus will be stable during inflation if the ratio

)\gag/2

n y 3/2°
D ico Nia;

is small, as it accounts for the difference between (4.32) and (4.33). The expression of R also
shows that we need at least three moduli to achieve stabilization.

If we want to investigate small values of R, the very first idea could be to use lots of moduli
with all the parameters of the same order. Actually, this cannot be done: from section 4.1.3 and
equation (4.23) it is clear that the only possibility is to choose a small value for the intersection

R= (4.34)

number Ao, with A3 = % and A5 « O(10). Setting as = a3 we have

Ao Ao )‘2f<\<-/)‘f3 Ao

A very s Wl Wi VA S Ul (435)
We can now write the inflationary potential as a contribution of two terms
Vin(¢) = V() + 3V (e), (4.36)
where
5V () = &3f?y¢4mmw; (4.37)
2

this last could be an important term only at the beginning of inflation but as we approach to
the end of this epoch it has to become less relevant: in fact, we need to recover the full potential
V(¢) with all the moduli in their minima.

In order to estimate the shift of the volume modulus from inflationary and post-inflationary
epoch §¢ = ¢ip, — d«, we can take the derivatives of (4.36) and expand around ¢,

Vin(0) = V() + V() 2= V" ($:) (¢ — ds) + V' (8:) + V" () (& — 1) , (4.38)

where we used V(¢.) = V'(¢«) = 0. The derivatives are

V'(9) = 3WEe 3N anr e,

1=2
9a\
6V () = — e Winy (1 - 2e0),
2
5V (9) = T2 SRR (1 aey),

where after deriving we wrote (4.27) as Inu; = ¢ — a;7. Evaluating them in ¢,, in the limit
R <« 1 we obtain
3a) noA 2
V() = 2Wie 30 22 ey (1 2z AT G oL (4.39)
€2

3

. 3/2
22‘/()62 <1+(n 2))\37'3 63>

3/2
A2 Ty €2

Yo7’
~2— €3,
3/2

R 3/
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and

SV () ~ —3Vp, (4.40)

Setting ¢ = ¢y, in (4.38), which gives V},(¢in) = 0, and rearranging the terms we get

5= — OV'(x) ~ Pary”” (4.41)
V7 (¢s) + V" () 92 T3/2 +23 0N 3/2 € ’ ‘
and with the assumptions (4.22) we finally obtain
3 3/2
09 = SR~ 3/2 - (4.42)

We can now try to analyze the single-field potential in order to reduce it to the simple form
of the toy model discussed in 3.2.1 and to gather the expected physical behavior of the model
under study. The first task is to understand what are the dominant term during inflation, when
79 > 1. We start expanding (4.36) around its inflationary minimum ¢;, up to the first relevant
order

Vin(@) 2Vin(¢in) + Vi ($in) (¢ — ¢in) + 2%Z(¢*)(¢ — $in)? (4.43)

~Vo + %v”wm)w i) + %W"(qu)(qb — dm)?.

Assuming R < 1 we have d¢ < 1 and in first approximation we can consider V" (¢;,) ~ V" (¢x)
and V" (i) =~ V" (¢s); hence we obtain

3/2

Vm(gb) EVO 5/2 63(¢ ¢zn) + gV()(Qb - ¢m)2 +W. (4'44)
T2

If we use the canonical field in (4.31), we finally find

Vin(6) = 520 s (6 — 65,07 + S Vol6° — 657 + Vo (1.45)

If we now study in the same way the total potential after the end of inflation, when the inflaton
reaches its minimum, we get

V() = =22 es(d — ¢5)2 (4.46)

From these expansions we can read the expression of the mass of the volume modulus, which is

3/2

Vo 9V
_3£ 0

R 32 ST 950 (447)
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where we used (4.42). If we recall (4.30) it is immediate to show that this expression is compatible
with (A.48) calculated in appendix, as it should be.

From this analysis we clearly see that the mass of the volume modulus (and hence of all
the other moduli) is always bigger than the Hubble scale during inflation, which is given by
3H2 . =p~1, and

inf )
m 27 1 1
L= (4.48)
H . 2060 R

This result is actually independent from the specific model, as shown in [21]; however, in our
case it is really important to realize that the ratio % depends on the R parameter.

in

In conclusion, in contrast to the standard case discussed in 3.2.1, for R < 1 the dominant
term in the potential is the mass term, and not the Hubble one. We then expect that at the
end of inflation the fields never stay pinned in their inflationary minima, as the friction term
is sub-dominant, but they continue following their new local minima (as the inflaton evolves),
exhibiting at most some small oscillations around them.

4.2.2 Slow-roll parameters

As we have seen from (4.29), the supergravity potential can be really reduced to an exponentially
flat function of the form proposed in section 3.1.2. We can now exploit this potential in order
to find approximate expressions for some useful parameters of the slow-roll model.

Let us start by introducing the canonically normalized field 75§ for the inflaton, which satisfies
(since we are dealing with a single field potential)

~ 3/\20[
T 8ymV

¢ 40()\2 3/4
Ty =4/ EV 7'2/ : (4.50)

Then, in term of the canonical field the inflationary potential is

. 4Woas Ao 3V 2/3 c\4/3 3V 273 c\4/3
V=V- 2 <4a)\2) (15)*° exp |—az Taig (15) . (4.51)

1
K220, 10Ty = 3 Ty O Ty Koo (4.49)

and whose expression is

Taking the derivatives respect 75, the slow-roll parameters (3.29) (rewritten in term of 7 for
simplicity) are

32W3 2 42 * *\2 —2a275
€s = 73a)\2V02V3 a3 As+/T5 (1 — agamy)“e , (4.52)
4CL2A2W() 2N — *
=—— "= — [(1—9as7y + 4(as15)")e”**"2), 4.53
1= oyl e + aars ) (4.53)

where 75 is the value of the inflaton at the horizon exit. The number of efoldings (3.34) is (see
[22] for computational details)
3VoVady [T €27 3VoVads €273

Nlot = dry =~ , (4.54)
16Woas Az Jrena \/To(1 — azts) 16W0ag/2A2 (a73)3/2
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where 75" is the point where the slow-roll conditions break down (es «~ O(1) and 1 « O(1))
and 15 > 754

We can also calculate the amplitude of scalar perturbations

_ eKcsgs K N eKcsgs 3(1%31)3)\262&27-2*
15072 €5~ 150m2 \ 32W3a3 A%, /75 (1 — agr3)?

(4.55)

s

where have already taken into account the normalization factor necessary to match the COBE
normalization. The tensor-to scalar-ratio is as usual

r = 16es . (4.56)

In particular, in such models €, is very small and tensor perturbations are unobservable.

Finally, authors of [18] pointed out that for the model to work the internal volume should
live within the range

10° <V <107 (4.57)

in term of string length unit I, = (27)vV/.

4.3 Post-inflationary scenario

In this section we are going to discuss the scenario after the end of inflation, as was done in
[22]. For completeness, in this case we will often use explicitly Mp, as it is important to give
the expression of some quantities such as the decay rates.

As we discussed in 3.1, inflation ends when the slow-roll parameter e, = 1. After this moment
the inflaton quickly reaches the global minimum of the potential and starts to oscillate around it.
For the other moduli, and in particular for the volume modulus, we can imagine two possibilities:

e the volume stays fixed in its inflationary value as the inflaton reaches the global minimum,
and then it starts to oscillate around its minimum with amplitude roughly d¢ = ¢;, — @s;

e the volume follows is local minimum until the global minimum, with some small amplitude
oscillations.

As the mass of the volume is smaller than the one of the inflaton, we expect that after the
inflaton decays the volume could play an important role, as, depending on the parameters, it
could dominate the energy density of the universe.

4.3.1 Inflaton domination

During inflation the Hubble parameter remains constant and its value is given by

3H, ;Mp =p~Vp. (4.58)

Soon after the end of inflation at t.,q, the energy density is dominated by inflaton quanta,
p(tend) = ping(tena) =~ Vo. Indeed, we can estimate

{pinf (tend) ~V 2 pfb(tend) m3¢6¢2

, 0° = = , (4.59)
Py (tend) ~ %mi(MP(MF pinf (tend) 6Hi2nf
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where 6?2 < 1 and §¢ is always intended in Mp units for simplicity. Using (4.48) 62 can be
rewritten as

0? = %w -~ R, (4.60)

and then it can be easily controlled. This period lasts until the inflaton decays; we can assume
Hiny > I'ipy and that when H(t1) ~ I'j,s all the inflaton quanta are enterily converted into
radiation. From this assumption we can calculate the duration of this period, which is

a(tl) 2 H(tend) 2 Hmf
N, =1 =1 ~ -1 4.61
modt = (a(%@) 30 < H(t) )~ 3 \Tins ) oy
3
where I';, p ~ 0.1%, Mmins being the mass of the inflaton. We then have

a(tend)

a(t1)

3
p’y(tl) = pinf(tl) = pinf(tend) < > = pfmf(tend)eigNmOdl = 3Hi2nfM%673Nm°d1 . (462)

Since both the inflaton and the volume redshift as matter (p oc 1/a%), the ratio (4.59) remains
constant until this very last moment and

ZIGVNY (4.63)

4.3.2 Modulus domination

At this time t > t; the energy density of the universe is dominated by radiation. However the
energy density associated with radiation dilutes much faster than the energy density associated
with the oscillations of the volume modulus, and so the universe may enter a second epoch of
matter domination, which lasts until the decay of the volume modulus.

