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Summary:

This Thesis studies some aspects of string compactifications with particular em-

phasis on moduli stabilisation and cosmology.

In Chapter 1 I motivate the study of string compactifications as a way to build on

the successes of the Standard Model of Particle Physics and of the theory of General

Relativity.

Chapter 2 constitutes an overview of the technical background necessary for the

study of flux compactifications. I sketch how the desire to obtain a supersymmet-

ric theory in four dimensions constrains us to consider compactifications of the ten

dimensional theory in six dimensional Calabi-Yau orientifolds. I argue that it is

strictly necessary to stabilise the geometry of this compact space in order to have

a phenomenologically viable four dimensional theory. I introduce the large volume

scenario of type IIB compactifications that successfully incorporates fluxes and sub-

leading corrections to yield a four dimensional theory with broken supersymmetry

and all geometrical moduli stabilised.

The next four Chapters are devoted to the study of some phenomenological aspects

of moduli stabilisation and constitute the original work developed for this Thesis.

In Chapter 3 I investigate the consequences of field redefinitions in the stabilisation

of moduli and supersymmetry breaking, finding that redefinitions of the small blow-

up moduli do not significantly alter the standard picture of moduli stabilisation in the

large volume scenario and that the soft supersymmetry breaking terms are generated

at the scale of the gravitino mass.

Chapter 4 deals with the putative destabilisation of the volume modulus by very

dense objects. The analysis of the moduli potential shows that even the densest

astrophysical objects cannot destabilise the moduli, and that destabilisation is only

achievable in the context of black hole formation and cosmological singularities.

In Chapter 5 I present a model of inflation within the large volume scenario. The

inflaton is identified with a geometric modulus, the fibre modulus, and its potential

generated by poly-instanton effects. The model is shown to be robust and consistent

with current observational constraints.

In Chapter 6 I introduce a model of quintessence, where the quintessence field

and its potential share the same origin with the inflationary model of the previous

Chapter. This model constitutes a stringy realisation of supersymmetric large extra

dimensions, where supersymmetry, the low gravity scale and the scale of dark energy

are intrinsically connected.

I conclude in Chapter 7 outlining the direction of future research.





The stubborn critic would say: ”What is the benefit of these sciences?”

He does not know the virtue that distinguishes mankind from all the

animals: it is knowledge, in general, which is pursued solely by man, and

which is pursued for the sake of knowledge itself, because its acquisition

is truly delightful, and is unlike the pleasures desirable from other

pursuits. For the good cannot be brought forth, and evil cannot be

avoided, except by knowledge. What benefit then is more vivid? What use

is more abundant?

Abū Rayhan Muhammad al-B̄irūni
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Chapter 1

Introduction and Motivation

Our present understanding of the Universe around us is supported by the twin pillars

of General Relativity and the Standard Model of Particle Physics. These two out-

standingly successful theories give us insight on how the Universe works both at the

very large and very small scales.

Born in the beginning of the 20th century, the theory of General Relativity

(GR) [1] provides a beautiful geometric description of gravity that extends the pre-

vious ideas dating back to the works of Newton in the 17th century. The concept

of gravitation as spacetime curvature is not only mathematically beautiful but also

extremely successful in describing our observations. It has been extensively tested

over almost one century on scales ranging from the solar system up to the radius of

the observable Universe. It allows for a description of the orbits of planets, includ-

ing small effects like the precession of Mercury’s perihelion, gravitational lensing and

redshift and emission of gravitational waves by binary systems.

Perhaps the most profound impact of the theory comes from its application to the

study of the Cosmos where it has allowed us to build up a detailed picture of our past

and changed our perceptions about our position in the Universe. The explanation

of the expansion of the Universe, of the measured abundances of elements and the

prediction of the cosmic microwave background (CMB) can all be counted as successes

of GR applied to cosmology. When combined with a period of exponential expansion

in the distant past, the standard cosmological model can explain the observed levels

of isotropy and flatness of the Universe and provide an explanation for the origin of

the observed anisotropies in the CMB.

Despite its successes there are still some loose ends in our theoretical description

of the Universe based on GR. Hubble taught us that the Universe is expanding, so if

we turn back time we see that it originated from what looks like an initial singularity.

At this singularity the energy density approaches M4
P , where MP ∼ 2 × 1018 GeV is
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the Plank mass, and GR ceases to be valid. An understanding of the nature of this

singularity requires the knowledge of the ultraviolet completion of GR. Observations

of supernovae and of the CMB made over the last decade indicate that 70% of the

total energy in the Universe is in the form of a cosmological-constant-like fluid with

an energy density around ρΛ ∼ 10−12eV 4 [2]. The physical origin of this fluid and

an explanation of the hierarchy ρΛ/M
4
P ∼ 10−120 are still unanswered questions.

Despite the successes of inflation, the details of the inflationary mechanism are still

very much a mystery, as questions about the origin of the inflaton and its potential

remain unanswered. Furthermore, we have learned over the last century that the

world is intrinsically quantum mechanical and that classical theories, such as GR,

emerge as a limit of an underlying quantum theory. Identifying the quantum theory

of gravity that extends GR is one of the great challenges in theoretical physics today.

All these reasons should prompt us to look beyond GR and to identify and study the

theory that builds on its successes and avoids its shortcomings. At the moment many

avenues are being explored in search for an answer for one or more of the issues raised

above. These include models with extra dimensions, scalar-tensor theories of gravity,

modifications of the Einstein-Hilbert action among many others. Explaining just one

of these issues would be a great step forward.

The Standard Model of Particle Physics (SM), like GR, is one of the great achieve-

ments of 20th century physics, providing us with a theory of strong and electro-weak

interactions. Formulated within the framework of quantum field theory, the SM is

a SU(3)c × SU(2)L × U(1)Y gauge theory with three families of chiral fermions. In

order to spontaneously break the SU(2)L × U(1)Y symmetry down to the U(1)EM

electromagnetic theory, the SM features a scalar degree of freedom, the Higgs field,

that is also responsible for the origin of mass of elementary particles. Over the years

the SM has been extensively tested to very high accuracy [3], a program that con-

tinues today with the experiments being undertaken at the Large Hadron Collider

(LHC).

Even though it provides a well tested theory of three of the four known forces of

Nature there are clearly hidden structures within the SM that prompt us to extend

it. The SM by itself does not explain why there are exactly three families of chiral

fermions or why their masses have a clear hierarchy. A deeper understanding of

gauge coupling unification, of neutrino masses and of the origin of dark matter also

motivate us to look beyond the SM. Perhaps the biggest mystery of the SM is tied

to the Higgs sector as we cannot explain why the scale of electro-weak symmetry

breaking is so much smaller than the Planck scale: MEW ≪ MP . This is the well
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known hierarchy problem that has attracted so much attention over the last decades.

The electro-weak scale, defined as the vacuum expectation value of the Higgs, is

determined by experiment to be around 250 GeV. The structure of the Higgs potential

makes this scale a function of the Higgs mass: M2
EW ∝ m2

H . Computations of loop

corrections to the mass of the Higgs within the SM show that it is quadratically

divergent with the integration cut-off m2
loop ∼ Λ2

UV , which in principle could be as

high as the Planck scale. Fine-tuning of the bare mass to m0 ∼ −ΛUV would be

required to keep the physical mass, m2
H = m2

0 + m2
loop, around the measured value

of 125 GeV. For a Planck scale cut-off this corresponds to a tuning of the order of

10−32. This solution is therefore highly unsatisfactory and the hierarchy problem

should instead be interpreted as a sign that there is some form of new physics above

the TeV scale.

Several ideas have been put forth to stabilise the electro-weak scale. Two of the

most promising approaches, that are related to the work developed in this Thesis, are

low energy supersymmetry and models with large extra dimensions.

Supersymmetry stabilises the Higgs mass by postulating that for each fermionic

(bosonic) degree of freedom of the SM there is a corresponding boson (fermion). The

problematic radiative corrections to the Higgs mass coming from fermionic loops are

then exactly cancelled by the corresponding loops of superpartners. By doubling

the spectrum of particles supersymmetry stabilises MEW without the need for fine

tuning parameters. Besides providing a solution to the hierarchy problem, low scale

supersymmetry has interesting side effects. For instance when realised in the context

of the Minimal Supersymmetric Standard Model (MSSM) it allows for gauge coupling

unification and the lightest stable supersymmetric particle can be a candidate for dark

matter. It is worth noting that if Nature employs some other mechanism to stabilise

the weak scale, supersymmetry can still be a useful theoretical tool for constructing

models of beyond the SM physics.

An attractive alternative to supersymmetry is provided by models with a low

gravity scale [4]. If this scale is as low as a few TeV, then the radiative instability of

the Higgs sector is tamed. This can be achieved by embedding the SM in a higher

dimensional spacetime and demanding that only gravity propagates beyond the four

visible dimensions. In these modelsMP is related to the fundamental gravity scaleM

via the volume of the internal space Vn: M2
P ∼M2+nVn where n denotes the number

of extra dimensions. It then follows that the largeness ofMP is due to large Vn, while
the gravity scaleM can be close to the TeV scale. We must note that for these models
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to provide a genuine solution to the hierarchy problem, rather than simply recasting

it in a new language, a mechanism for generating naturally large Vn must be given.

A program trying to provide answers to some of the issues both of GR and of

the SM, that has received a lot of attention over the last thirty years has been string

theory [5–8]. Initially conceived as a theory of strong interactions, string theory was

subsequently turned into a theory of quantum gravity and is at present the lead-

ing candidate for unifying and extending GR and the SM. Its spectrum includes a

spin-2 field which we identify with the graviton and the gross features of the SM

like non-Abelian gauge groups and chiral fermions. For consistency the theory must

live in higher dimensional spacetimes and the description of fermions requires super-

symmetry. If such a theory is to be of any use in the description of the real world,

supersymmetry must be broken and all but four dimensions must be compactified,

that is they must be wrapped into a size smaller than the smallest length scale we

are able to probe with high energy experiments.

One important feature of string compactifications is the fact that the geometry

of the compactification space determines the spectrum and the physics of the four

dimensional theory, much like in the Kaluza-Klein theories that predate it [9, 10] .

Even here the desire to solve the hierarchy problem has a profound impact as the

requirement of a supersymmetric theory in four dimensions constrains the compact

space to be Calabi-Yau as we will see in more detail in Chapter 2. This of course

selects a general class of manifolds rather than pinning down a specific one. The

hope is then that the building of realistic models of particle physics and cosmology

will impose further constraints and narrow the space of possible choices. Assuming

a particular topology is chosen and the particle spectrum is fixed, the resulting four

dimensional physics is still dependent on the geometry of the compactification space

as couplings and masses of particles are generically given by vacuum expectation

values of moduli fields, scalar fields that parametrise the geometry of the compact

space. To have any hope of making contact with reality one must first and foremost be

able to stabilise the moduli, that is generate a potential for these fields. Furthermore

moduli appear in the four dimensional theory as Planck coupled degrees of freedom

and as such would mediate fifth forces between SM particles. These forces are severely

constrained experimentally and as a result Planck coupled moduli must have masses

outside the range [10−17, 10−2] eV [11]. Once again the solution is to generate an

adequate potential for these fields, so we observe that the stabilisation of the geometry

of the extra-dimensional space is an essential requirement for any realistic string model

trying to extend GR and the SM.
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At present string theory is more a framework than a unique well defined theory.

It is a term used to denote a set of different perturbative descriptions of the same

underlying theory, each with different gauge symmetries, number of supersymmetries

and particle content, connected by a web of dualities. In this Thesis we will deal

exclusively with type IIB string theory and its phenomenology. In the context of IIB

string theory, the standard model is realized locally on branes wrapping cycles in the

internal space. This is an important feature of type IIB string theory that allows one

to separately study the global and local aspects of the theory. This feature is not

shared by all perturbative string theories, for instance in heterotic theories fermions

are not confined to branes and live in the bulk so it is not possible to disentangle the

SM physics from the physics that stabilises the extra dimensions. The possibility of

studying separately local and global issues makes type IIB appealing for model build-

ing. Global/bulk physics encompasses issues like moduli stabilisation, the breaking of

supersymmetry, the cosmological constant or inflation. Local/brane physics include

the obtention of a chiral spectrum, the correct gauge group and Yukawa couplings to

describe the SM, gauge coupling unification, reheating among others. The possibility

of studying the global aspects neglecting the local issues and vice versa has yielded

a number of advances over the last decade on both sides, however the final aim is to

have a fully consistent and complete model. The first steps towards this goal are now

being taken.