To study this possibility we need to investigate if it does exist t.4 such that p,(teq) = pe(teq)-
In particular, if we consider the volume modulus lifetime 7, = 1/T'y, we can imagine two cases

® 74 > tq, for which we expect a period of matter domination;

o 74 K teq, for which we do not expect a period of matter domination, as the volume decays
too quickly and the curves associated with p, and pg never met.

From the equilibrium condition we find

92 — ps(th) _ a(ty) ’ 64
Po(teq) = po(t1) <:((ttelq))>3 = py(t1)  alteq) ( )

and
Plicg) = pr(teq) + po(teq) = 2py(teq) = 2p:(11)0° (4.65)

We can now calculate Heq = H(teq)

2
3H2 M} = p(tey) = H?

: )= gap ()6 = 2 e P

inf

(4.66)
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where we used (4.62). Since the volume decays when H =~ T'y, our prediction for the presence
or not of a period of volume modulus domination reduces to

Heq .
>1, (or7gy >t = volume domination
{ Ty ( [ eq) (4.67)

fl%q <1, (or7y <teq) = NO volume domination

If we work with (4.66), with the help of (4.59) and (4.48) we can rewrite

_ V/2¢~ 2 Nmoas mé(&b)‘l

3
36 H}

H,, _ gﬁ(;% mott iy (56)%/2 (4.68)

With I'y ~ 5= % and Hj, s in (4.58) we can finally obtain (using again Mp units)

H, 5H)7/2 5)5/2
Tleq 4\/§W€7%Nmod1% - 18\/§W67%Nmadl% ' (4.69)
L'y Vo my

Using (4.24), (4.30), (4.42) and (4.61) we can further reduce this expression to obtain

H,,
Ly

3
~ 5.77 x 10%5 a()\g)(a%(TQGT??)RQ. (4.70)
3

It is important to underline that this last expression is valid only if I';,; < Hjy,r. In this case, we
can give a real rough estimate of the upper value of R below which the model may not present
volume modulus domination. With X5 «~ O(1), ag = a3 = 2w, 72 «~~ O(1) and 73 ~ 6 (in order to
obtain at least V «~ 103), we expect to be able to avoid matter domination only if R < 1078,
On the other side, if I';,; > Hjp, s we could still give a prediction setting Np,oq1 = 0 (see section
4.4.4 for a brief discussion) in equation (4.69)

ljeq (5¢)5/2
F¢ 8\/§ 35 = f> f ( 7 )

However, it is more difficult to give an upper bound on R. Indeed, H.4/I'y depends on the
mass of the volume, which depends on Wy: the superpotential cannot be freely assigned if we
want to obtain the correct power spectrum, and it is difficult to estimate it in advance keeping
also in mind the constraints entailed by I';,; > H;, . However, once assigned the Calabi-Yau
parameters and the minima of the blow-ups, the mass mg is the same for any value of Ao
(see section 4.4.4), and it is then clear that there always exists a value of R below which the
Heq / F¢ < 1.

To study this epoch more accurately, we can also use the equations for the energy densities
[15]. Energy density of matter particles decreases due to the cosmological expansion, since their
number density gets diluted and energy of each particle gets redshifted. However, energy is
injected into radiation due to decays of heavy particles. Hence, equations for p, and p, and
have the form

+3H(
pr(t) + 4H (£)py (1) = +Tepu(t) - (4.72)
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In case of a period of volume modulus domination, we can estimate its total duration in the
same way we did for the inflaton domination epoch, namely

2 (He
Ninodz = 3 In < T, > . (4.73)

4.3.3 Number of efoldings

The total number of efoldings between the horizon exit and the end of inflation is really important
to make useful predictions in inflationary cosmology. From generic assumptions about the
reheating epoch the preferred range in standard cosmological timeline is

Nt =55+5. (4.74)

However, post-inflationary cosmology strongly affects the value of N, which can be predicted
(see [22] and [23] ) as

1 1
Ne + *Nmodl + -

1 1 P
1 4Nmod2 ~ 57+ 1 Inr + 1 In < > , (4.75)

Pend

where p, is the energy density at horizon exit and pe,q is the energy density at the end of
inflation. With generic assumptions, the new preferred range was found to be ([22])

1
Nt = (55 — 4Nm0d> +5, (4.76)

where Nipod = Nmodl + Nmod2-

4.4 Numerical analysis

In this section we present the numerical results, which confirm our predictions. In order to
assign the parameters, we used the following strategy:

e we assigned the Calabi-Yau parameters n, a, Ao and A3, and hence R;
e we fixed as = ag = 2m;
e we chose the values of the minima for 7 and 73;

e we assigned the values of Ay, As and a temporary value W for the superpotential in order
to obtain the desired minima and the correct normalized power spectrum P, = 3.7 x 101°,
using (4.10), (4.13) and (4.55);

e we found & with the help of (4.14) and a range of values for g, considering £ = —75, with
gs

3 <k < 3 (see [24]), and we took g, = @%
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After having assigned these parameters, we cleared the temporary value of Wy and we look for
the minima of the potential using (4.5), keeping Wy as a running parameter in order match the
requirement V,;, = 0. Then we assigned the new value of the tree-level superpotential, which
were always found to be Wy ~ Wo.

Subsequently, in order to fully address the problem we used the full potential (4.5) and we
solved the system of differential equations (Einstein-Friedmann equations)

d2re drb dre 1 dH\ dr? 1

— 4T - —— 4+ (34 = — K%V =0 4.77

ave T aN av ( H dN) aN " m2t ™t ’ (477)
1 dre drb

BH? =V + SH* Koy CJV ﬁ , (4.78)

where I', = K ad% 853;‘1 are the associated Christoffel symbols and N is the number of efoldings
which we are using as “time coordinate” during the evolution via dIN = Hdt. Since the spectator
fields all behave in the same way (thanks to the conditions (4.22)), it is sufficient to consider

the equations for just three fields a = 1,2, 3. The initial conditions are

o d
A K R dTT\C; ~ ={0,0,0}, (4.79)

where 74" is taken to be larger than its value in the minimum, in order to generate enough
efoldings, and 7i" and 74" are fixed in their inflationary minimum, i.e. their local minimum
calculated fixing 7 = 74" in the potential (4.5).

Using (4.77) and (4.78), the variation of the Hubble rate in terms of the number of efoldings

can be expressed as
1dH V

e Y 4.
Han ~ w2 ° (4.80)

Thus the generic expression of the slow-roll parameter e takes the form

1dH 1dH 1 dr*dr®

= = = —Kgp———, 4.81
‘TTH2dt T HAN 20 ™dN dN (4.81)
and in the slow-roll regime it simplifies to
K%9,V o,V
65 =5 T (4.82)

The normalized power spectrum and the spectral index for scalar perturbations are given by

K
gseres V dIn(Ps(N))
= — =14 ——77 4.83
ST T T T aw (483)
The physical observables are evaluated at the horizon exit, which is given by
Nf = Nend _ Nlot (4.84)

where N° is the number of efoldings in (4.75) and N¢"? is the end of inflation, determined with

es(N) =1, (4.85)
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4.4.1 Example 1

This first example is meant to discuss the general procedure we used in order to carry on the
numerical analysis and to show the general behavior of the solutions of the system of differential
equations. Furthermore, it shows that we can achieve stabilization also for large values of R,
as long as we keep in mind the constraints we discussed in section 4.1.3; this is very similar to
what was done in [20]. In particular, here we use n = 3 and we choose 75 2 1/as, generating a
hierarchy between the moduli, 73 > 7o, taking

73 =0.165,  73=10. (4.86)

The value of 73 has been chosen in order to obtain a volume of order «~ 10°. For the Calabi-Yau
manifold we choose

Calabi-Yau parameters
n=3

(81 )\2 )\3 R

11 3 3 0.5

To obtain the desired minima and the correct COBE normalization we find

Ay =3.89216 x 107%, Az =4.4091 x 10?', Wy = 0.373231; (4.87)

the true values of the minima are given in table 4.1. It can be noticed that in this case the
approximation (4.42) is not good, since R is not small enough.
For the other values of the manifold we find

£ =176.159, 0.0159111 < g5 < 0.0477333, gs = 0.0318222. (4.88)
T2 T3 T1 vol o} oo
predicted 0.165 10 3240.24 | 184349 | 12.1246 | 0.235209
calculated || 0.165076 | 10.0019 | 3257.19 | 185798 | 12.1324 | 0.059741

Table 4.1: Values of minima of example 1. The “predicted” values are the ones given by the
approximations in (4.13) and (4.42), whereas the “calculated” ones are those found with the
potential (4.5).

Figure 4.1 shows the evolution of all the moduli. In particular, we can see that all of them
follow their inflationary minimum until inflation ends at N¢"? (represented by the red points).
Soon after that, they begin to oscillate around their post-inflationary minimum.

In particular, in this case from figure 4.2 we recognized that our plots seem to be in agreement
with the qualitative picture described in 3.2.1 for the standard scenario. In particular, it can
be seen that the friction still plays a role, as soon after the end of inflation the volume remains
fixed for a few more fractions of efoldings before starting to oscillate around its post-inflationary
minimum.

The situation is better represented in the inflationary trajectory in figure 4.3. The green line
represents the curve of local minima of ¢ and 73 (which change according to the position of the
inflaton 79), whereas the red line is the trajectory. It is evident that soon after the end of inflation
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Figure 4.1: Plot for of all the moduli evolution for example 1. The yellow lines represent
their value at the global post-inflationary minimum and the red points represent the end of
inflation.
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Figure 4.2: Evolution of the inflaton and the volume modulus during the last efoldings for

example 1.
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Figure 4.3: Inflationary trajectory in the (72, ¢) plane for example 1. The green dashed line
represents the curve of local minima of ¢ and 73 for each value of 75 and the green dots
represent the end of inflation (the one on the right) and the global minimum (the one on
the left).

(green point on the right) the volume remains fixed in its inflationary value before oscillating
around the global minimum (green point on the left). If it followed its new minimum, we should
expect that the green and the red lines overlap and in particular that the first oscillations of
should be centered on the green line.

We can now give details of the observables of the model, namely P;, ns and r, and discuss
the predictions for the post-inflationary scenario and the total duration of inflation. First of
all, we give the physical quantities in table 4.2, which are calculated numerically using the full
potential and the full metric of section 4.1. The masses are calculated considering my ~ m; and
Minys =~ My referring to the appendix A.

Hinr my mjn¢ L'y Ling
1.06177 x 107 | 1.44896 x 1019 | 2.17283 x 10 | 1.02042 x 10~8 | 32136.7

Table 4.2: Values of the physical quantities of the model in GeV for example 1.

Given that, we can analyze the post-inflationary scenario. In particular, we expect a period of
volume modulus domination as we can estimate % ~ 5.46551 x 10'9 > 1. Indeed, after the

inflaton domination period which lasts

Nonodr ~ 6.94 ,

we have a period of modulus domination which extends (if we put ¢; = 0) roughly between

teg = g = 1.79304 x 107* GeV ™! and fogec = i = 9.79989 x 107 GeV~'. More precisely,
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Figure 4.4: Post inflationary scenario for example 1. After a short period of radiation
domination, the volume modulus comes to dominate the energy density until it decays and
converts mainly into radiation.

numerically solving the equations (4.72), plotted in figure 4.4, we find

tdompeg = 975251 x 107* GeV™! | tgom.end = 1.03271 x 10% GeV ™!,

respectively for the beginning and end of this period, and the total duration of the epoch in
number of efolding is
Nopoa2 = 16.49 .

We can then predict the number of efoldings between horizon exit and end of inflation from
(4.75)
NI ~ 45.70,

which allows us to predict other observables at horizon exit N = N — Not,
We show the behavior of the power spectrum and the spectral index in figure 4.5 whose values
are

Py(K. =0)=55745x 10713 n,=0.95449.

We stress that the parameters (in particular Ay, Az and Wy) could in principle be chosen in
order to exactly match the normalization Ps = 3.7 x 10710, but it is not always easy to precisely
assign these values. As already stated, here we used the approximate relation (4.55): in this
particular case it did not give a good result (probably because of the small value of 1), but
in example 2 and example 3 we will see that this strategy always gives the correct order of
magnitude.

However, afterwards we could use K., in order to match the correct normalization; in this case,
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Figure 4.5: Power spectrum and spectral index for example 1 in the first efoldings. Close to
N, = 0 the plot is not reliable, as the system is not yet in a slow-roll regime. Fluctuations
in ng are due to computational inaccuracies.

we should take K., = 6.49788.
Finally, the slow-roll parameters € and €, are plotted in figure 4.6 and the tensor-to-scalar ratio
is

€ =2.19883 x 10711, r = 16¢ = 3.51813 x 10717
€
3.x107" |
25x10° " |
2.x107M
1.5x10"" |
TSl S
5.x10712
é 16 1‘5 2‘0 2‘5 1;0 Ne

Figure 4.6: Comparison between € (blue line) and €, (yellow line) in the first efoldings.

4.4.2 Example 2

This second example is meant to verify the expectations we discussed in section 4.2. Actually,
here we are not using optimal values (especially for the value of the volume) due to computational
reasons: in fact, we find out that the software we used gave better results for small values of
the volume, in particular in resolving the final oscillations of the fields. However, it is then very
instructive to reason on the output of this example, as the mathematical behavior is the same;
we will give a more realistic scenario in example 3.

In particular, here we show how the situation changes when we decrease the value of R, with
particular attention to the post-inflationary scenario. Since there is no point in using lots of
moduli to stabilize the potential, as we have shown in sections 4.1 and 4.2, for this case we will
use n = 3 fields. For the minima we choose

7—2:17 7—3:67

and for the Calabi-Yau manifold we fix
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Calabi-Yau parameters

n

(8%

A3

3

1

1

We then change the value of As < 1 in order to decrease R ~ i—i

R 102

We begin studying the case in which R is still not too small, in order to better enlighten the
differences with the next cases. The first stable case we found correponds to Ay «~» 10™2; we point
out that qualitatively this is in agreement with the stability condition we discussed in section
4.1.3 and 4.2. In particular we take

1

A2 = 100

= R ~0.0099.

To obtain the desired minima and the correct COBE normalization we find

Ay =1.33188 x 1079, Az = 1.60757 x 1019, Wy = 0.00708011 ;

the true values of the minima are given in table 4.3. It can be noticed that also in this case the
approximation (4.42) is not too good, since R is not small enough (even if it is already better
than in the example 1).

T T3 T1 vol 10} oo
predicted 1 6 212.477 | 3082.47 | 8.03349 | 0.105291
calculated || 1.01547 | 6.01681 | 222.144 | 3296.17 | 8.10052 | 0.207558

Table 4.3: Values of the minima for the case R ~ 10~2 of example 2. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones
are those found with the potential (4.5).

The other values of the manifold are fixed at

£ =25.9274, 0.0570774 < gs < 0.171232, gs = 0.114155.

Figure 4.7 shows the evolution of the volume and the inflaton in the last efoldings. In
particular, also in this case we recognized that our plots seem to be in agreement with the
qualitative picture described in 3.2.1 for the standard scenario. Indeed, soon after the end of
inflation the volume remains pinned for a few more “time” before oscillating around its post-

inflationary minimum.

Hine

me

Minf

Ty

Line

5.7237 x 10°

6.04794 x 1010

5.99751 x 1013

7.42048 x 1077

1.19895 x 107

Table 4.4: Values of the physical quantities in GeV for the case R «~ 1072 of example 2.
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Figure 4.7: Evolution of the inflaton and the volume modulus during the last efoldings in
the case R «~ 1072 of example 2.

The situation is better represented in the inflationary trajectory in figure 4.8. As before, it is
evident that soon after the end of inflation the volume remains fixed in its inflationary value
before oscillating around the global minimum, since the red and the green curves do not overlap.
This fact should come as no surprise: from the physical quantities in table 4.4 we see that the
ratio % « O(10), which implies that the friction term plays an important role.

In this case we are not able to make any predictions for the post-inflationary scenario, as
the assumptions made in (4.59) do not hold. However, the case we presented here is extremely
useful to appreciate the cases with smaller R.