The physics of compactification mechanism and the breaking of supersymmetry in

type IIB string theory will be the main focus of this Thesis with particular emphasis

on the works developed in [12–15].
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Chapter 2

Flux Compactifications of Type
IIB String Theory

In this Chapter we introduce the framework of flux compactifications that forms the

foundations in which we develop the work presented in Chapters 3-6. We start by

presenting in Section 2.1 the Freund-Rubin compactification as a toy model that

introduces some of the fundamental concepts in flux compactifications. In Section

2.2 we see how the requirement of supersymmetry constrains the geometry of the

compact space to be Calabi-Yau and review some of the geometric concepts of these

spaces that are relevant for the remainder of this Thesis. Section 2.3 is devoted

to the review of the spectrum and action of type IIB string theory compactified in

Calabi-Yau manifolds and their orientifolds. Section 2.4 introduces the stabilisation

of the geometric moduli of the compact space through a combination of fluxes and

subleading corrections to the effective field theory, with emphasis on the large volume

scenario, while Section 2.5 deals with gravity mediated supersymmetry breaking.

2.1 Fluxes and extra dimensions: the Freund-

Rubin compactification

In order to illustrate the role of fluxes in the stabilisation of the extra-dimensions we

briefly analyse a 6D Freund-Rubin compactification [16]. This is a simplified scenario

that captures the essence of the physics of the more complicated setups that we will

introduce later. Let us then consider a 6 dimensional Einstein-Maxwell theory, with

metric G and abelian field strength tensor F2. The action for this theory is

S =

∫
d6X

√
|G|
(
M4

6R(6) −M2
6 |F2|2

)
, (2.1)
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where XM = (xµ, ym) with µ = {0, 1, 2, 3} and m = {4, 5}. Assuming that the space-

time is a direct product of a non-compact 4 dimensional space and a 2 dimensional

compact manifold of genus g and volume R2 l26 we can write the metric as

ds2 = gµν(x)dx
µdxν +R2(x)hmn(y)dy

mdyn, (2.2)

where we assume that the radius of the compact space can be a function of the 4D

coordinates. In this example R(x) plays the role of the moduli in more complicated

geometries and appears in the 4D theory as a scalar field. The point of this exercise

is to show how by turning on the F2 flux in the compact directions one can generate

a potential for the “radial modulus” and stabilise the physical size of the extradimen-

sional manifold. We must stress that F2 can only have non-zero components in the

compact directions due to the requirement of 4 dimensional Lorentz invariance.

Armed with the metric of Eq. (2.2) one can show that the 6D curvature scalar

decomposes according to

R(6) ≡ GMNRP
MPN = gµνRρ

µρν + gµνRm
µmν + gmnRµ

mµn + gmnRp
mpn (2.3)

and that the determinant of the metric is
√

|G| =
√
|g|

√
hR2. It then follows that

the action will contain the following term

S ⊃M4
6

∫
d4x
√

|g|(R l6)
2gµνRρ

µρν , (2.4)

where we have assumed that
∫
M d2y

√
h ≡ 1 in units of l26. This allows us to establish

the relation between the 4D and the 6D Planck masses typical of extra dimensional

models

M2
(4) ≡ M2

(6)R
2, (2.5)

and to note that a Weyl rescaling is needed to cast the action into the Einstein frame.

We define the new metric f by

gµν ≡ R−2fµν . (2.6)

The integrated curvature of the 2 dimensional space is the topological invariant χ(M)

related to the genus g of M via
∫

M

√
hR(2)(h) ≡ χ(M) = 2− 2g. (2.7)

In order to demonstrate the role of the gauge flux F2 we thread M with some number

of units of magnetic flux ∫

M
F2 = N, (2.8)

7



to find that the action then becomes 1

S =

∫
d4x
√

|f |
(
R(4)(f)− 8 (∂R)2 +

χ(M)

R4
− N2

R6

)
. (2.9)

So the integrated curvature term and the gauge flux generate a potential for the

radius of M:

V (R) = −χ(M)

R4
+
N2

R6
. (2.10)

Depending on the sign of χ(M), the interplay between the internal curvature and

the flux potential can be sufficient to stabilise the radial mode. In the particular case

when χ(M) > 0 one sees that these two contributions stabilise R(x) at

〈R〉 =
√

3

2χ(M)
N. (2.11)

So for relatively large flux, one can achieve large radii and small curvatures. For

internal spaces with χ(M) ≤ 0 the radial modulus potential will not have a minimum

forR and will display run away behaviour towards infinity, showing the need to include

further structure in this construction. In the context of string theory the combination

of fluxes in the internal space with local sources like D-branes and orientifold planes

allows for consistent realizations of moduli stabilisation that extend the basic example

presented here. To understand how this can be achieved we now leave this illustrative

example aside and turn our attention to the more realistic geometries that will lead

us to considering orientifold compactifications of type IIB string theory.

2.2 Calabi-Yau manifolds

We have just seen how the geometry of the compactification manifold, together with

non-trivial flux configurations can impact on the four dimensional theory one gets

after compactification. In this Section we will continue to relate the geometry of the

compact space with the physics of the four non-compact dimension. We will motivate

the need for and explore some aspects of Calabi-Yau manifolds. These manifolds play

a pivotal role in string phenomenology since they allow for the construction of quasi-

realistic four dimensional theories starting from a higher dimensional string theory.

The geometry of Calabi-Yau manifolds is an extremely rich subject that has attracted

a lot of attention over the last twenty years and an extensive literature exists by now

(for a review see e.g. [19, 20]). Therefore we do not aim to give a comprehensive

1The kinetic terms for the radial modulus can easily be computed using algebraic manipulation
software like Cadabra [17, 18].
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overview but rather pick our way through the subject, highlighting the features that

are important for the work presented in later Chapters of this Thesis.

The crucial requirement that leads us to the study of Calabi-Yau manifolds is

that of supersymmetry. Phenomenologically supersymmetry is rather desirable since

it allows to solve the hierarchy problem, that is explaining why isMW ≪MP . If after

compactification one wants to obtain a supersymmetric field theory in four dimensions

then the geometry of the compact space is rather constrained. This was originally

discovered in [21] in the context of heterotic string compactifications. Even though

this Thesis will deal exclusively with the phenomenology of type IIB string theory, it

is worth taking a brief historical detour and revisit the arguments of [21].

The requirement of unbroken supersymmetry is that of finding a supersymmetry

transformation such that δǫΦ = 0, where Φ denotes a generic (fermionic or bosonic)

field of the theory and ǫ the infinitesimal supersymmetry parameter. For a bosonic Φ,

δǫΦ ∝ fermion. The requirement of Lorentz invariance forbids fermions from getting a

vacuum expectation value (VEV) and so δǫΦ ∼ 0, we then see that this does not lead

to any condition on the generator of the transformation ǫ. However if Φ is fermionic

δǫΦ ∝ boson which in general is non-zero and can therefore lead to a breaking of

supersymmetry, so one must ensure that it equates to zero. With this in mind, we

note that the field content of heterotic supergravity includes the graviton gMN , the

gravitino ΨM , a 2-form field BMN , the string dilaton φ and its fermionic partner the

dilatino λ in the gravity multiplet and the 2-form field strength F a
MN and the gaugino

χa in the Yang-Mills multiplet. To ensure that this theory admits a supersymmetric

solution one must look carefully at the supersymmetry transformation of the fermionic

fields ΨM , λ and χ.

Following [21] we restrict our attention to the case of vanishing H3 and constant

dilaton φ. In this regime δǫλ = 0 automatically, however the gravitino and gaugino

transformations are in general non vanishing. It turns out that it is the gravitino

transformation

δǫΨM = ∇Mǫ−
1

4
HMǫ, (2.12)

that constrains the geometry of the compact space. The requirement of unbroken

supersymmetry in the limit of vanishing H flux maps to

∇Mǫ = 0. (2.13)

This means that the ten dimensional spacetime M must admit a covariantly constant

spinor ǫ. Assuming M = M4 ×M6 with M4 a maximally symmetric 4 dimensional
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space (i.e Minkowski, deSitter or anti deSitter), the existence of a covariantly constant

spinor restricts M4 to be Minkowski and M6 to be Ricci flat:

Rmn = 0. (2.14)

The Ricci flatness of the metric of M6 can be shown to be equivalent to the require-

ment of SU(3) holonomy of the compact space. This follows from writing the M6

part of Eq. (2.13) as ∇mη = 0, where η is the 6 dimensional part of the spinor ǫ.

Under parallel transport around a closed curve in M6 a spinor will in general be

rotated by some SO(6) = SU(4) matrix U : η → Uη. Requiring that the spinor be

covariantly constant means that it must come back to itself, so U must be a member

of a subgroup of SU(4) for which Uη = η, this turns out to constrain U to be in

SU(3).

Through a conjecture by Calabi, later proved by Yau, a Kähler manifold X with

vanishing first Chern class admits a Ricci-flat metric of SU(N) holonomy. This metric

is unique up to scalings for a given complex structure of X and a given Kähler class.

In these Calabi-Yau manifolds one can have a globally well defined closed (1,1) form

J, which is related to the volume of the manifold, and also a closed holomorphic (3, 0)

form Ω. In fact there is exactly one such 3-form up to a constant.

Henceforth we will focus exclusively on manifolds with SU(3) holomony. The

topology of such Calabi-Yau manifolds plays an important role in the determination

of the spectrum of the low energy effective field theory. This is due to the fact

that in Kaluza-Klein reduction, the massless degrees of freedom in four dimensions

are expanded in terms of harmonic forms on M6 and these are in turn in 1-to-

1 correspondence with the elements of the Dolbeaut cohomology H(p,q) (closed (p, q)

forms modulo exact (p, q) forms). The dimension of the various Dolbeaut cohomology

groups H(p,q) are called the Hodge numbers of M6 and denoted by h(p,q). These are

usually organised in a diagram called the Hodge diamond. For compactification of

the 10 dimensional Type IIB theory we are interested in 6 dimensional Calabi-Yau

manifolds for which the Hodge diamond generically looks like

h(3,3)

h(3,2) h(2,3)

h(3,1) h(2,2) h(1,3)

h(3,0) h(2,1) h(1,2) h(0,3).
h(2,0) h(1,1) h(0,2)

h(1,0) h(0,1)

h(0,0)

(2.15)
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There are a number of symmetries and constraints in the Hodge diamond of a Calabi-

Yau 3-fold that follow from complex conjugation, Poincare duality, the uniqueness of

the (3, 0) form and other properties. These imply that the Hodge diamond for a

Calabi-Yau 3-fold has only two free parameters and looks like

1
0 0

0 h(1,1) 0
1 h(1,2) h(1,2) 1.

0 h(1,1) 0
0 0

1

(2.16)

Specification of the Hodge numbers selects a particular topology but does not

pick a single Calabi-Yau: there is a continuum of manifolds with the same topology

related by deformations of their size and shape. The parameters that describe these

deformations are the famous geometric moduli fields. These arise from the fact that

if g is a Ricci flat metric in M6 then so is g+ δg provided it satisfies the Lichnerowicz

equation:

∇k∇kδgmn +Rm
p
n
qδgpq = 0. (2.17)

The properties of the metric and curvature of a Kähler manifold imply that the

pure and mixed components of the metric deformation decouple and can be studied

separately. It also follows from Eq. (2.17) that δg are harmonic and so can be

expanded in terms of elements of the Dolbeaut cohomology. The coefficients of this

expansion are the Kähler and the complex structure moduli. As we will see in the

next Section these appear in the compactified theory as Planck coupled massless

scalar fields. From a phenomenological point of view it is imperative that one is

able to generate masses for these fields as otherwise they will mediate fifth-forces

that are severely constrained experimentally. Furthermore in the context of string

compactifications the masses of the four dimensional particles are given as functions

of the moduli vacuum expectation values and so one must be able to fix these moduli.

2.3 Dimensional reduction: action and spectrum

The arguments presented in the previous Section that lead to Calabi-Yau compact-

ifications in the context of heterotic string theory can also be applied to type IIB

string theory. These compactifications on Calabi-Yau manifolds constitute a simpler

11



example of the more realistic compactifications with non-vanishing flux. We now fol-

low [22, 23] and derive the action and spectrum of compactifications of type IIB in

Calabi-Yau manifolds and their orientifolds.

2.3.1 N = 2 compactifications on Calabi-Yau manifolds

The bosonic spectrum of type IIB string theory encompasses the string dilaton φ̂, the

metric tensor ĝ and the B̂2 two-form in the Neveu-Schwarz/Neveu-Schwarz (NS-NS)

sector and the axion l̂, a two form Ĉ2 and a 4 form gauge field Ĉ4 in the Ramond-

Ramond (R-R) sector. These are the fundamental degrees of freedom of the theory

that can be used to write the low energy effective action as [22, 23]

S
(10)
IIB =−

∫ (1
2
R̂ ∗ 1+

1

4
dφ̂ ∧ ∗dφ̂+

1

4
e−φ̂Ĥ3 ∧ ∗Ĥ3

)

− 1

4

∫ (
e2φ̂dl̂ ∧ ∗dl̂ + eφ̂F̂3 ∧ ∗F̂3 +

1

2
F̂5 ∧ ∗F̂5

)
− 1

4

∫
Ĉ4 ∧ Ĥ3 ∧ F̂3 .