Figure 4.8: Inflationary trajectory in the (72, ¢) plane in the case R «~ 1072 of example 2.
The green dashed line represents the curve of local minima of ¢ and 73 for each value of
7o and the green dots represent the end of inflation (the one on the right) and the global
minimum (the one on the left).
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R 1073
We continue our analysis decreasing R about one order of magnitude taking

1
)\Q—W = R ~0.00099.

To obtain the chosen minima we find

Ay =1.30267 x 1077, As = 1.57231 x 1019, Wy = 0.00685244 ,

which more precisely give the values in table 4.5. With the help of the predicted values of table
4.5 we assign

£ =125.9214, 0.0570861 < g, < 0.171258, gs = 0.114172.

T T3 T1 vol 10} oo
predicted 1 6 211.047 | 3051.29 | 8.02332 | 0.0147113
calculated || 1.01561 | 6.01696 | 220.731 | 3264.65 | 8.09091 | 0.0145412

Table 4.5: Values of the minima for the case R ~ 10~3 of example 2. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones
are those found with the potential (4.5).
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Figure 4.9: Evolution of the inflaton and the volume modulus during the last efoldings for
the case R «~ 1073 of example 2.

From figure 4.9 we see that the behavior of the volume is slightly different from the previous
case; in fact, the first oscillation is not centered on the post-inflationary minimum, which indi-
cates that the friction is less important and the field is quite free to follow its local minimum.
This behavior can also be recognized in figure 4.10, as in this case the green and red curves start
to overlap.

We can now turn to analyze the post inflationary scenario. We first give the values of the
Hubble parameter, the masses and the decay rates in table 4.6.
After the inflaton decays, we can numerically solve equations (4.72) to verify whether a period

of volume modulus domination is present or not. We can estimate ?ZI ~ 2.26161 x 1010 > 1,
which tells us that we should expect a period of matter domination.
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Figure 4.10: Inflationary trajectory in the (72, ¢) plane for the case R «» 1073 of example
2. The green dashed line represents the curve of local minima of ¢ and 73 for each value of
79 and the green dots represent the end of inflation (the one on the right) and the global
minimum (the one on the left).

Hinr my Mmjy¢ ry Ling
1.97532 x 10Y | 5.93167 x 109 | 5.86169 x 10 | 7.0007 x 10~7 | 1.10863 x 107

Table 4.6: Values of the physical quantities of the model in GeV for the case R «~ 1073 of
example 2.

After calculating the duration of the epoch of inflaton domination

Nmodl >~ 3.45,

we can find the initial conditions for our system of differential equations from (4.62) and (4.63).
In this case we find a period of modulus domination which extends (if we consider t; = 0)
roughly between t.q ~ H%q ~ 6.31597 x 1075 GeV~! and e dec = % ~ 1.42843 x 10% GeV~!.
More precisely, numerically solving the equations, we find

tdompeg = 348375 x 107° GeV ™!, tdom.end = 1.50528 x 10% GeV ™!

respectively for the beginning and end of this period, and the total duration of the epoch in
number of efolding is
Npod2 =~ 15.90.

We can finally give a prediction for the total duration of inflation N!°* and some of the observables
at the horizon exit N = N — N, From (4.75) we find

N ~ 4569,
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and for the observables

€ =3.57306 x 10713, r = 16e = 5.7169 x 10712

and
Py(K.s = 0) = 4.25996 x 10710 ns = 0.954692 .

To exactly match the power spectrum value we could take K.; = —0.140927.

R-10%¢

Now can now continue our study taking

1

A2 = 10000

= R ~0.000099

together with

Ay =127 %1078, Az = 1.53288 x 10%°, Wy = 0.00667356

and
& =25.9208, 0.057087 < g, < 0.171261 , gs = 0.114174

which precisely give the minima in table 4.7.

T T3 T1 vol [0) [ Jo)
predicted 1 6 210.905 | 3048.18 | 8.0223 | 0.00153199
calculated || 1.01562 | 6.01697 | 220.59 | 3261.51 | 8.08995 | 0.00142451

Table 4.7: Values of the minima for the case R ~ 10~ of example 2. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones
are those found with the potential (4.5).

Figure 4.11 shows the evolution of the inflaton and the volume modulus in the last efoldings,
after the end of inflation. In particular, we can see that with a small R the oscillations of
the volume modulus seem “damped”. Actually, as we discussed in section 4.2.1, the volume is
constantly following its new local minimum (which changes depending on the position of the
inflaton) and it oscillates around it. The situation is illustrated also in figure 4.12. We expect
that for smaller values of R the oscillations are more and more reduced, and that in the limit
R — 0 they are reduced to zero since the volume is expected to follow adiabatically its minimum.

We can now turn to analyze the post inflationary scenario. We first give the values of the
Hubble parameter, the masses and the decay rates in table 4.8.

After the inflaton decays, we can numerically solve equations (4.72). We can estimate the ratio
He

T
R« 107

After calculating the duration of the epoch of inflaton domination

~ 2.00451 x 10® > 1; we should expect a period of matter domination as in the case

Nmodl >~ 273,
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Figure 4.11: Evolution of the inflaton and the volume modulus during the last efoldings for
the case R «~ 10~ of example 2.

Hine my Minf Ly Ling
6.14718 x 10% | 5.78452 x 1010 | 5.71427 x 1013 | 6.49249 x 10~7 | 1.02608 x 107

Table 4.8: Values of the physical quantities of the model in GeV for the case R «~ 10~% of
example 2.

we can find the initial conditions for our system of differential equations (4.72) from (4.62) and
(4.63). We actually find a period of modulus domination which extends (if we consider t; = 0)

roughly between ., ~ H%I ~ 7.68389 x 1072 GeV ™! and tygec = é ~ 1.54024 x 10% GeV L.

More precisely, numerically solving the equations, we find

tdom,beg = 4.24364 x 107 GeV ™!, tdom.end = 1.6231 x 10% GeV ™1,

and the total duration of this epoch in number of efolding is

Nonodz =~ 12.75 .

We can finally give a prediction for the total duration of inflation N!°* and some of the observables
at the horizon exit N} = N&"? — N°'. From (4.75) we find

N ~ 46.05,

and for the observables

€=3.4119 x 1071, r = 16e = 5.45904 x 10713,

and

Py(Kq =0) =4.32049 x 1071, ny = 0.955075.

In order to exactly match the normalization we need K.; = —0.155035.
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Figure 4.12: Inflationary trajectory in the (72, ¢) plane for the case R «» 107* of example
2. The green dashed line represents the curve of local minima of ¢ and 73 for each value of
79 and the greens dot represents the end of inflation (the one on the right) and the global
minimum (the one on the left).

R- 108

After having shown the different behavior the solutions have for smaller and smaller values of
R, we now come to study what is the first value we could find in order to avoid a period of
modulus domination. For such small value of R the software we used was not able to solve
the oscillations following the end of inflation, and we will not attach the plots in this section;
however, we already discuss enough the consequences of small R and there is no reason to worry
about that anymore.

For the Calabi-Yau we choose the parameters

A=10"°% = R~107%,

and we find

& =25.9208, 0.0570871 < g, < 0.171261, gs = 0.114174.

To obtain the minima in table 4.9, the contraints impose
Ay =1.14136 x 10712, As = 1.37761 x 10'° Wy = 0.00599684 .
The physical parameters are given in table 4.10 and from them it can be calculated the ratio

Heg 1 46079,
Ly
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T T3 T1 vol [0) 0o
predicted 1 6 210.889 | 3047.84 | 8.02219 | 1.53906 x 10~7
calculated || 1.01562 | 6.01697 | 220.575 | 3261.17 | 8.08984 | 1.42153 x 10~7

This is the biggest value of R for which

Table 4.9: Values of the minima for the case R ~ 1078 of example 2. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones

are those found with the potential (4.5).

H;pn¢

mey

Minf

Ly

Line

5.53046 x 10°

5.19872 x 1010

5.13538 x 1013

4.71301 x 1077

7.44682 x 10°

Table 4.10: Values of the physical quantities of the model in GeV for the case R -~ 10~% of

example 2.

Heq
Ly

« O(1), and it is hence crucial to study the

system (4.72). In particular, as we anticipated this is the first case in which there is no volume
domination, as shown in figure 4.13; the hypotetical time of equilibrium was expected to be
teqg ~ 1.44367 X 109 GeV™!, but the curves never meet, as shown in figure 4.13.

P o
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2x10% - 50x102
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Figure 4.13: Post inflationary scenario for the case R «~ 10™% of example 2. The time of
equilibrium was expected to be at t, ~ 1.44367 x 10° GeV ™!, but actually radiation always
dominates.
Considering that in this case Npoq1 = 0 and Ny,oq0 =~ 0 the number of efoldings is
NIt~ 47.58.
For what concerns the observables we find
€=2.76202 x 10718, =16e =4.42068 x 10717,
Py(K. = 0) = 4.31849 x 1071°;
in order to exactly match the normalization we need K. s = —0.154573. In this case ng could

not be evaluated due to computational imprecisions.

In conclusion, it is now clear that in this model we can avoid a period of volume modulus
domination in the post-inflationary epoch for values R < 1078,
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4.4.3 Example 3

Finally, this last example shows a more realistic scenario for Kahler moduli inflation, as now the
volume is of order V « 10° and we use hundreds of moduli. From a qualitatively point of view,
the output is exactly the same of the previous example and this further confirms the predictions
we made. For the minima we choose

7'2:1, 7'3:4.5,

and for the Calabi-Yau manifold we fix

Calabi-Yau parameters
n « A3
100 1 5/98

We recall that A3 = \5/(n —2), and in this case A5 = 5. This value has been chosen in order to
give a larger value of the volume, according to (4.25).

We underline once again that the output of this model is the same as the case of a Calabi-Yau
with n = 3 and A3 = 5.

R-103

R

To obtain the chosen minima we find

Ay =1.10139 x 1079, As = 94151, Wy = 0.960163 ,

which more precisely give the values in table 4.11. We assign

& =80.4762, 0.0268241 < g5 < 0.0804723, gs = 0.0536482 .

T2 T3 ™ vol 10} oo
predicted 1 4.5 3908.8 | 244332 | 12.4063 | 0.016872
calculated || 1.00064 | 4.5007 | 3916.12 | 245019 | 12.4091 | 0.0179098

Table 4.11: Values of the minima for the case R ~ 1072 of example 3. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones
are those found with the potential (4.5).

This case is similar to the case of R «~ 1073 of example 2, as it can be seen in figure 4.14 and
4.15.

For what concerns the post-inflationary scenario, the masses and the other important quan-
tities are given in table 4.12.
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Figure 4.14: Evolution of the inflaton and the volume modulus during the last efoldings for
the case R «~ 103 of example 3.
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Figure 4.15: Inflationary trajectory in the (72, ¢) plane for the case R «» 1073 of example
3. The green dashed line represents the curve of local minima of ¢ and 73 for each value of
7o and the greens dot represents the end of inflation (the one on the right) and the global
minimum (the one on the left).
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Hiyr my Mmjp¢ L'y Ling
9.45042 x 10% | 2.71433 x 101° | 1.07393 x 10'* | 6.70807 x 10~% | 5.1169 x 10°

Table 4.12: Values of the physical quantities in GeV for the case R «~ 1072 of example 3.

We expect a period of matter domination as we can calculate }I{—‘Z‘ ~ 3.875 x 10" >> 1. Indeed,
we find
Nmodl >~ 0, Nmod2 ~ 20.87

which give a total number of efoldings of

N'ot ~ 44.64. (4.89)

For the observables we have

€ =2.3777T1 x 10714, r=16e = 3.80434 x 10713

and

Py(K,s =0) =6.88506 x 10710, n, = 0.95368.

To exactly match the COBE normalization we find K.s = —0.621021.

R- 105

We now decrease the value of R about two orders of magnitude; we should expect plots of moduli
evolution similar to the ones in figure 4.11. We take

1
Ay = ——— ~ (. 199.
2 = 10000 = [ ~0.0000199

To obtain the chosen minima we find

Ay =2.11389 x 1078, Az = 90352, Wy = 0.920233,

which more precisely give the values in table 4.13. We assign

£=280.473,  0.0268248 < g, < 0.0804744, g, = 0.0536496.

T T3 T1 vol 10} oo
predicted 1 4.5 3905.45 | 244018. | 12.405 | 0.000355052
calculated || 1.00064 | 4.5007 | 3912.77 | 244705. | 12.4078 | 0.000348543

Table 4.13: Values of the minima for the case R ~ 10~° of example 3. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones
are those found with the potential (4.5).
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Figure 4.16: Evolution of the inflaton and the volume modulus during the last efoldings for
the case R «~ 1075 of example 3.
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Figure 4.17: Inflationary trajectory in the (72, ¢) plane for the case R «» 107° of example
3. The green dashed line represents the curve of local minima of ¢ and 73 for each value of
7o and the greens dot represents the end of inflation (the one on the right) and the global
minimum (the one on the left).
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Hiyr my Mmjp¢ r'y Ling
1.29891 x 108 | 2.60646 x 1019 | 1.03059 x 10 | 5.9397 x 1078 | 4.51628 x 10

Table 4.14: Values of the physical quantities in GeV for the case R -~ 107> for example 3.

From figures 4.16 and 4.17 it is evident that the behavior is the same we found in example 2,
which confirms again the predictions of section 4.2.

For what concerns the post-inflationary scenario, the masses and the other important quan-
tities are given in table 4.14.
We expect a period of matter domination as we can calculate 11{—:1 ~ 2.05562 x 10° > 1. Indeed,

we find
Nmodl s 07 Nmod2 ~ 14.30

which give a total number of efoldings of

N ~ 45.28 . (4.90)

For the observables we have

€ = 4.40583 x 10716, r = 16e = 7.04933 x 10719

and

Py(Ke =0)=7.01953 x 1071 ny = 0.954508..

To exactly match the COBE normalization we find K.s = —0.640364.

R-107°

Also in this case we explore whether it is possible to avoid a period of volume domination below
a certain value of R. We point out that in this case we were not able to compute the complete set
of equations due to computational difficulties linked to such a small value of R; for this reason
we did not to predict the observables and the value of Wy is not optimized to match the COBE
normalization, but it as been chosen to be of the same order of the previous cases. However, we
could still calculate all the quantities we need in order to analyze the post-inflationary scenario.

In this case we have ]
A = = % 1077 = R~6.66x10" (4.91)

and
Ay = 7.26399 x 10712, As =93143.1, Wo = 0.948636 .

The values of the minima are given in table 4.15. We assign

£ =280.4729, 0.0268248 < g5 < 0.0804745, gs = 0.0536497 .

Finally, with the values in table 4.16 we can analyze the post-inflationary scenario. In this
case, the inflaton quickly decays (Np,0q1 =~ 0) and from the estimate
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T T3 1 vol 0} oo
predicted 1 4.5 3905.38 | 244012 | 12.405 | 1.18477 x 10~7
calculated | 1.00064 | 4.5007 | 3912.71 | 244698 | 12.4078 | 1.16117 x 10~ 7

Table 4.15: Values of the minima for the case R ~ 1079 of example 3. The “predicted” values
are the ones given by the approximations in (4.13) and (4.42), whereas the “calculated” ones
are those found with the potential (4.5).

Hine my Mine Ly Ling
2.44535 x 10% | 2.68702 x 1010 | 1.06243 x 101 | 6.50761 x 1073 | 4.94777 x 107

Table 4.16: Values of the physical quantities in GeV for the case R -~ 107 of example 3.

H,
9 —3.91237 -~ O(1)
Ly

it is clear that we should carefully study the system (4.72) to verify if there is a period of
matter domination. In this example there is not, as after the inflaton decay the universe is
always radiation dominated. In fact, the hypotetical time of equilibrium was expected to be
teg > 3.9277 X 106 GeV~!, but the curves never meet, as shown in figure 4.18.

P P
1.2x10% b

2.0x10% - 1.0x 1023

8.0x10%2 -
24 |-
1.5x 10 — po

— p¢
py 6.0x10%2 1 py
1.0x10% -
4.0x10%2

5.0x10%
2.0x10%2

TR

T Y H S S S S S S M H S |
2x 108 3x10° 4x10°% 5x10° 6.0x10° 8.0x10° 1.0x107 1.2x107 1.4x10” 1.6x107 1.8x107 2.0><10;

Figure 4.18: Post inflationary scenario for the case R «~ 1079 of example 3. The time of
equilibrium was expected to be at t., ~ 3.9277 x 10° GeV ™!, but actually radiation always
dominates.

Hence, it is now clear that also in this case for values R < 107 we can avoid a period of

volume modulus domination in the post-inflationary epoch.