(2.18)

The field strength tensors Ĥ3, F̂3 and F̂5 are given in terms of the respective potentials

as

Ĥ3 =dB̂2 , F̂3 = dĈ2 − l̂dB̂2

F̂5 =dĈ4 −
1

2
dB̂2 ∧ Ĉ2 +

1

2
B̂2 ∧ dĈ2 .

(2.19)

In order to reflect the correct counting of the degrees of freedom that follows from

the spectrum of the 10 dimensional type II string theory, the condition of self-duality

must be imposed on F̂5: F̂5 = ∗F̂5.

The spacetime metric is chosen to have a direct product form

ds2 = gµνdx
µdxν + gijdy

idȳj , (2.20)

where gij is the metric on a Ricci flat Calabi-Yau manifold M. As reviewed in the

previous section, the geometry of the internal space is characterized by the deforma-

tions of the Kähler form J and of the complex structure. The Kähler form J can be

expanded in terms of ωA, the basis of harmonic (1, 1) forms of M as:

J = vA(x)ωA, A = 1, ..., h(1,1), (2.21)

while the deformations of the complex structure are given in terms of the holomorphic

3-form Ω in the basis of harmonic (1, 2) forms

δgij =
i

|Ω|2 z
K(x)(χK)iijΩ

ij
j , K = 1, ..., h(1,2). (2.22)
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From the 4 dimensional point of view the h(1,1) coefficients vA(x) of Eq. (2.21) are

scalar fields that go under the name of Kähler moduli. Similarly the h(1,2) zK(x) of

Eq. (2.22) are scalar fields usually called complex structure moduli. Together with

the string dilaton φ these are the famous moduli fields of string compactifications that

play a pivotal role in determining the physics in 4 dimensions much in the same way

as the radial modulus R(x) of the simpler Freund-Rubin compactification discussed

in Section 2.1.

Following the standard Kaluza-Klein reduction program we expand the remaining

degrees of freedom of the theory in terms of the harmonic forms on M and keep

only the zero modes. Requiring M to be a Calabi-Yau manifold sets the non-trivial

cohomology groups to be as described in Table 2.1. We then find:

Cohomology group dimension basis

H(1,1) h(1,1) ωA
H(2,2) h(1,1) ω̃A

H(3) 2h(2,1) + 2 (αK̂ , β
L̂)

H(2,1) h(2,1) χK

Table 2.1: Cohomology groups on M.

B̂2 = B2(x) + bA(x)ωA , Ĉ2 = C2(x) + cA(x)ωA (2.23)

Ĉ4 = DA
2 (x) ∧ ωA + V K̂(x) ∧ αK̂ − UK̂(x) ∧ βK̂ + ρA(x) ω̃

A , (2.24)

where A = 1, ..., h(1,1) and K̂ = 0, ..., h(1,2). From this expansion we see that from

the 4 dimensional point of view there will be the following scalar degrees of freedom:

bA, cA ρA as well as the type IIB dilaton φ, the axion l and the geometric moduli.

The spectrum of the 4D theory also features the V K̂ , UK̂ one-forms and the B2, C2

and DA
2 2-forms. The self-duality condition on F̂5 will eliminate half of the degrees

of freedom in Ĉ4. Here we follow [23] and eliminate DA
2 and UK̂ . The resulting spec-

trum is that of N = 2 supergravity with a gravity multiplet, h(2,1) vector multiplets,

h(1,1) hypermultiplets and one universal double tensor multiplet with the field content

summarized in Table 2.2.

Integrating over M and performing a further conformal transformation in the 4D

metric we find that Eq. (2.18) reduces to

S
(4)
IIB =

∫
−1

2
R ∗ 1 + 1

4
ReMK̂L̂F

K̂ ∧ F L̂ +
1

4
ImMK̂L̂F

K̂ ∧ ∗F L̂−

−GKLdz
K ∧ ∗dz̄L − hÂB̂dq

Â ∧ ∗dqB̂.
(2.25)
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gravity multiplet 1 (gµν , V
0)

vector multiplets h(2,1) (V K , zK)
hypermultiplets h(1,1) (vA, bA, cA, ρA)

double tensor multiplets 1 (B2, C2, φ, l)

Table 2.2: Bosonic components of the N = 2 multiplets for IIB supergravity on a
Calabi-Yau manifold.

Since in 4 dimensions B2 and C2 can be dualised to scalars the double tensor multiplet

can be written as a hypermultiplet and so we denote the h(1,1)+1 hypermultiplets by

qÂ. In Eq. (2.25) F K̂ = dV K̂ , MK̂L̂ is the gauge kinetic matrix, GKL is the metric

on the space of complex structure deformations and hÂB̂ is the metric on the moduli

space spanned by the hypermultiplets qÂ.

There are two important conclusions to draw from this computation. Firstly that

it is possible, once we choose the geometry of the compact space, to explicitly compute

the spectrum of the 4 dimensional theory and to write down its action by following

the standard Kaluza-Klein approach, this is the first step one must take to bring

the 10 dimensional supergravity in contact with 4 dimensional physics. In doing so

we find that the space spanned by the scalar bosons factorizes into a direct product

form M = Mcs×Mq that admits Mcs×Mk as a subspace. Secondly the spectrum

is that of N = 2 supergravity which is less appealing for phenomenology than the

N = 1 theory. In what follows we will show how the inclusion of extra string theory

ingredients into the compactification geometry allows for the breaking of some of the

supersymmetry leaving us with a N = 1 theory.

2.3.2 N = 1 compactifications on Calabi-Yau orientifolds

We now turn our attention to the problem of obtaining a N = 1 theory having the

N = 2 supergravity described above as the starting point. A fundamental role in

the breaking of part of the supersymmetry is played by orientifold planes, higher

dimensional extended objects with negative tension that carry no physical degrees

of freedom. The importance of these orientifold planes is twofold: they allow us

to reduce the amount of supersymmetry and at the same time are crucial for the

internal consistency of flux compactifications. We will leave the discussion of their

role in the consistency of flux compactifications to Section 2.4.1 and focus for now on

the truncation of the spectrum to that of N = 1 supergravity.

Starting from type II supergravity compactified on a Calabi-Yau manifold M we

can obtain a N = 1 theory by modding out by one of the following two symmetry
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operations, usually called orientifold projections:

O(1) = (−1)FLΩpσ
∗, σ∗Ω = −Ω, (2.26)

or

O(2) = Ωpσ
∗, σ∗Ω = Ω. (2.27)

Here Ωp denotes an orientation reversal of the string world-sheet, σ is an internal

symmetry that acts only onM, leaving the 4D non-compact space intact and FL is the

left moving fermion number. σ must be a isometric and holomorphic involution (σ2 =

1) of M, it acts on the holomorphic 3-form Ω as can be seen in Eqs. (2.26), (2.27) and

leaves the Kähler form unchanged: σ∗J = J . The orientifold projection O(1) leads to

compactifications with O3 and O7 planes while O(2) leads to compactifications with

O5 and O9 planes. The truncation of N = 2 to N = 1 is achieved by keeping in the

physical spectrum only the degrees of freedom that are invariant under the orientifold

projection. In what follows we will focus on orientifold compactifications with O3 and

O7 planes.

The action of σ on cohomology groups H(p,q) is to split them in to two subgroups,

one even H
(p,q)
+ and one odd H

(p,q)
− under σ∗:

H(p,q) = H
(p,q)
+ ⊕H

(p,q)
− . (2.28)

Consequently harmonic (p, q) forms which are the basis in which we expand the 10

dimensional degrees of freedom of the theory split into an even and an odd part under

the action of σ. The action of σ on the non-trivial cohomology groups of M, their

respective dimensions and basis elements are given in Table 2.3.

cohomology group dimension basis

H(1,1) H
(1,1)
+ h

(1,1)
+ ωα

H
(1,1)
− h

(1,1)
− ωa

H(2,2) H
(2,2)
+ h

(1,1)
+ ω̃α

H
(2,2)
− h

(1,1)
− ω̃a

H(2,1) H
(2,1)
+ h

(2,1)
+ χκ

H
(2,1)
− h

(2,1)
− χk

H(3) H
(3)
+ 2h

(2,1)
+ (ακ, β

λ)

H
(3)
− 2h

(2,1)
− + 2 (αk, β

l)

Table 2.3: Splitting of the cohomology groups under the action of σ.

The 10 dimensional fields of type IIB supergravity transform under world-sheet

parity and left moving fermion number as described in Table 2.4.
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Ωp (−1)FL Ωp(−1)FL

φ̂ + + +
ĝ + + +

B̂2 - + -

Ĉ2 + - -

l̂ - - +

Ĉ4 - - +

Table 2.4: Transformation properties of the 10 dimensional type IIB fields under
Ωp(−1)FL.

From the transformation properties listed in Table 2.4 one sees that the invariant

states must transform under σ∗ as follows:

σ∗φ̂ = φ̂, σ∗ l̂ = l̂,

σ∗ĝ = ĝ, σ∗Ĉ2 = −Ĉ2, (2.29)

σ∗B̂2 = −B̂2, σ∗Ĉ4 = Ĉ4.

The 4 dimensional spectrum of the theory is then truncated by keeping only the terms

invariant under the orientifold projection. These include the axion l̂ and the dilaton

φ̂, the following subset of the flux degrees of freedom:

B̂2 = B2(x) + ba(x)ωa , Ĉ2 = C2(x) + ca(x)ωa

Ĉ4 = Dα
2 (x) ∧ ωα + V κ(x) ∧ ακ − Uκ(x) ∧ βκ + ρα(x) ω̃

κ . (2.30)

The invariance of the Kähler form under σ∗ means that only the even terms in its

expansion survive

J = vαωα, α = 1, ..., h
(1,1)
+ . (2.31)

Furthermore we see that since ĝ is invariant under σ∗ and Ω is odd, the complex

structure deformations that are kept in the spectrum are those corresponding to

elements in H
(1,2)
− :

δgij =
i

|Ω|2 z̄
k(χ̄k)iījΩ

īj
j , k = 1, ..., h

(1,2)
− . (2.32)

It then follows that the bosonic spectrum of the O1 orientifold compactification,

as described in Eqs. (2.30)-(2.32), is that of a N = 1 supergravity as summarised in

table 2.5.

Comparing the N = 2 spectrum of Table 2.2 with the N = 1 spectrum of Table

2.5 one sees that V0 left the gravity multiplet, that the h(2,1) vector multiplets of the
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gravity multiplet 1 gµν

vector multiplets h
(2,1)
+ V κ

chiral multiplets
h
(2,1)
− zk

1 (φ, l)

h
(1,1)
− (ba, ca)

chiral/linear multiplet 1 (vα, ρα)

Table 2.5: Bosonic components of the N = 1 multiplets for IIB supergravity on a
O3/O7 orientifold compactification.

N = 2 compactification give rise to h
(2,1)
+ vector multiplets and h

(2,1)
− chiral multiplets.

Furthermore the h(1,1) + 1 hypermultiplets lose half of their degrees of freedom and

are reduced to h(1,1) + 1 chiral multiplets.

To find the action governing the dynamics of the surviving degrees of freedom one

must impose the truncation of the spectrum in the 4 dimensional action of Eq. (2.25).