4.4.4 Remarks on numerical analysis

We now make some comments about the numerical analysis performed in this section, in order
to enlighten some important implications of the study we have carried on.

e The hierarchy between Ao and A3 and between 75 and 73 implies a hierarchy also in Ao
and As, typically As < 1 and Az > 1.

e In every example, Wy has been assigned numerically: it can be noted that once fixed the
fundamental parameters n, a, A3 and the minima 7;, for any choice of Ao the value of
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Wo was always found to be of the same order. This fact could be understood looking at
equations (4.54) and (4.55): once those parameters are fixed, these quantities depend only
on Mg, As and Wy. In particular, also considering the dependence on Ay and Wy of Vj in
(4.30), we have

434
WaAs e2a273

PS X Ag = P o (NtOt)2W2 .
6[12T; x Ntot Ao S e 0>
€ )\%W()

since N!° takes values in a small range (4.76) and P; = 3.7 x 10710 it follows that W has
roughly the same value for any value of R. Finally, equation (4.15) implies

AW ;
= cons
Ao
which entails that with an almost fixed Wy the value of A, changes with Ao, and in
particular
A2 XX )\2 .
e The value of €, scales with Ay: with the same considerations as above and (4.4.4) we realize
that ) 2
W5 42 2 1
€s X ViozAz XX )\7% X )\72 .

e Given that Wy is roughly constant, also the masses are fixed. Thus taking smaller and
smaller values of R, the effect is to decrease H;y as it follows from equation (4.48).

e There are cases where there is a large difference between H;,; and the masses m;,; and
mg. This fact could lead to a ratio ﬁl—;{ < 1, which, according to (4.61), should give
Npoa1 < 0. This is of course not correct, and we need to keep in mind that the inflaton
acquires mass at the end of inflation. Hence, in cases with such large masses the inflaton

decays soon after the end of inflation and we should set N,,,q1 >~ 0, as was done in example
3.

e Where possible, all the values have been estimated numerically. For example, the masses
have been calculated using m? ~ det(K—1M?2)/m3m3 and m? = 1/2K%V;; i = 2,3 (see
appendix A), where all the quantities have been evaluated numerically using the full po-
tential and the full metric of section 4.1. These values all agree with our approximations,
as it can be readily verified.
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CONCLUSIONS

The low energy limit of type IIB string theory compactifications represents a useful source of 4D
N = 1 supergravity models which can be used to provide a coherent description of cosmological
evolution. In particular, such models are suitable to describe inflation thanks to the Kéahler
moduli which arise from this procedure.

In this thesis we have studied the multi-field case of a class of inflationary models with Kéhler
moduli. Indeed, string compactifications usually produce to a lot of fields, easily n «~ O(100): it
is commonly believed that a large value of n is sufficient to build a realistic model and to achieve
stabilization between moduli inflationary and post-inflationary minima, making this shift very
small.

In this work we have shown that a large value of moduli cannot actually be used to stabilize
the minima. Indeed, a large value of n would require an extremely large volume V in order
to reproduce a Minkowskian global minimum, and this is not phenomenologically acceptable.
Therefore, we showed that one possibility to achieve stabilization is to act on the intersection
numbers \;, and in particular on the one associated with the inflaton: while \; for the spectator
fields (i = 3,4, ...,n) should be chosen in order to compensate the effect of a large number of
particles, the intersection number Ay of the inflaton mainly controls the R parameter and it
must be made very small. Furthermore, we have shown that this result strictly depends on the

specific choice of the uplift term
D

Vup = il
and the considerations we made could be partially relaxed for v < 2.

Studying the case R < 1 we derived a relation between the mass of the volume modulus and
the Hubble constant during inflation, showing that the ratio my/H;p s is always bigger than 1
and that it depends on R. Thus, we concluded that the friction term of moduli equations never
dominates and that during inflation the fields (in particular the volume modulus) are free to
follow their local minima until the global minimum, exhibiting at most some small oscillations
around them after the end of inflation. We then analyzed the post-inflationary scenario, giving
the tools to estimate whether an epoch of volume modulus domination is present or not. In
particular, a rough estimate suggests that we could be able to avoid this epoch for R < 1078 (at
least for some specific cases) and that in principle it could be always forbidden for sufficiently
small values of R.

Finally, we numerically solved the system of differential equations for the moduli evolution during
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inflation and for the energy density evolution after inflation, in order to test our predictions and
study whether we could avoid a period of volume domination. In particular, we found that for
small R the system really behaves as we expected: at the end of inflation, the volume follows its
local minimum until the global one instead of remaining fixed in its inflationary minimum. In
addition, we verified that for a given model there exists R < 1 such that we can avoid a period
of volume domination after inflation. In particular, this assures us that the model is free from
the cosmological moduli problem and that there is no tension at all with the success of the Big
Bang nucleosynthesis.

In this thesis a lot of attention has been given to the study of the post-inflationary dynam-
ics. Indeed, this period is crucial to predict and understand lots of aspect of the cosmological
evolution.

First of all, the presence of periods of matter domination after inflation has an important effect
on the number of efoldings between horizon exit of the modes relevant for CMB observation and
the end of inflation. This value is fundamental to make inflationary predictions for the spectral
index ns; and the tensor-to-scalar ratio r. In particular, the preferred number of efoldings was
found to be around N!° ~ 45, which is smaller than the usual estimate N ~ 50; this also
causes a reduction at the percent level of the spectral index.

Secondly, the post-inflationary period is necessary to understand how the energy is transferred
after the end of inflation via a process of reheating. This is extremely important for model
building, as we need to know how the particles of the Standard Model and of the hidden sector
are produced: volume modulus domination would imply that they are mainly generated by the
volume decay, whereas on the other case they would be generated by the inflaton decay. Conse-
quently, a study of reheating requires also an analysis of all moduli and their decay modes. In
particular, it is important to calculate the energy density injected into Standard Model compared
to the energy density injected into the hidden sector. Indeed, realistic models have to take into
account the correction AN.¢s = Nepr— Neyr sy to the number of neutrino species Negr oar = 3,
since observations do not seem to show a clear preference for AN.y; > 0; excessive branching
ratio to the hidden sector would lead to AN.ss > 1 and would spoil the BBN predictions.

In conclusion, it is fundamental to distinguish if there is a period of modulus domination or not
in order to be able to correctly predict lots of essential observables and to build suitable models
to describe cosmological evolution.
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COMPUTATIONAL DETAILS

A.1 Preliminar considerations on mass terms

We discuss here how to find the masses of the fields in Kdhler moduli inflationary models.
Indeed, the moduli we used in our potential (4.5) are not canonically normalized, and we cannot
read the mass terms from the Lagrangian.

Let us now label the fields as 7; and indicate their minimum as 7; as usual; we can expand them
around this point as
T, =T; + 07 .

Then we can also expand the Lagrangian about the minimum and find

Liin = K;j0u(07:)0"(075),
Emass = _(MQ)ij((sTi)(aTj) )

where 92y 21
1 1 1
M= Vii==-— = _ .
(M7) DR ) 07,07 g 2 07;07;

In order to find the canonically normalized fields we must look for 77 such that

1
Liin = 58#((575)8“(57'5) .

In particular, we have to look for a transformation for the vector 7

5T oty
oT 0Ty

5= 52 :%U&cz\%(ul ... us) 52 (A1)
0Ty, 0Ty,

where U is the n X n matrix of the mass eigenvectors u;, and §7¢ is the column vector of the
canonically normalized fields.
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Applying this transformation to the kinetic Lagrangian written in a compact form (R’ is now
the metric, not to be confused with the Kahler potential) we find

0 (6T)T KO (67) = %au(5TC)TUTKUa“(5TC)

and if we want to obtain the canonical form we need

- T - T :
UKU= "2 | K (uy wy ... ug)= “2{(“1 ‘ : = Lwn  (A2)
t . 3 ' g
us uLKul uILKug uiLKun

which implies uIR’ uj = 0;7, which is finally the normalization relation for the eigenvectors.
For the mass terms we have

1
(67)TM?(67) = 5(5TC)TUTM2U((STC) ;
if 7¢ represents the correct mass eigenstates UTM2U must be diagonal and its entries (i.e. its
eigenvalues) are the squared masses of the fields. From explicit calculations we get

UI uJ{Mzul uJ{M2u2 ... u];MZUn
T Tar2 :
UTM2U = | "2 | M2 (w1 wp ... ug) = “2M “1 (A.3)
1 . T, :
U3 uILMzul ULMQ’U/Q .. ULMQUn

with ujM 2u]- = m?él-j. Therefore, if we want to calculate the masses, we need to diagonalize

which satisfies .
K M?u; = m2u; (A.4)

as it can be readily shown from

uIMQUj = qu’(K’*lMZ)uj = mfujku] = m3d;; .

A.2 Kahler metric

We now give explicit computation for the Kahler metric K;; in the large volume limit.

Recalling that % = %61

207 v+5 2V
i#110K  SaliyTi _ 3ali/T

T 205 (V_|_g) 2y

. 10K Saym 3 a1
1_77__ ~

)

K;
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and
10 3 (11 Sam 31
Ky=-—K ~—"al-= —2 ~ S A5
"o 4a<2Vﬁ V2 ) 472 (&.5)
a1l 0 L Beym (38 N L _9AVT
K, 'E 2%1{1* Tyr TNV ) g S (A.6)
ij#11 0 3 1 N Ai/Ti 3
JCOPAE Ea ety SN A N A AL (PN W AT
i ga, T \amv®i T v TV (A7)
where we approximated V ~ om'f’ /% and more precisely for i,5 > 1
3N\
Kii 2§73/21 5 (AS)
VT
. 9 A)\ T T
K,y DNV (A.9)
8 Ti
From now on, we will always implicitly consider i, j > 1. The full matrix has the form
31 _ 9272 _ 92373 _ 92T
472 8 o 8 572 87,572
C9XyvEm 3 A 9 M3hey/TBVT 9 Andey/Tn /T2
8272 8372 8 3 87 &
A 9A3/T3 9 A3A2/T3/T2 3 A :
K=]|-2 ;5/25 2 3 2T§3 2 ng/Qi/E . (A.10)
N . . . Q)\n)\nfl\/ﬁ\/'rnfl
. . . . 8 T3
C9MvTa 9 AdeyTayTE 9 Andno1y/Tuy/Fat 3
8752 8 3 8 3 8372 so
From these calculations, with 7 > 1 we can readily find its inverse
1,4
K ~aTi (A.11)
3/2
K :§T1/ Vi (A.12)
3 N
KY ~4r7; (A.13)
K ~AriT; . (A.14)
In particular the first two terms can be found simply by taking K% ~ Ki“ , which ensure that

(K71K);; ~ 1 (at leading order in %), whereas the last ones are chosen in order to obtain exactly
(K7'K);; = 0 for i # j. Actually, in the latter we could have also taken K% ~ 0, since the
product (K~!K);; would have been close enough to zero (order O(X)) and these terms would

1
T1

have been much smaller than all the other entries of the inverse matrix. However, we prefer to

keep these terms in order to obtain more precise results.
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The complete inverse matrix is then

4.2

37Ti 4711719 47173 41,
3/2
47179 g | /\; e 47973 4791,
- 3/2 —
K '= 471173 471973 80 i
3 A3
4T Th—1
3/2
drym, AT, ATy Tn_1 %Tl b i

To test these approximations, we can check the large volume limit of the
(4.3) and see that the calculations of this section agree with them.

A.3 Potential calculations

(A.15)

expression (4.2) and

We now turn to calculate the second derivatives of the large volume limit potential (4.7), essential

to calculate the mass matrix. It is useful to rewrite the potential with V ~ cwf’ /2
f i T —a;T;
I Yk E R T (.16
=2
where we assigned for brevity
o 8((11'147;)2 v — 4W0alAl
(2 30[2)\1 9 (2 042 9
4a3 a8/3
As before, for the derivatives we use the notation V; = g}_/ = g}_/
i
For the first derivatives we have
v 3 Vi 20 Ti it ¢ B
aﬁ:_z;2“’ 5/2° +Z3 HMC T o Az
1=
ov i 1 i, PRV Vi —ai
— — 2a > @Ti 1 — q; 7 ;T
Then, the second derivatives are
VK15 VT -2aih Ti a9 € B
977 ZZ“ A7/2 2121/, = o +20%—16 (A.17)
i=2 Ty
82V j2% 1 2a; 7% vy 1 A
— . =1 —404T; 3—a; | —1 —QiTq A18
97,07; PYIE aiv/Fi| -1+ 4am R e I (A.18)
82V j2% 2 |: 1 :| 20 F: 173 |: 2 :| A
= 1-— e i — 1-— e~ T A.19
8721'2 7:13/2 \/> 2047'@ 16(1227:1'2 73 Z T aﬂ'Z ( )
0*V 0%V
= d0;; A.20
07,07 7 972 (A.20)
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77

Using ¢; =

m; (1 —4e)
Tf’/z (1 — Ei)

—a;T;

(&

\/?i

12, and the relations (4.10), that we can rewrite as

3N W

; m; =

4(11'141 ’

and noting that v; = 2m;u;, we can easily evaluate the derivatives in the minima 7;

o0*V

pim? 30 (1 — 4e;)? A
i = a; , 21
[ e 11/2 e (4.21)
O*V HiThy o 3/2( — 4e;)
i = —(1—2¢). A.22
Vi = oron 719/2 o) ) (4.22)
For Vi1, using the equivalent of (4.11)
B 22 (1 - 4ey)
47{1_ 3 9/2+Z m? 9/271_61) (A.23)
we have
V.o 9 1 | 32 o(1—46)(1+4e)
71 i=2

this expression can be manipulated a little bit more using the full expression for ¢ and (4.14)

fore; < 1
n
<1
€% 20N A1 - 186)
=2
2.
together with the assumptions (4.22) and p;m? = 3%;\1

Ei,.<§1 27 W02

11

>

3/2 §
> 1+ 2 &)+ 5

1+(n—2)737/2
L1k
R 372 (1= 8¢

8 0‘27'113/2 i=2
_2470(22[;153/2 LG; (18 )_
:2470;V§/2A3(n—2) 3121 _ gey)

where we used R ~ mf‘% < 1.

(A.24)

(1 — 8e3)
(1 — 8e2)
)
)
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Finally, for the second derivatives at the first order in ¢; we obtain

PV 21 W 3/2
== =0 _Ag(n—2)7"%(1 — 8e3), (A.25)
87‘187’1 4 a27.113/2 3
92V oW2  a;r/?
Vi = =_———0)\=2 1—7e), A.26
! oT107; 2 o? 7111/2 ( €i) ( )
% w2 a2r?
Vi = =30\, _(1—5¢). A.27
0t;07; a? 7_?/2 ( i) ( )

A.4 Masses computation

Now that we have all the elements we need, we can proceed with the calculation of the eigenvalues
of K~1M?. Before addressing the general case for an arbitrary value of n, it is useful to study
the case n = 3 and n = 4; the first allows us to find the dominant terms in the matrix, whereas
the second helps us to generalize the calculation to a generic n.

To find the squared masses we simply consider that

det (K_IMQ) = mim3...m> (A.28)

mn

Tr[R_lMQ] =mi+mit.. +md. (A.29)

Since m1 < m; as 71 mainly corresponds to the volume modulus, as we will see in a moment,
and m; ~ m;, Vi # j, the values for the masses are

) Tr [R”lMQ]
mp o (A.30)
m3 ~ det (K71M2> (A.31)

()

In particular, to be more precise, m; = m; only if the minima are all equal and if a; = a;, as it
will be clear in the following section.
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A.4.1 n=3

Let us write down the matrix

i (I:('_le)H (I:(—lM2)12 (I:(—le)IS
K—1M2 — ([§'—1M2)21 (K_1M2)22 (K_1M2)23

(K'M?)31 (K7'M?)3 (K7'M?)33
KUV + K2Vo + K13V K''Wig + K2Voy  KHMVi3 + K13V

1
=5 K2'Wh1 + K#2Vy + K*Vay K*'Wip 4+ K#Vyy K23+ K* V33
K3V + K32Vo + K3V K3Wig + K3%Vay  K31Vi3 + K33V
] Kll‘/ll +K13‘/31 _[(11‘/12 + KIZV'ZQ K11V13 + K13‘/33
> K%V K2V K*Vig + K*Vs3
K33V31 K31V12 _’_K32‘/22 K33v’33

where we used 7 > 1 and R ~ )‘—i < 1. In particular, we can explicit the order in ?11 of the
matrix entries as

O(4z) O(Z%) O(F)
1 1 1
K~ 'M? 0(7—1?1) O(?lis) O(T91/2> (A.32)
1
o) O(¥) Ok
1
It is now clear that the trace is
~ 1
Tr[K‘lMQ} = 5 (KP2Vas + KVay) | (A.33)
and that the masses of the blow-ups are roughly
1 4WE 1
m3 ~ 5K”v ~ a2° ;a%@z(l — 5e9), (A.34)
1
1 AWE 1
ms ~ §K33V33 ~ a20 ﬁagﬁf(l — Deg) . (A.35)

1
We now turn to calculate the determinant: from (A.32) we see that the relevant terms are

det(K1M2) =+ (K~ M) (R M) (K M2 (A.36)

and det (.f( 1M 2) A O(ﬁ) We could be tempted to keep only the first term of this expression