As shown in [23], the resulting action can be written in terms of chiral multiplets in

the standard N = 1 supergravity form, in terms of the Kähler potential K, the

holomorphic superpotential W and the holomorphic gauge kinetic function f as

S
(4)
IIB =

∫
−1

2
R∗1+KIJ̄DΦI∧∗DΦ̄J̄+

1

2
RefκλF

κ∧∗F λ+
1

2
ImfκλF

κ∧F λ+V ∗1 (2.33)

where ΦI denotes all the complex scalars of the theory and F κ = dV κ. The scalar

potential V is given by the sum of the F and D-term potentials

V = VF + VD (2.34)

with

VF = eK(KIJ̄DIWDJ̄W̄ − 3|W |2). (2.35)

By definiton KIJ̄ = ∂I∂J̄K, KIJ̄ = (K−1)IJ̄ and the Kähler covariant derivative is

DIW = ∂IW +W∂IK. The D-term potential is given by

VD =
1

2
(Ref)−1κλDκDλ, with Dκ = (KI +WI/W )(Tκ)IJΦJ . (2.36)

The field space coordinates that descend from the compactification of the 10 di-

mensional theory are not Kähler, that is to say that the kinetic terms do not take the

form of KIJ̄DΦI ∧ ∗DΦ̄J̄ as in Eq. (2.33). In order to have the metric in field space

taking a manifestly Kähler form one must therefore define the Kähler coordinates

ΦI ≡ (τ, Ga, Tα, z
k) in terms of the original fields descending from the dimensional
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reduction process. It turns out that the complex structure moduli zk are good Kähler

coordinates and that the remaining ones are defined by

τ = l + ie−φ, Ga = ca − τba,

Tα =
3i

2
ρα +

3

4
Kα(v) +

3

2
ζα(τ

′τ̄ , G, Ḡ), (2.37)

where

Kα = Kαβγv
αvγ and ζα = − i

2(τ − τ̄ )
KαbcG

b(G− C̄)c. (2.38)

In these coordinates the Kähler potential takes the form

K = Kcs(z, z̄) +Kk(τ, T,G), (2.39)

where Kcs is the Kähler potential in the space of complex structure deformations

Kcs(z, z̄) = − log

(
−i
∫

Ω(z) ∧ Ω̄(z̄)

)
, (2.40)

and Kk the Kähler potential for the axio-dilaton τ , Kähler moduli T α and the 2-form

moduli Ga, defined in terms of the volume of the compact space K ≡ Kαβγv
αvβvγ ≡

6Vol(Y) as

Kk = − log (−i(τ − τ̄ ))− 2 log (Vol(Y)) . (2.41)

For reasons that will become apparent in the next section, we are most interested in

compactifications with O3 planes, for which the 2-form moduli vanish: Ga = 0. In

this particular case we see that Tα = 3i
2
ρα +

3
4
Kα.

From the structure of the Kähler potential of Eq. (2.39) it follows that the metric

in moduli space is block diagonal, with no mixing between the complex strucutre

deformations and the remaining moduli, so the moduli space of the theory is given

as a direct product: M = Mh
(1,2)
−
cs ×Mh(1,1)+1

k .

The F-term potential VF one obtains from dimensional reduction can be derived

from the Gukov-Vafa-Witten superpotential [24]:

W (τ, zk) =

∫

Y

Ω ∧G3, (2.42)

where G3 is the combined 3-flux

G3 = F3 − τH3, (2.43)

as shown in [23]. Grimm and Louis also prove in [23] that the gauge kinetic functions

fκλ are holomorphic in the complex structure moduli, fκλ = fκλ(z
k), and just like W ,
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independent of the Kähler moduli T α. This can be understood from the fact that

the T α possess exact Peccei-Quinn symmetries which prevent them from entering the

holomorphic superpotential and gauge kinetic functions. This fact has far reaching

consequences regarding the low energy phenomenology that follows from these models,

in particular for the stabilisation of the Kähler moduli of the theory.

2.4 Flux compactifications and moduli stabilisa-

tion

Having looked at the spectrum and the action of orientifold compactifications of

type IIB string theory we now focus on the flux generated potential and the issue

of moduli stabilisation. We follow a chronological order, which is also an order of

increasing sophistication and realism. We show how the IIB flux compactifications on

Calabi-Yau orientifolds of [25] , whose spectrum was discussed in the previous Section,

allow for the stabilisation of some but not all of the moduli of the theory. Crucially,

the constructions of [25] are unable to stabilise the volume of the extradimensional

manifold and so the inclusion of higher order corrections like those of [26–28] is needed

to achieve this fundamental goal. We will see how these different corrections can by

themselves or combined with each other give rise to more realistic models of particle

physics and cosmology in string theory. Particular emphasis will be given to the large

volume scenario developed in [29].

2.4.1 Orientifold compactifications

A very significant advance in string phenomenology came at the beginning of the

century when Giddings, Kachru and Polchinski realised that the existence in string

theory of extended objects like D-branes and orientifold planes allowed for a consistent

higher dimensional theory with non-trivial fluxes. These flux compactifications on

Calabi-Yau orientifolds form the foundations of the work presented in this Thesis and

so I will now review the main arguments of [25].

The starting point of this analysis is the 10 dimensional action for type IIB su-

pergravity. In the Einstein frame it is given by Eq. (2.18) which we rewrite here

as

SIIB =
1

2κ210

∫
d10x

√
|g|
{
R− ∂Mτ∂

Mτ

2 Im(τ)2
− G(3).G(3)

12 Imτ
−
F̃ 2
(5)

4.5!

}
+ SCS + Sloc (2.44)
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where

G(3) = F(3) − τH(3) (2.45)

is the combined 3-flux, τ is the axio-dilaton and

F̃(5) = F(5) −
1

2
C(2) ∧H3 +

1

2
B(2) ∧ F3 (2.46)

is the self-dual 5-flux. SSC is the Chern-Simons action, given by

SSC =

∫
C(4) ∧G(3) ∧G(3)

Imτ
(2.47)

and Sloc is the action for the local sources which, neglecting fluxes, is given by

Sloc = −Tp
∫

R4×Σ

dp+1ξ
√−g + µp

∫

R4×Σ

Cp+1. (2.48)

Taking the spacetime metric to be given by the warped product of a 4D non-

compact space and a 6D Calabi-Yau

ds210 = e2A(y)ηµνdx
µdxν + e−2A(y)g̃mndy

mdyn, (2.49)

allowing the axio-dilaton to vary in the compact space τ = τ(y) and setting

F̃(5) = (1 + ∗)(dα ∧ dx0 ∧ dx1 ∧ dx2 ∧ dx3), (2.50)

one can show that the trace reversed Einstein equations in the non-compact directions

reads

Rµν = −gµν
(
GmnpG

mnp

48 Im τ
+
e−8A

4
∂mα∂

mα

)
+ κ210

(
T loc
µν − 1

8
gµνT

loc

)
. (2.51)

Taking into account the warped metric of Eq. (2.49) this becomes

∇̃2e4A = e2A
GmnpḠ

mnp

12 Im τ
+ e−6A

[
∂mα∂

mα + ∂me
4A∂me4A

]
+
κ210
2
e2A(Tmm − T µµ )

loc .

(2.52)

This equality severely constrains the brane/flux configurations that lead to warped

solutions on compact manifolds. To see how, note that on a compact manifold the

left hand side integrates to zero while on the right hand side we have a sum of positive

definite terms. So in the absence of localised sources there is a no-go theorem that

states that fluxes must vanish and the warp factor must be a constant [30, 31]. If

however one allows for the presence of localised sources with negative tension like

orientifold planes, warped metrics and non trivial fluxes can be made consistent with

the integrated field equations (2.52).
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The O3 planes that are required to circumvent the above no-go theorem carry D3

brane charge and so will source F̃(5). Therefore one must check that the addition of

these localised sources is consistent with the equation of motion for the 5-form flux.

To see this note that the equation of motion for the self dual F̃(5) is

dF̃(5) = H(3) ∧ F(3) + 2κ210T3ρloc. (2.53)

Integrating over the internal manifold yields

1

2κ210T3

∫

M
H(3) ∧ F(3) +Qloc

3 = 0, (2.54)

where Qloc
3 is the total D3 brane charged of the localised objects such as D3 branes, O3

planes and fractional D7 branes. This is the so called tadpole cancellation condition

and it states that the total D3 brane charge coming from localised objects and flux

background must vanish.

In order to further constrain the configurations that might give rise to consistent

warped flux compactifications note that the F̃(5) Bianchi identity can be written in

terms of the potential α as

∇̃2α = ie2A
Gmnp(∗6Ḡmnp)

12 Im τ
+ 2e−6A∂mα∂

me4A + 2κ210e
2AT3ρ

loc
3 , (2.55)

Subtracting Eqs. (2.52) and (2.55) we find

∇̃2(e4A − α) =
e2A

6 Im τ

∣∣iG(3) − ∗6G(3)

∣∣2 + e−6A|∂(e4A − α)|2+

+ 2κ210e
2A

[
1

4
(Tmm − T µµ )

loc − T3ρ
loc
3

]
.

(2.56)

The left-hand-side of the previous equation integrates to zero while in general the

right hand side is non-negative. Therefore consistency requires that the warp factor

and the potential α are related via

e4A = α2, (2.57)

the 3-form flux is imaginary self-dual (ISD)

iG(3) = ∗6G(3) (2.58)

and the local sources satisfy

1

4
(Tmm − T µµ )

loc = T3ρ
loc
3 . (2.59)
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An example of sources that satisfy this condition are D3 branes and O3 planes, for

which T 0
0 = T 1

1 = T 2
2 = T 3

3 = −T3ρ3 and Tmm = 0.

The ISD condition implies that the only nonzero components of the flux are the

(2, 1) and (0, 3). If one further requires unbroken supersymmetry then only the (2, 1)

part survives. For a given choice of fluxes F(3) and H(3), the ISD condition fixes the

complex structure moduli and the dilaton.

This setup then allows for consistent warped compactifications with flux, that

stabilise the complex structure moduli and the axio-dilaton. They can accommodate

both supersymmetric and non-supersymmetric solutions depending on the choice of

internal fluxes.

2.4.2 Kähler moduli and the no-scale structure

Having introduced flux compactifications from a 10 dimensional point of view we now

translate them into the language of 4 dimensional N = 1 supergravity. Following the

process of dimensional reduction outlined in Section 2.3 we find that the 4 dimensional

theory for the scalar moduli is determined, to leading order, by the following Kähler

potential and superpotential:

K = −2 log(V)− log(S + S)− log

[
−i
∫

M
Ω ∧ Ω

]
≡ Ktree, (2.60)

W =

∫

M
G3 ∧ Ω ≡ Wtree. (2.61)

These combine to generate the F-term potential for the moduli sector,

V = eK
(
KABDAWDBW − 3|W |2

)
, (2.62)

which plays a pivotal role determining the vacuum structure of flux compactifications

which we study in this Thesis. The sum in Eq. (2.62) runs over all the moduli of

the theory: complex structure moduli (Ua), axio-dilaton (S) and Kähler moduli (Ta).

The Kähler derivative is defined as

DAW = ∂AW +W∂AK, (2.63)

where A = {Ua, S, Ta}. Expanding the sum we find that V can be written as

V = eK
(
KSSDSWDSW +KUUDUWDUW +KTTDTWDTW − 3|W |2

)
. (2.64)

As explained in Section 2.4.1 one can choose the flux G3 such that the axio-dilaton

and the complex structure moduli are stabilised in a supersymmetric way, that is

DSW = DUaW = 0. (2.65)
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Note that the potential for these moduli is positive semi-definite, being given as the

absolute value of a complex function, and so V = 0 corresponds to a minimum. We

define the value of W for which Eq. (2.65) holds by W0. With this choice of fluxes

we find that the F-term potential becomes

V = eK
(
KTTDTW0DTW0 − 3|W0|2

)

= eK
(
KTT (∂TW0∂TW0 + ∂TW0K∂TK + ∂TW0K∂TK) + (KTT∂TK∂TK − 3)|W0|2

)
.

(2.66)

Noting that the tree level superpotential, as defined in Eq. (2.61), depends on the

axio-dilaton and on the complex structure moduli but not on the Kähler moduli and

that for the leading order terms in the Kähler potential of Eq. (2.60) the following

relation holds

KTiTj∂TiKtree∂TjKtree = 3, (2.67)

we see that there is complete cancellation of all terms in Eq. (2.66) at leading order

in the expansion in gs and α
′. Consequently all the Kähler moduli are flat directions

of the scalar potential. Phenomenologically this is a crucial hurdle that must be

overcome if one wants to have any hope of relating the higher dimensional theory

to our 4 dimensional world. This can be achieved if one manages to generate a

potential for the Kähler moduli that has a minimum keeping the geometry of the

extradimensional manifold fixed in a controlled regime.

Fortunately this no-scale behavior only holds at leading order and will break down

once we consider subleading corrections to the Kähler potential and the superpotential

of Eqs. (2.60) and (2.61). We will now review how this can be achieved.

2.4.3 Perturbative corrections to K

Generically one expects the tree level Kähler potential of Eq. (2.60) to receive both

perturbative and non-perturbative corrections, such that the full Kähler potential can

schematically be written as:

K = Ktree +Kperturb +Knonperturb. (2.68)

However the perturbative corrections are expected to dominate over the non-perturbative

ones and in general will be the ones responsible for breaking the no-scale structure

described above.

Recall that perturbative expansion of string theory has two independent parame-

ters: the string coupling gs, which is related to the VEV of the dilaton, and α′, which
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is related to the string length via ls = 2π
√
α′. It then follows that there will be two

types of contributions to Kperturb:

Kperturb = Kα′ +Kgs. (2.69)

We will now look at the effects of these two corrections separately.

α′ corrections

The study of α′ corrections to the 4 dimensional action was carried out in [26]

following the work of [32]. This analysis is performed by including subleading cor-

rections in α′ in the 10 dimensional action for type II string theory and subsequently

performing the Kaluza-Klein reduction as outlined in Section 2.3.

In principle there is an infinite series of such corrections and one should worry if

it is consistent to truncate the series to a finite set of terms. We will show below that

the expansion in α′ is an expansion in inverse powers of the volume and therefore it

can be controlled in the large volume limit. For a more detailed analysis of this issue

see [33].

Explicit computations show that the first correction appears at order α′3 and so

the starting point is the following string frame 10D action [26] :

S =
−M2

10

2

∫
d10x

√
−g(10)e−2φ(R+ 4(∂φ)2 + α′3J0), (2.70)

where J0 is proportional to R4 from which, after dimensional reduction one obtains

the corrected Kähler potential

K = −2 log

(
V +

ξ

2g
3/2
s

)
, (2.71)

where ξ is given in terms of the Euler number of the Calabi-Yau manifold X, χ(X) =

2(h1,1 − h2,1) as

ξ = − χζ(3)

2(2π)3
. (2.72)

We have shown before that the no-scale structure descended from the fact that

the holomorphic superpotential is independent of the Kähler moduli and from the

particular functional form of the leading order Kähler potential Ktree. By including

these subleading terms we are modifying K and so the no-scale cancellation will no

longer happen. To see this note that in the limit of large volumes we can expand

K = −2 log

(
V +

ξ

2g
3/2
s

)
∼ −2 logV − ξ

g
3/2
s V

+O(1/V2) (2.73)
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and so the extra terms, which violate the condition of Eq. (2.67), generate the

following correction to the F-term potential:

δVα′ = 3eKtree(ξ/g3/2s )
(ξ/g

3/2
s )2 + 7(ξ/g

3/2
s )V + V2

(
V − (ξ/g

3/2
s )
)(

2V + (ξ/g
3/2
s )
)2 ∼ 3ξ|W |2

4g
3/2
s V3

. (2.74)

Note that both in Eq. (2.73) and (2.74) the new terms generated by the α′3 corrections

appear as an inverse power of the volume V. This justifies the claim that as long as

the volume of the extradimensional space is sufficiently large, these corrections can

be kept under control.

Before moving on to other possible corrections to K we must stress that while the

α′3 term breaks the no-scale structure it is insufficient to stabilise the Kähler moduli.

Other ingredients are needed to achieve this goal.

gs corrections

There is another kind of correction which will in general appear in the full Kähler

potential for the moduli sector, these are the string loop corrections. String loop,

or gs, corrections can play an important role in the determination of the vacuum

structure of the theory.

In order to estimate the effect of such correction to the 4 dimensional effective

field theory, explicit string scattering amplitudes in Calabi-Yau backgrounds must be

computed. Such computation is however beyond the reach of current techniques and

so one must infer the general properties of the final result by looking at simpler cases.

These explicit computations can be performed for a simpler T 6/Z2 × Z2 background

[34, 35], where it is found that they yield a correction to the Kähler potential of the

form

Kgs = KKK
gs +KW

gs (2.75)

where KKK
gs corresponds to exchange of closed strings carrying KK momentum be-

tween D3 and D7 branes and KW
gs corresponds to exchange of winding strings between

intersecting stacks of D7 branes. The functional forms of KKK
gs and KW

gs are known

explicitly for the T 6/Z2 × Z2 background and for the more complicated Calabi-Yau

backgrounds are conjectured to be [27, 35]

KKK
gs ∼

h1,1∑

i=1

CKKi (U, U)ailt
l

Re(S)V , (2.76)
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where ailt
l is a linear combination of the 2-cycle volumes tl that is transverse to the

4-cycle wrapped by the i-th D7-brane and

KW
gs ∼

3∑

i=1

CWi (U, U)

ailtlV
, (2.77)

where ailt
l is 2-cycle where the two D7-branes intersect. At this level CKKi and CWi

are unknown functions of the complex structure moduli of the compactification.

Taking into account these perturbative corrections to K, we find that the leading

gs contributions to the scalar potential vanish exactly [27] . This cancellation goes

under the name of extended no-scale structure and has been shown to have important

phenomenological consequences. The largest gs contributions to scalar potential take

the form

Vgs =
|W0|2
V2

(
(CKK

i )2

Re(S2)
aikaijK

0
kj̄ − 2

∑

i

KW
gs,ti

)
, (2.78)

where K0
kj̄ is the Kähler metric computed with the tree level Kähler potential.

2.4.4 Non-perturbative corrections to W

In theories with N = 1 supersymmetry, the perturbative holomorphic superpotential

W is protected by non-renormalisation theorems. This fact that was originally es-

tablished in [36] and more recently in [37, 38] has far reaching consequences for the

physics of moduli stabilisation. Essentially it means that there will be no perturbative

corrections to the tree level Wilsonian superpotential Wtree we have so far considered

and so the leading corrections will come from non-perturbative effects which would

otherwise be too small to play a role. The study of such non-perturbative corrections

in conjunction with non-vanishing fluxes in the compact dimensions has allowed for

a much closer contact than previously possible between the higher dimensional string

theory and the four dimensional world [28].

For type IIB compactifications there are essentially two types of non-perturbative

effects that are known to be relevant for the stabilisation of the Kähler moduli: Eu-

clidean D3 branes [39] and gaugino condensation on D7 branes [40].

The action for an Euclidean D3 brane wrapping a 4-cycle Σi in the Calabi-Yau

manifold is

SED3 =
1

(2π)3α′2

∫

Σi

−√
g + iC4 (2.79)

which will enter in the path integral as e−SED3. Noting that
∫
Σi

√
g = vol(Σi) we

see that such term introduces dependence on the Kähler modulus parametrising the
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volume of the cycle Σi. For this to yield a correction to the superpotential the

instanton must have exactly two fermionic zero modes in order to generate a term of

the form ∫
d4xd2θ(...),

which corresponds to imposing certain topological restrictions on the cycle Σi [39].

In such cases it generates an exponential contribution to the superpotential, that

depends on the Kähler modulus Ti

WED3 ∼ e−Ti . (2.80)

D7 branes are also a key ingredient in type IIB flux compactifications. The action

for a D7 brane wrapping a 4 cycle Σi in the Calabi-Yau contains the following term

SD7 ⊃
∫

M4×Σi

√
ge−φFµνF

µν (2.81)

and so the gauge coupling for the theory living in the world volume of the brane is

1

g2YM
= Re

(
Ti
2π

)
.

Considering an appropriate choice of fluxes is made, a stack of Nc branes gives rise

to a pure N = 1 supersymmetric SU(Nc) Yang-Mills theory. This theory undergoes

gaugino condensation at the scale ΛNc , generating a superpotential term of the form:

WD7 = Λ3
Nc

= Ae2πTi/Nc . (2.82)

This brings about a similar exponential dependence on the Kähler moduli as the

ED3 instanton (albeit with different coefficients) and so the impact of both effects on

moduli stabilisation can be studied by considering a superpotential of the form:

W = Wtree +
∑

i

Aie
−aiTi, (2.83)

where the Ai are in general functions of the dilaton and complex structure moduli

and ai = 2π for ED3 and ai = 2π/Nc for gaugino condensation.

The simplest illustration of the importance of these non-perturbative effects was

put forward in [28] and became subsequently known as the KKLT scenario. We shall

review it next.

Consider that the volume of the extradimensional manifold is given as a function

of a single Kähler modulus as

V =

(
T + T

2

)3/2

. (2.84)
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To leading order in α′ and gs, the Kähler potential in the Kähler moduli sector is

then

K = −2 logV = −3 log

(
T + T

2

)
. (2.85)

Assuming that there is non-perturbative physics supported by the volume mode, the

superpotential is

W =W0 + Ae−aT , (2.86)

where

W0 ≡
〈∫

M
G3 ∧ Ω

〉
(2.87)

is the flux induced superpotential that stabilises the axio-dilaton and the complex

structure moduli in a supersymmetric minimum. The strategy of [28] is to look for

a supersymmetric minimum for the volume modulus while assuming that the non-

perturbative term in W will not displace the tree level minima for the dilaton and

complex structure. Note that the condition for unbroken supersymmetry is

DTW = 0 (2.88)

which recalling that DTW = ∂TW +W∂TK becomes

W0 = −Ae−aT0(1 + 2

3
aT0), (2.89)

where T0 denotes the position of the minimum of the volume modulus. So by playing

the non-perturbative effects against the flux superpotential it is possible to find a

supersymmetric minimum for the volume mode. This minimum is AdS, with

VAdS = 〈−3eKW 2〉 = −a
2A2e−2aT0

6T0
. (2.90)

For the effective field theory that derives from Eqs. (2.85) and (2.86) to be con-

sistent, the volume must be stabilised at large values. This confers validity to the

supergravity approximation and allows us to neglect further perturbative corrections

to the Kähler potential. One must further require aT > 1 for the multi instantonic

effects to be negligible and for the single instantonic contribution to be the leading

order correction to Wtree.

In this setup control can be achieved by having a sufficiently low VEV for the

flux superpotential as shown in Eq. (2.89). An illustrative example is provided

in [28], where W0 = 10−4, A = 1, a = 0.1 results in T0 ∼ 100. At this level the

vacuum is still supersymmetric and AdS, so if one seeks to make contact with the

real world, supersymmetry must be broken and the minimum must be lifted. In the
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original KKLT proposal this is achieved by the addition of one D3 brane, provided

the fluxes are adjusted in order to satisfy the tadpole cancellation condition. This

extra ingredient will simultaneously uplift the AdS vacuum to a more attractive dS

by adding a term of the form

δV ∼ D

ReT 3
(2.91)

and since it is non-supersymmetric theD3 also breaks supersymmetry. The coefficient

D depends on the number of D3 and can be discretely tuned to yield a viable vacuum

for the theory. The full potential is then given by

V =
aAe−aτ

2τ 2

(
1

3
τaAe−aτ +W0 + Ae−aτ

)
+
D

τ 3
, (2.92)

where we have assumed that all the parameters are real numbers, set the axion of the

volume modulus to zero and defined τ = Re(T ).

One crucial feature of the uplifting procedure using terms of the form of Eq. (2.91)

is that the position of the minimum before and after uplifting is practically the same.

This means that if the volume of the AdS minimum was large then the volume of the

uplifted Minkowski or dS minimum will also be large and there will be no issues with

the control over the perturbative expansion in the effective field theory.

The addition of the D3 brane also introduces a barrier in the potential, separating

the effective 4 dimensional dS minimum from a 10 dimensional Minkowski minimum

at infinity. In this configuration the dS minimum is only meta-stable since it can decay

through quantum mechanical tunneling. For this minimum to be phenomenologically

viable its life time must be at least of the order of the age of the Universe. The

issue of vacuum stability was also studied in [28] where the authors conclude that the

life-time is greater than the cosmological timescales of 1010 years.

Despite being a huge step in the right direction, the proposal of [28] has also

attracted some criticism, reviewed in [41]. In particular:

• It requires the tuning of the flux superpotential to small values, W0 ∼ Wnp ∼
e−T ≪ 1, while one would generally expect W0 ∼ O(1) ≫ Wnp. In fact W0 ∼
O(10) are 1010 times more common in the flux landscape than W0 ∼ O(1)

[29,42]. So while vacua with lowW0 exist in the landscape, they are statistically

disfavoured.

• At least one non-perturbative effect is required on each cycle one wishes to

stabilise. Given that generic Calabi-Yau manifolds have many cycles and that

there are constraints on when such superpotential terms are generated this is a

highly nontrivial requirement. For a possible way around this see [43].
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• The addition of D3 branes to uplift the original supersymmetric vacuum breaks

supersymmetry explicitly and there are questions regarding the use of a super-

symmetric setup in the first place.

Furthermore, recent considerations on the quantum nature of de Sitter space seem

to suggest that the large values of Nc (or equivalently small values of a) required for

control of the effective field theory are not consistent with the limits on the entropy

of dS space in quantum gravity [44].

Fortunately all these issues can be solved or at least ameliorated if one considers

the combined effects of perturbative corrections to K and of non perturbative correc-

tions to W. This is the very core of the large volume scenario of [29] which we review

next.

2.4.5 The large volume scenario

In this Section we will review the large volume scenario of type IIB compactifications

following the seminal work of [29]. We start by giving the generic proof of the existence

of such vacua before presenting an illustrative example.

General argument

In the previous Sections we have argued that the subleading corrections to the

Kähler potential and superpotential play a very important role in breaking the no-

scale structure and in generating minima for the Kähler moduli. Up to this point the

phenomenological consequences of these small effects have been studied separately,

first we looked at perturbative corrections to K and then to instantonic effects in W.