2
1
in order to estimate the mass simply as m3 ~ %K 1Y/1; this is actually not a good estimate, as
explicit calculations show that the first two terms cancel up to the second order in ¢;.
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With a lot of patience we can calculate these three terms, obtaining

o - - wg
(K~ M) 11 (K 'M?)99(K ' M?) 33 = —144—0 57 As(adry’®) (a3r2) [(1 — 14es + 6163)(1 — 5ea)]
abrj
o - _ ws
(K71M?)13(K 1 M?) g (K M?)3 = —144—2 52173 As(a3ry’?) (a3r2) [(1 — 14es + 6363)(1 — 5ea)]
abry
~ _ _ weé
(K7 M?)19(K " M?) 1 (K M?) 33 = —14467201/2&@3732)(%73/2) [(1 — 14e3 + 63¢3) (1 — Be3)]

Hence, the determinant is

W6
det (K~102) ~100—0xa(adr ) (a3r) (1 — 5ea) x .
abry
)\2 CL27'25/2 ) (1 _ 563)
265 + = — 1dey + 63e2) = 28)
€3 + e a37'5/ ( €2 + 63¢€5) 01— 5ea)
W6
~ld—= 6,21/2 )‘3(‘137??/ )(a373) (1 — He2) x
by
CL2T5/2
x |22+ R 25/2( — 965)(1 — Bey)
a3T3
Wy 9/2
~288 p 201/2 /\3(a§7-3/ )(a373)(1 — 5eo)es
a
Wy 5/2
N18a 21/2)‘ (a37'3/ )(QQTQ)(l — beg),

/2 5/2
where the R term can be neglected if R < % 3 —375 373, which can be easily achieved.
a3 €3

Finally, the mass term is
—1p2
) det( M ) 9 W2 7_;/2

~ ~ — A 1+ be3). A.38
T B P AR TR (439

Solving KM 2u; = m?ui we can find the eigenvectors

and we can then write the original fields in term of the canonically normalized ones

0T 1
or= |0 | = —= w1 | 077 +

1
ug | 015 + —= [ uz | 075 (A.39)
0T3 V2

1
V2 V2
1 (u1)157'1 (UQ)1(5T20 + (U3)1(5T§

= ﬁ (U1)25T1 (UQ)Q(STE + (U3)257'§
(u1)367'1 1@)3(57‘26 + <U3)357§
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We sketch here the main dependence of the fields on the big modulus 71, in order understand
the connection of fields we are using with the canonical ones. Referring to [25], considering
To = T3 = T the results are

o1 71 ( 11 /4 33/4) or + (711/4753/4> (\g;%c’ (A.40)
6ty (a (i/l ( 3/4 1/4) 572+<Tf3/47§/4>(j/7§,
575 (a3 71 (m¥rzr) 22 % 4 () 5;3

3/2

In particular, from these relations we can see that the volume modulus V « 7}
and the inflaton 7 is mostly 75 and consequently the masses are

is mostly 77

A42 n=4

Following the reasoning of the previous section, in this case the matrix K~1M? is readily found
to be

KW + 2KV KMV + K12V KMV + KBV KHVig + K13Vas
K*lMQ N 1 K22v*21 K22V'22 K21V'13 + K23Vj33 K21VY13 _{_{(23%3
2 K33V3 K3Wis + K32V K33V33 K3Wis + K3Vss |

K*V3 K3Wig + K32V K3'Wis + K3Vs3 K33Vs3

where we used (4.22), which also implies 74 — 73, and K33 = K3 not to be confused with K33.
It is useful to rename the matrix elements in order to find a well defined structure that could
be easily extended to the general case; we define

(A1)

O Q =~ .

1
l
c
g

®
N e~

The order in % of these terms can be gathered from (A.32) and the new term is g v~ O(—7).
T1

The determinant is

b 1 1 d 1 1 d b 1 d b 1
det( 1M2) =aq|f ¢ g|—hle ¢ g|+ile f g|l—ile f ¢ (A.42)
f g c e g c e f c e f g
b 1 1 d 1 1 d b 1
=a4|f ¢ g|—hle ¢ g|+2ile [ g|; (A.43)
f g c e g c e f c

keeping the dominant terms (O(—t)) we are left with
1

det( 1M2> = agbcc — hdee — 2ibec ~ asbee — 2ibec, (A.44)
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where the last step is justified by the fact that h « O(ﬁ) and that we are interested in the

/2
case I < 1, which implies Ay <1, as we discussed in 4.2.1This is equivalent to discard the term
(K1 M?)12(K—*M?)91 (K~'M?)33 in (A.36), which is precisely what we did in (A.37).
With this notation

mi ~b,
m% ~c,
det(K_1M2> ie
m? ~ ~ay—2—.
1 bee c

A.4.3 Generic n

We are now ready to generalize what we have done until now to the most generic case. The
matrix (A.41) is extended to

an, h 1 1 1
d b 1 1 l
L e fc g g R
K M = e f g c 9 ( 45)
L ;
e [ g g c
where a, = 3(K"Viy + (n — 2)K'3V3y).
The determinant is .
det <K71M2) ~ apbc"? — (n — 2)ibec"? (A.46)
and the masses
mi~b,
mi~c,
det (K102 i
m3 ~ ~a, —(n—2)—.
ben—2 c
Recalling that
1

anp = *(Kll‘/ll + (TL — 2)K13V31) N

Lol NV

i= 5 (K'Vig + K¥Vag) |
1
e= K%V,

1
c= 51{331/33
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we find
weZ 1
an = 79—;)9—/2)\3(71 - 2)@37’5/2(1 — 9e3 + 16€2)
a? 7t
N A |
i = 6—;)%)\3(1%7';/2(1 — Tes + 14€2)
a? 7
W2 1
e=—6—Y —agrg(l — Tes),
a? 7
we 1
=4—) —a3m3(1 — 5e3),
C a2 T]::?)a37—3( 63)

from which we can explicitly evaluate the mass term

oWg 1 7,/
2, WG 1\ oy
mj ~ 3 a2 7—3/2 )\3(77, 2) p” (1 + 563) . (A.47)

From this expression the mass of the volume seems to depend on the number of moduli; however,
if we recall the discussion of section 4.2, we immediately realize that

As(n — 2) = Xy« O(10).

Hence, we conclude that in principle the volume modulus mass increases with the number of
moduli, but in practice the constraints of the model force it to be independent from n,

owg 1, r/?
1
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APPENDIX B

GENERIC UPLIFT

B.1 Constraints for a generic uplift

In this section we will explicitly calculate some constraints of the model used in section 4.1.2

using a generic uplift
2 Cup

Vup: 0W7

1<y<3 (B.1)
and referring to the potential (4.7). The goal is to understand the link between the specific
uplift choice and the number of moduli n.

We start requiring

WViarce| _
v |,
which gives
L 8(a AT v N orr G 9EWE Oy WE
O\Msl) e a;Ti 5 a; Ty =0. B.2
BVhia 2 BWoyme T + ws Py 7Y (B2

i=2 i=2 *

Substituting the minima (4.10) and multiplying by V3 we obtain

—~ oo ap[3(1—46) (1—4e)] | 9EWE 2y 3=y _
> anWgT [2 TEAE 6(1_6i) + = G, WV =0,

and after a little algebra

= (1—4¢) 3] 4 _
£=20) [)\i (1- e-)z’Tz'Q - 57(7“,,1/*3 I (B.3)
i=2 ¢

Calculating VLWXEGE, substituting again the minima (4.10) and V = V, and using the relation
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(B.3)
oA ]
:Z,Vg {g (103\;)2%3/2 <—2 + 3ei + 126?) + CoypVi?
- Zn; axT?! QZW - ;vcupv:?”}

and requiring a Minkowskian minimum VL”}{?%G p = 0 we finally obtain

_ 3 aXi  3/2
V37T = E 7. 76 (1 — 4e;) . B.4
Cup (1 - 37) = 1- €i)’? ( ) (B4

B.2 Multi-field consequences

Let us now turn to the multi-field case and see how the value of + affects the choice of the
number of moduli of the model. If we use the assumptions (4.22) and consider the case €¢; < 1,
from (B.4) we obtain

3a

Vil
Cup (1= 37)

()\27'3/262 + (n— 2))\3T§/263> . (B.5)
Hence, we see that with 7; «~ O(1), the volume depends on the number of moduli as
Vy o (n—2)77 (B.6)

for v — 1 it weakly depends on n , whereas for v — 3 the number of moduli strongly affects the
value of the minimum of the volume.
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