In [29] it was shown that the combination of these two effects can generate minima of

the scalar potential at exponentially large volumes. To study these we first stabilise

the dilaton and the complex-structure moduli by solving

DSW = DUaW = 0 (2.93)

and then regard their values as fixed (this approximation is justified post hoc by the

large value of the stabilised volume, which gives minimal cross-coupling between these

sectors). The resulting theory is only dependent on the Kähler moduli and is specified

by

K̂ = −2 ln[V +
ξ

2g
3/2
s

] (2.94)
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and

Ŵ =W0 +
∑

i

Aie
−aiTi. (2.95)

Recall ξ is related to the Euler number of M via Eq. (2.72). We require that

ξ > 0 which is equivalent imposing the constraint h(1,2) > h(1,1) on M, so we will

be looking at compactification manifolds with more complex structure than Kähler

moduli. We further require that h(1,1) > 1 so we will focus on manifolds with at least

two Kähler moduli. The volume is given by

V =
1

6

∫

M
J ∧ J ∧ J =

1

6
kijkt

itjtk, (2.96)

where J is the Kähler form of M, kijk are triple intersection numbers and ti are two-

cycle volumes. The fields appearing in the 4D effective theory are the complexified

Kähler moduli Ti ≡ τi + ibi where bi is the axion and the τi are the Einstein frame

four-cycle volumes, given by:

τi =
∂V
∂ti

=
1

2
kijkt

jtk. (2.97)

Given Eqs. (2.94) and (2.95) we find that the scalar potential is given by

V =eK
[
GTj T̄k

(
ajAjakĀke

−(ajTj+akT̄k) +
(
ajAje

−ajTjW̄∂T̄kK + akĀke
−akT̄kW∂TjK

))

+ 3ξ
(ξ2 + 7ξV + V2)

(V − ξ) (2V + ξ)2
|W |2

]

≡Vnp1 + Vnp2 + Vα′,

(2.98)

where we have defined

Vnp1 ≡ eKGTj T̄k
(
ajAjakĀke

−(ajTj+akT̄k)
)
, (2.99)

Vnp2 ≡ eK
(
GTj T̄kajAje

−ajTjW̄∂T̄kK +GTkT̄jakĀke
−akT̄kW∂TjK

)
, (2.100)

and

Vα′ ≡ 3ξ
(ξ2 + 7ξV + V2)

(V − ξ) (2V + ξ)2
eK |W |2 ∼ 3ξ

16V3
eKcs|W |2 +O

(
1

V4

)
. (2.101)

This scalar potential is a generalisation of KKLT, since VKKLT = Vnp1 + Vnp2 and

so it admits a large volume supersymmetric minimum for small W0. The argument

of [29] is that this potential, taking into account the α′3 correction, also admits a

non-supersymmetric minimum at exponentially large volumes for W0 ∼ O(1).
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The proof of the existence of the minimum relies on the analysis of the behaviour

of the potential at small and large volumes: first one shows that at large volumes

there is a decompactification limit in which the potential approaches zero from below

and then that the potential is positive for small volumes, it then follows by continuity

of V that there must be a local AdS minimum along the direction in Kähler moduli

space where the volume changes.

Let us now see how this behaviour can be derived from Eq. (2.98). We start

by defining the decompactification limit as the V → ∞ limit in moduli space where

τi → ∞ for all moduli except one, which we call τs. There are two conditions in τs:

first this limit should be well defined and second τs must appear non-perturbatively

in W.

The leading order term in the volume expansion of Eq. (2.99) is

Vnp1 ∼ eKGTsTsa2s|As|2e−2asτs , (2.102)

since in the decompactification limit all other terms will be exponentially suppressed.

Noting that in the large volume limit the inverse Kähler metric becomes

GTsTs = −4

9
Vkssktk +O(1) (2.103)

we find

Vnp1 ∼
−kssktka2s|As|2e−2asτseKcs

V +O
(
e−2asτs

V2

)
, (2.104)

up to numerical prefactors. Despite the minus sign, this term is positive since GTiTj

is positive.

Performing the same expansion for Vnp2 we find that the leading order terms are

those with τs in the exponential

Vnp2 ∼ eK
(
GTsT̄kasAse

−asTsW̄∂T̄kK +GTsT̄jasĀse
−asT̄sW∂TjK

)
. (2.105)

The key to extracting the large volume behaviour of this term is to note that its

overall sign is set by the axion of the Ts modulus. To see this note that the Kähler

potential is a function of Ti+T j and the Kähler metric and its inverse are symmetric.

Keeping this in mind one can write

Vnp2 ∼ Xe−asTs +Xe−asT s, (2.106)

with X = eKGTsT̄kasAsW̄∂T̄kK. Then explicitly writing the Kähler modulus in terms

of its real and imaginary parts and defining X ≡ |X|eiφX this becomes

Vnp2 ∼ 2|X|e−asτs cos(φX − asbs) (2.107)
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which is negative when the axion is at its minimum 〈bs〉 = φX−π
as

. Noting that

GTsT̄k∂T̄kK = −2τs we write

Vnp2 ∼ −4τsas|AsW |e−asτs
V2

. (2.108)

Finally we note that the large volume behaviour of Eq. (2.101) is given by

Vα′ ∼ 3ξ

16V3
eKcs|W |2 +O

(
1

V4

)
. (2.109)

Adding these three contributions together, we see that in the large volume limit the

F-term potential becomes

V ∼ −kssktka2s|As|2e−2asτs

V − τsas|AsW |e−asτs
V2

+
ξ

V3
|W |2 (2.110)

up to overall normalisation factors. In the decompactification limit, when V → ∞
with asτs = logV, this potential approaches zero form below, since the volume scaling

of the three individual terms is

V ∼ −kssktka2s|As|2
V3︸ ︷︷ ︸

O(
√
logV/V3)

− logV|AsW |
V3︸ ︷︷ ︸

O(logV/V3)

+
ξ

V3
|W |2

︸ ︷︷ ︸
O(1/V3)

. (2.111)

We then see that in the limit V → ∞ the second term, which is negative, will dom-

inate. This justifies the claim that the potential will approach zero from below. On

the other hand, in the limit of small volumes2, the potential will be dominated by

either the first or the third terms depending on the details of the model, since both are

positive the potential will be positive. Continuity of the scalar potential then implies

that somewhere between these two limits there will be an AdS minimum. Further-

more, since 〈V 〉 ∼ O(1/V3) and eK |W |2 ∼ O(1/V2) it is clear that the Ts modulus

must develop a non-zero F-term and so the AdS minimum is non-supersymmetric.

Another interesting feature of this scenario is that the gravitino mass m3/2 =

〈eK/2|W |〉 ∼ |W0|/V is independent of the flux superpotential, since at the large

volume minimum V =W0× f(τs, as, As). We will illustrate this in more detail below.

2Here the notion of small volume is a relative one as these are large in string units, in particular
they will still be large enough for us to have control over the effective field theory. Further α′

corrections to K, which will generate potential terms of the order 1/Vn can still be safely neglected
in this regime.
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Example: Swiss cheese Calabi-Yau manifolds

Having presented the generic proof of existence of the large volume minimum we

now give an explicit example following [29]. Discussions extending this to more gen-

eral manifolds can be found in [45]. The simplest geometry that yields the desired

phenomenology is a Calabi-Yau orientifold defined by a degree 18 hypersurface in

P
4
[1,1,1,6,9]:

z181 + z182 + z183 + z34 + z25 − 18ψz1z2z3z4z5 − 3φz61z
6
2z

6
3 + ... = 0, (2.112)

where zi are the coordinates of the complex projective space and ψ and φ are complex

structure moduli. This manifold has h1,1 = 2 and h2,1 = 272, so clearly it satisfies the

requirement ξ > 0. The ellipsis denote other 270 terms that are not invariant under

the orientifold projection.

For moduli stabilisation studies the most relevant geometrical quantity is the

volume of the compact space, in particular the relation between the volume and the

Kähler moduli of the theory. In this example the overall volume is given in terms of

2-cycle volumes as

V =
1

6
(3t21t5 + 18t1t

2
5 + 36t35). (2.113)

The 4-cycle volumes are therefore τ4 = t21/2 ≡ τs and τ5 = (t1 + 6t5)
2/2 ≡ τb and we

can rewrite the volume as

V =
1

9
√
2
(τ

3/2
b − τ 3/2s ) ≡ 1

λ
(τ

3/2
b − τ 3/2s ). (2.114)

Armed with (2.114) we can go ahead and compute the scalar potential for the

Kähler sector. Assuming that there are non-perturbative effects in both 4-cycles and

that the Kähler potential includes the α′3 term we obtain

V =
8

3

λa2|A|2
V e−2aτs

√
τs − 4

|AW |
V2

aτse
−aτs +

3

4

|W |2ξ
V3g

3/2
s

, (2.115)

where we have neglected terms proportional to e−abτb ≪ 1 since τb ∼ V2/3 ≫ 1.

The position of the minimum of this potential is found by solving ∂V
∂τb

= ∂V
∂τs

= 0.

The first condition yields

∂V

∂V = 0 ⇔ V =
3|W |
2λaA

√
τse

aτs

(
1±

√
1− 3λξ

8g
3/2
s τ

3/2
s

)
, (2.116)

while the second

∂V

∂τs
= 0 ⇔ (

1

2
− 2aτs)

(
1±

√
1− 3λξ

8g
3/2
s τ

3/2
s

)
= (1− aτs). (2.117)
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In the limit of large aτs Eq. (2.117) becomes

τ 3/2s ≈ λξ

g
3/2
s

(
1

2
+

1

4aτs
+O(aτs)

−2

)
. (2.118)

Equation (2.118) gives an implicit solution for τs, one can get an explicit expression

by solving it iteratively. The first iteration will be

τ 3/2s ≈ τ̃ 3/2s

(
1 +

1

2aτ̃s

)
, (2.119)

where τ̃
3/2
s = λξ

2g
3/2
s

. We will use Eq. (2.119) as our analytical expression for τs at

the minimum, neglecting the small subleading O (a−2τ−2
s ) corrections. We can also

expand Eq. (2.116) in powers of 1
asτs

to find:

V =
3|W0|
4λa|A|

√
τse

aτs

(
1− 3

4aτs
+O(a−2τ−2

s )

)
. (2.120)

As an illustrative numerical example of the order of magnitude of the parameters

of this vacuum, consider looking for minima where m3/2 ∼ TeV. This is motivated

by the desire to have TeV-scale supersymmetry to address the hierarchy problem and

stabilise the Higgs mass. Noting that m3/2 ∼ MP/V this maps into a constraint on

the volume of the compactification manifold: V ∼ 1015l6s . Considering a setup where

W0 = 10, A = 1, a = 2π, gs = 0.027, ξ = 1.31, and λ = 1/(9
√
2) we get the desired

minimum, with

τs = 5.17 and V = 2.15× 1015 (2.121)

in string units, without needing to tune any of the parameters to unnatural values.

In particular note that exponentially large volumes are attained without the need for

very small flux superpotential, unlike in the KKLT scenario.

In conclusion, by combining perturbative corrections to K and non-perturbative

corrections to W it is possible to show that the scalar potential for the moduli sector

admits a non-supersymmetric AdS minimum at exponentially large volumes. This

mechanism allows for the stabilisation of all geometric moduli that feature in the

non-perturbative superpotential in a regime where the effective field theory is under

control. The exponentially large volumes imply that the string scale will be paramet-

rically below the Plank scale. It is possible to accommodate within this scenario TeV

scale supersymmetry without the need for fine tuning the parameters.

Having derived the basic features of the large volume vacuum we now look more

carefully at the physically relevant scales and at the spectrum of the theory.
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The mass spectrum of large volume compactifications

The fundamental gravity scale in the large volume compactifications is the string

scale, Ms, defined as the inverse of the fundamental unit of length ls ≡ 2π
√
α′.

Through dimensional reduction, the string mass can be related to the 4 dimensional

Planck mass

Ms =
Mp√
4πV

, (2.122)

where as usual V is the Einstein frame volume of the compact space.

Kaluza-Klein excitations of the massless fields in the compactification will have

masses around MKK ∼ Ms/R with R the radius (in string units) of a particular

direction of the extradimensional space. Provided there is no large anisotropy in the

compact space we can approximate V = (2πR)6 and write

MKK =
2πMs

V1/6
. (2.123)

We must note that very anisotropic compactifications, like the ones considered in

Chapters 5 and 6 will have more than one KK scale, as described in detail in [46].

The gravitino mass, that sets the scale for the supersymmetry breaking terms, as

we will see below, is defined as m2
3/2 = eK/M

2
P |W |2/M4

P and can be written as

m3/2 =

√
gs
4π

|W |
V MP . (2.124)

The complex structure moduli and the axio-dilaton, being stabilised at tree level by

fluxes on the compact space, get a mass at high scale when compared to the Kähler

moduli sector masses that are generated by subleading effects. Denoting the typical

number of fluxes by N one finds

mcs ∼ mS ∼
√
gs
4π

MPN

V . (2.125)

The mass spectrum for the Kähler moduli sector depends on the geometry of the

compact space as well as on the details of the stabilisation mechanism. Assuming the

setup described above, we find that the masses for the canonically normalised 4 cycle

volumes (χ) and their respective axions (θ) are 3:

mχs ∼ mθs ∼
√
gs
8π
MP

logV
V , mχb

∼
√
gs
8π

MP

V3/2
√
logV , mθb ∼ 0. (2.126)

We see that in the limit of large volumes the volume mode χb is lighter than the small

blow up mode and its axion. We also see that the Tb axion’s mass is exponentially

3The factor of
√
gs/8π accounts for the correct normalisation of the scalar potential [47].
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suppressed and so it remains effectively massless. A detailed derivation of the moduli

and axion masses is given in the Appendix.

In Table 2.6 we present the numerical values for the mass spectrum for three

distinct choices of volume of the internal manifold. Volumes are given in units of

l6s and masses in GeV. Internal volumes of 103 will be required for the inflationary

model of Chapter 5. On the other hand V ∼ 1015 yields a gravitino with TeV scale

mass and so are attractive for building models of TeV supersymmetry. Volumes of

the order of 1030, when combined with highly anisotropic internal spaces, give rise

to stringy models of supersymmetric large extra dimensions whose cosmology will be

studied in Chapter 6.

V Ms MKK m3/2 mcs, mS mχs, mθs mχb

103 1016 3× 1016 1013 N × 1014 7× 1014 1012

1015 1010 3× 108 8× 102 80N 2× 103 3× 10−7

1030 5× 102 3× 10−2 4× 10−13 4N × 10−14 2× 10−12 3× 10−30

Table 2.6: Mass spectrum (in GeV) for three different choices of V.

It is important to note that for some choices of the internal volume, the com-

pactification will exhibit one or more fields with problematic cosmological behaviour.

This is the well known cosmological moduli problem [48] that afflicts theories with

Planck coupled scalar degrees of freedom. Depending on their mass and couplings,

these moduli will either overclose the Universe and/or decay during or after Big-Bang

Nuclesinthesis (BBN), ruining its well tested predictions for the abundance of light

elements. Possible solutions to the problem can involve dilution of these moduli by

a period of low-energy inflation [49], a trapping mechanism keeping the moduli from

getting large VEVs, among others.

2.5 Gravity mediated supersymmetry breaking in

string compactifications

Up to this point we have focused on the physics that stabilises the extra dimensions.

What we shall review now is how the very same physics is deeply connected to the

particle spectrum of the low energy theory. With that in mind we review the generic

mechanism of gravity mediated supersymmetry breaking following the original works

of [50,51] and reviewed in [52] before applying it to the particular case of large volume

compactifications [53, 54].
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2.5.1 Framework and general results

Let us start by recalling that the Lagrangian for the scalar bosons of a N = 1

supergravity theory is given by

L = KMN̄ (DµZM)(DµZN)
† − V (Z,Z†), (2.127)

where ZM denote the scalar componets of the chiral superfields, KMN is the Kähler

metric, defined as the second derivative of the Kähler potential,KMN ≡ ∂K/∂ZM∂Z
∗
N .

The scalar potential is given by the sum of the F-term and D-term potentials:

V (φM , φ
∗
M) = eK/M

2
P

(
F̄N̄K

N̄MFM − 3W †W/M2
P

)
+

1

2
DaDa, (2.128)

with the D-terms defined as

Da ≡
(
∂K

∂ZM
+

∂W

∂ZM

1

W

)
taMNZN (2.129)

and

FM ≡ ∂W

∂ZA
+M−2

P

∂K

∂ZA
W (2.130)

are the F-terms which will play a pivotal role in the following discussion of SUSY

breaking.

From the definitions above we see that the N = 1 supergravity Lagrangian is

determined by two functions: the Kähler potential K and the superpotential W. W

is related to the Yukawa couplings and can include non-perturbative effects, while K

determines the kinetic terms of the scalar degrees of freedom of the theory.

The space of scalar degrees of freedom can be split into two subspaces: the visible

sector fields denoted by Cα and hidden sector fields hm. The fields Cα are the scalar

components of the Supersymmetric Standard Model (SSM) superfields and the hidden

sector fields hm will include the moduli fields that arise in compactifications of string

theory.

One would like to find the low energy effective field theory of the visible sector

fields by integrating out the hidden sector fields. This can be achieved by substituting

the hm and their F-terms by their VEVs and then taking the limit where MP → ∞
keeping the gravitino mass finite. This procedure eliminates the nonrenormalizable

gravity corrections and one is left with a global SUSY Lagrangian for the visible

sector plus a set of soft SUSY-breaking terms. This is usually designated by taking

the flat limit. In order to take into account all the factors of MP , crucial for taking

the flat limit, it is useful to rewrite the hidden sector fields as Zm = hmMP , where

the hm are dimensionless.
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One requires the low energy theory to be renormalisable and that the visible sector

fields do not develop VEVs or couplings of orderMP . Using this as a guiding principle

one can severely constrain the form of the Kähler potential and of the superpotenial.

We can expand the superpotential in powers of MP as

W (hm, C
α) =

∞∑

n=0

Mn
PWn(hm, C

α). (2.131)

The requirement that in the scalar potential the visible sector fields are not multiplied

by positive powers of MP implies that Wn = 0 for n ≥ 3. To see this note that

V ⊃ W †WCαC∗α

M2
P

=

∞∑

m,n=0

Mm+n−2
P WnW

†
mC

αC∗α,

so that the most general superpotential that meets this requirement is

W (hm, C
α) =M2

PW2(hm, C
α) +MPW1(hm, C

α) +W0(hm, C
α). (2.132)

Further noting that terms that violate the above requirement are in general present

in the expansion of the FM F̄N̄ term in the scalar potential leads us to the conclusion

that W2 and W1 can only depend on the hidden sector fields, so we find that

W (hm, C
α) =M2

PW2(hm) +MPW1(hm) +W0(hm, C
α). (2.133)

Noting that the superpotential has mass dimension 3, one can expand W0(hm, C
α) in

the visible sector fields which leads to

W = Ŵ (hm) +
1

2
µαβ(hm)C

αCβ +
1

6
Yαβγ(hm)C

αCβCγ + ... , (2.134)

where we have defined Ŵ (hm) ≡ M2
PW2(hm) +MPW1(hm) and the ellipsis denote

nonrenormalisable terms, suppressed by inverse powers of MP .

The expansion of the Kähler potential can also be constrained using the same

arguments as above. We start by noting that it can be written as

K(hm, C
α) =

∞∑

n=0

Mn
PKn(hm, C

α), (2.135)

which implies that in general the scalar potential will include the following terms

FMFN ⊃M−4
P ∂MK∂NKWW + ∂αWM−2

P ∂βKW.
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Eliminating the undesired terms from the expansion of the first of the terms above

leads to ∂αKm = 0 for m ≥ 2 while doing the same in the second yields ∂βK
†
2 =

∂βK
†
1 = 0. The expansion then becomes

K(hm, h
∗
m, C

α, C∗α) =M2
PK2(hm, h

∗
m) +MPK1(hm, h

∗
m) +K0(hm, h

∗
m, C

α, C∗α)+

+
∞∑

n=3

Mn
PKn(hm, h

∗
m, C

α, C∗α).

Noting that the terms with three or more powers ofMP would dominate the expansion

of the exponential in front of the the scalar potential which would in turn lead to the

generation of terms we are trying to suppress. Therefore one must further impose

that Kn = 0 for n ≥ 3. This leads to the final form for the Kähler potential:

K(hm, h
∗
m, C

α, C∗α) =M2
PK2(hm, h

∗
m) +MPK1(hm, h

∗
m) +K0(hm, h

∗
m, C

α, C∗α).

(2.136)

Given that the Kähler potential is a real, mass dimension 2 function, we can

further rewrite it as

K = K̂(hm, h
∗
m) + K̃αβ(hm, h

∗
m)C

∗αCβ +

[
1

2
Zαβ(hm, h

∗
m)C

αCβ + h.c.

]
+ ... ,

(2.137)

where we have defined K̂(hm, h
∗
m) ≡M2

PK2(hm, h
∗
m)+MPK1(hm, h

∗
m) and the ellipsis

denote nonrenormalisable terms, suppressed by inverse powers of MP .

Using the expansions of Eqs. (2.134) and (2.137) one can show that the potential

for the visible sector fields can be written as:

V (Cα, C∗α) = ∂aWeffZ
ab∂bWeff + Vsoft(C

α, C∗α), (2.138)

where the first term is the globally supersymmetric part, defined in terms of the

effective superpotential Weff and the second term is the supersymmetry breaking

part. The effective superpotential is defined as

Weff =
µ′
αβ

2
CαCβ +

Y ′
αβγ

3
CαCβCγ (2.139)

where the new un-normalised couplings µ′
αβ and Y ′

αβγ are related to the original su-

perpotential couplings µαβ and Yαβγ via

Y ′
αβγ =

Ŵ ∗

|Ŵ |
eK̂/2Yαβγ , (2.140)

µ′
αβ =

Ŵ ∗

|Ŵ |
eK̂/2µαβ +m3/2Zαβ − F

m
∂mZαβ . (2.141)
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The gravitino mass, defined as

m3/2 = eK̂/M
2
P |Ŵ |/M2

P (2.142)

is a crucial quantity in this analysis as it sets the overall scale of the soft supersym-

metry breaking parameters as we will show below.

The information about supersymmetry breaking is encoded in Vsoft(C
α, C∗α) which

is given by

Vsoft(C
α, C∗α) =M2

Q̃αβ
C∗αCβ +

(
1

6
AαβγC

αCβCγ +
1

2
BµαβC

αCβ + h.c.

)
, (2.143)

where

M2
Q̃αβ

=
(
m2

3/2 + V0
)
K̃αβ

− F
m
(
∂m∂nK̃αβ − ∂mK̃αγK̃

γδ∂nK̃δβ

)
F n , (2.144)

Aαβγ =
Ŵ ∗

|Ŵ |
eK̂/2Fm

[
K̂mYαβγ + ∂mYαβγ

−
(
K̃δρ∂mK̃ραYδβγ + (α ↔ β) + (α ↔ γ)

)]
, (2.145)

Bµαβ =
Ŵ ∗

|Ŵ |
eK̂/2

{
Fm

[
K̂mµαβ + ∂mµαβ

−
(
K̃δρ∂mK̃ραµδβ + (α↔ β)

)]
−m3/2µαβ

}

+
(
2m2

3/2 + V0
)
Zαβ −m3/2F

m
∂mZαβ

+ m3/2F
m
[
∂mZαβ −

(
K̃δρ∂mK̃ραZδβ + (α ↔ β)

)]

− F
m
F n
[
∂m∂nZαβ −

(
K̃δρ∂nK̃ρα∂mZδβ + (α↔ β)

)]
(2.146)

and V0 is the vacuum expectation value of the F-term potential:

V0 = F
m
K̂mnF

n − 3m2
3/2 . (2.147)

From the fermionic part of the supergravity Lagrangian one finds that the canonically

normalised gaugino masses are given as

Ma =
1

2
(Refa)

−1 Fm∂mfa . (2.148)

Up to renormalisation group running effects, the spectrum of superpartners and

their interactions are determined by Eqs. (2.144)-(2.148), which depend, among other

things, on the hidden sector fields’ F-terms, Fm and on the cosmological constant V0.
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Recalling that the hidden sector fields are to be identified with the moduli fields that

describe the string coupling and the geometry of the extra dimensions, we are led to

the conclusion that the the physics of moduli stabilisation has a direct effect on the

spectrum of superpartners. This can ultimately be probed by accelerator searches

for supersymmetry such as the ones being currently undertaken in the LHC thus

providing a test for moduli stabilisation scenarios.

2.5.2 Supersymmetry breaking in the large volume scenario

The previous discussion outlined the generic method to relate the supersymmetry

breaking terms to the hidden sector fields and their F-terms. We now apply these

results to the case when the hidden sector fields are identified with the string theory

moduli of type IIB, stabilised through the combined effects of non-perturbative terms

in the superpotential and perturbative corrections to the Kähler potential. This work

was originally developed in [53, 55] and further extended in [54].

We start by noting that in the cases when the spectrum of the theory is that of

some version of the supersymmetric standard model, with two Higgs doublets, the

expansion of the superpotential and Kähler potential of Eqs. (2.134) and (2.137) are

W = Ŵ (hm) +
1

2
µ(hm)H1H2 +

1

6
Yαβγ(hm)C

αCβCγ + ... , (2.149)

and

K = K̂(hm, h
∗
m)+ K̃αβ(hm, h

∗
m)C

∗αCβ+

[
1

2
Z(hm, h

∗
m)H1H2 + h.c.

]
+ ... . (2.150)

respectively. We will use these expressions in the computation of the soft terms in

the large volume scenario.

There are two crucial steps one must take in order to study the soft terms in the

visible sector: first one must know how supersymmetry is broken, which depends on

the vacuum structure of the theory and requires the knowledge of the moduli potential

and second one needs to know how it is transmitted to the visible sector fields. We

are interested in studying SUSY breaking in the large volume scenario and so the

structure of the potential and the properties of its minimum were already analysed in

Section 2.4.5. This addresses the first of the points mentioned above. Close inspection

of the formulae for the soft terms, Eqs. (2.144)-(2.146), reveals that the knowledge

of the the hidden sector F-terms, Kähler potential K̂ and superpotential Ŵ is not

enough to determine the soft SUSY breaking terms in the visible sector, explicit

knowledge of the holomorphic gauge kinetic function, fa, of the matter metric, K̃αβ ,

and also of Zαβ is required.
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The gauge kinetic function

The gauge kinetic function, being constrained by holomorphy is relatively easy to

compute. Furthermore, in the case where the SM is realised in a stack of D7 branes

wrapping an internal cycle in the extradimensional manifold, it has a geometrical

interpretation as the size of the cycle wrapped by the standard model stack of branes.

This can be seen by reduction of the DBI action on the 4-cycle Ts which yields

fs = Ts (2.151)

for an unmagnetised brane and

fs = Ts +
1

2
hs(F )S (2.152)

for a brane with magnetic flux F , where hs(F ) is a flux dependent integral over

the divisor wrapped by the D7’s [56]. In the limit that the cycle is collapsed to a

singularity the gauge kinetic function takes the form

fi = δiS + sikTk, (2.153)

where the factor δi depends on the geometry of the singularity and Tk are the blow-up

modes that resolve the singularity.

The matter metric

The story is not so simple for the matter fields’ metric, for which explicit computa-

tions could only be performed on flat toroidal backgrounds or for phenomenologically

less interesting non-chiral D7 matter. It took the work of [55] to shed light on the

modular dependence of the Kähler metric for bifundamental matter in Calabi-Yau

backgrounds. It was show in [55] that the principles of locality in the extra dimen-

sional manifold and of superpotential holomorphy can be used to provide the modular

weights of the matter metrics without performing explicit string amplitude calcula-

tions in a IIB Calabi-Yau orientifold background. We will sketch how this works and

then proceed to compute the soft supersymmetry breaking terms.

From Eq. (2.150) we see that the normalised standard model fields Ĉα are defined

as

Ĉα = K̃1/2
α (hm, h

∗
m)C

α, (2.154)

where Cα are the original unormalised fields that appear in the expansion of the

Kähler potential and superpotential. It then follows that the physical (i.e. canonically
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normalised) Yukawa couplings, Ŷαβγ, are given in terms of the superpotential Yukawas,

Yαβγ, as

Ŷαβγ = eK̂/2
Yαβγ

(K̃αK̃βK̃γ)1/2
, (2.155)

where we have assumed that the moduli superpotential is real: |Ŵ | = Ŵ .

The key insight that allow us to use Eq. (2.155) to derive the modular depen-

dence of the matter metric is that in the bottom-up approach that we are implicitly

assuming, the local/brane physics which encompasses the choices of gauge group, chi-

ral spectrum, Yukawa and gauge couplings is decoupled from the global/bulk physics

which deals with the issues of moduli stabilisation, supersymmetry breaking, cos-

mological constant among others. This is what is meant by locality in the extra

dimensions and it implies that the physical Yukawa couplings are determined by the

local geometry and, crucially, are independent of the overall volume of the extra

dimensional manifold.

One extra piece of information is required in order to extract the physics we want

from Eq. (2.155) and that is the modular dependence of the superpotential Yukawas

Yαβγ. To see why note that in the large volume scenario the dilaton and complex

structure moduli do not break supersymmetry and therefore have vanishing F-terms:

Fc.s. = Fdilaton = 0, only the Kähler moduli develop nonzero F-terms and so for

soft term computation we are mostly interested in the Kähler moduli dependence

of Yαβγ and K̃αβ . The Yukawa couplings Yαβγ appear in the superpotential and are

therefore protected by the holomorphy and non-renormalisation of W . The Kähler

moduli of IIB flux compactifications on the other hand have an exact perturbative

shift-symmetry Im(Ti) → Im(Ti)+ǫi. The holomorphy ofW means that we can either

have W (Ti) or W (T̄i) but not W (Ti, T̄i). Considering that W = W (Ti), then under

the PQ shift-symmetry W (Ti) →W (Ti+ iǫi) 6=W (Ti), violating the shift-symmetry.

The Kähler moduli are then forbidden from entering in the tree level superpotential

and the non renormalisation theorem of W then implies that they cannot enter at

all in the perturbative W . One is then led to the conclusion that the perturbative

superpotential is independent of the Kähler moduli and so are the superpotential

Yukawas Yαβγ.

Combining the fact that Ŷαβγ is independent of the volume and that Yαβγ is

independent of all Kähler moduli we see that these have to enter in K̃α in such a way

as to cancel the factor of eK̂/2, that is:

eK̂/2

(K̃αK̃βK̃γ)1/2
=

1

V(K̃αK̃βK̃γ)1/2
→ K̃α ∼ K̃β ∼ K̃γ ∝ V−2/3.
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For the computation of the soft terms we will follow [55] in using the following

parametrisation for the matter metric

K̃αβ =
kαβ(τa, φ)

τ pb
, with p = 1, (2.156)

where τs denotes the volume of the 4-cycle that supports the standard models stack

of branes and φ the complex structure moduli. We must stress that the value p = 1

is a very special one that leads to cancellation of the leading order contributions to

the soft terms. This means that one will often find that the soft terms are no longer

generated at the scale of the gravitino mass m3/2 but rather at m3/2/Vq for some

q ≥ 0.

Given that the subleading α′3 corrections have been shown to play a crucial role

in the determination of the vacuum structure of the potential for the Kähler moduli,

consistency requires that we also include them in the matter metric. Knowing that

they will constitute a small correction to Eq. (2.156), we assume they will take the

form

K̃αβ =
kαβ(τa, φ)

τ pb

(
1− δ

(
Re(S)

τb

)n/2
+ ...

)
(2.157)

where n denotes the first order at which the α′ correction enters the computation. Ar-

guing once again that the physical Yukawa couplings are local quantities and therefore

independent of the overall volume of the compactification space, we find that n = 3

and so the matter metric is given by [54]:

K̃αβ =
kαβ(τa, φ)

τ pb

(
1− δ

(
Re(S)

τb

)3/2
)
. (2.158)

The above considerations about the modular dependence of the gauge kinetic func-

tion and of the matter metrics allow us to study how the supersymmetry breaking in

the hidden/moduli sector can be transmitted to the visible sector. However before we

proceed, a minimal extension of the simplest moduli stabilisation scenario discussed

in Section 2.4.5 must be introduced.

The minimal geometry for constructing the standard model

It was originally assumed that if one wanted to introduce the standard model into

the large volume framework it would suffice to consider the minimal geometry of

Section 2.4.5 with only two Kähler moduli. In such setup the small cycle τs would

simultaneously support the non-perturbative effects that stabilise the volume and be

wrapped by the standard model stack of branes. However it was noted in [57] that
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instanton zero-mode counting forbids such scenario and therefore non-perturbative

effects and the standard model stack of branes must be supported by different cycles

in the Calabi-Yau geometry.

The volume of the simplest Swiss-cheese geometry that complies with this con-

straint is

V = (ηbτb)
3/2 − (ηsτs)

3/2 − (ηaτa)
3/2, (2.159)

where τb determines the volume of the Calabi-Yau, τs is wrapped by the D3-brane

instanton and the four-cycle of size τa supports the SM D7 branes. Examples of

explicit Calabi-Yaus with these structures can be found in [58–60].

Since in this improved setup the standard model cycle τa no longer appears non

perturbatively in the superpotential it has to be stabilised by D-terms, often close to

the string scale, sequestering the SM physics from the bulk of the Calabi-Yau. The

vanishing D-term condition reads

KTa = 0 (2.160)

and shows a dynamical preference for a collapsed cycle τa → 0. The F-term for the

standard model 4 cycle is as usual

Fa = eK/2(WTa +WKTa). (2.161)

Since the superpotential is independent of Ta, the vanishing of the D-term implies

the vanishing of the F-term for the standard model cycle, and so τa does not break

supersymmetry. Not only we see that Fa = 0 but also that F a = 0 which implies

that the standard model is sequestered from the supersymmetry breaking terms.

Ultimately this means, as we will illustrate below following [54], that the soft terms

will be generated at subleading order.

Depending on whether the standard model cycle is stabilised above or below the

string scale, there will be two regimes in the effective field theory: the geometric

regime and the singular cycle regime [54].

In the geometric regime all the four-cycles are larger than the string scale. In this

case the effective field theory is determined by:

K̂(Φ, Φ̄) = −2 ln

(
V +

ξ̂

2

)
− ln(S + S̄) +KCS, (2.162)

Ŵ (Φ) = W0 + Ae−aTs , (2.163)

fi = Ta −
1

2
κiS, (2.164)
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where the volume is given by Eq. (2.159) and the matter metric is

K̃ = k

(
1− δ

(
Re(S)3/2

V

))
/V2/3 (2.165)

with k being a function of the complex structure moduli and δ a function of (Re(S)/τb)
m

with m determined by the the locality arguments discussed before to be m = 3/2.

In the singular cycle regime, the standard model four-cycle is smaller than the

string scale. In this regime the theory is determined by:

K̂(Φ, Φ̄) = −2 ln

(
V +

ξ̂

2

)
+ c

τ 2a
V − ln(S + S̄), (2.166)

Ŵ (Φ) = W0 + Ae−aTs , (2.167)

fi = sikTk + δiS, (2.168)

where the volume is given by

V = (ηbτb)
3/2 − (ηsτs)

3/2 (2.169)

and the matter metric is

K̃ = (β − δ/V + γτma )/V2/3, (2.170)

with β and γ being arbitrary functions of the complex structure moduli/dilaton. The

quadratic term in τa in Eq. (2.166) is introduced to ensure that the τa kinetic term

is well defined when τa = 0.

The soft supersymmetry breaking terms

With the above information on how to build the standard model into the large

volume setup one can go ahead and compute the soft supersymmetry breaking terms.

Before doing that, let us note that we will be interested chiefly in finding the leading

order behaviour of the soft terms and in particular, in the absence of explicit models

from which to derive the fine details of the flavour structure, we assume the matter

metric to be diagonal. This simplifying choice is further justified by the fact that the

soft-terms are flavour universal to leading order in the volume expansion as found

in [53].

With this in mind we define the canonically normalised scalars and gauginos as

Ĉα =
√
KαC

α and λ̂a =
√
Re(fa)λ

a and define the physical Yukawas and µ term to
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be

Ŷαβγ = Yαβγ
Ŵ ∗

|Ŵ |
eK̂/2 (K̃αK̃βK̃γ)

−1/2 , (2.171)

µ̂ =

(
Ŵ ∗

|Ŵ |
eK̂/2µ+m3/2Z − F

m
∂mZ

)
(K̃H1K̃H2)

−1/2 , (2.172)

We further simplify Eqs. (2.144)-(2.146) to:

M2
Q̃α

=
(
m2

3/2 + V0
)
− F

m
F n∂m∂n log K̃α , (2.173)

Aαβγ = Fm
[
K̂m + ∂m log Yαβγ − ∂m log(K̃αK̃βK̃γ)

]
, (2.174)

Bµ̂ = µ̂−1(K̃H1K̃H2)
−1/2

{
Ŵ ∗

|Ŵ |
eK̂/2µ

(
Fm

[
K̂m + ∂m logµ

− ∂m log(K̃H1K̃H2)
]
−m3/2

)

+
(
2m2

3/2 + V0
)
Z −m3/2F

m
∂mZ

+ m3/2F
m
[
∂mZ − Z∂m log(K̃H1K̃H2)

]

− F
m
F n
[
∂m∂nZ − ∂mZ∂n log(K̃H1K̃H2)

]}
. (2.175)

The F-term for the large modulus can be computed explicitly since we know the

vacuum structure of the moduli potential:

F b = eK̂/2K̂bn̄
(
∂n̄Ŵ + (∂n̄K̂)Ŵ

)
. (2.176)

It was show in the appendix of [54], that taking into account the subleading terms,

this becomes

F b = −2τbm3/2 −
3

8
√
2

τb
aτs

(
1 +

3

2aτs

)
W0

V2
+O(V−3). (2.177)

Therefore the soft breaking terms depending only on F b are automatically of order

the gravitino mass m3/2. A similar computation shows that the F-term of the dilaton

is:

F S ∼ 3

2
√
2
γ
ξ

g2s

W0

V2
(2.178)

where γ is an order one constant introduced to allow for a small shift in the dilaton

VEV due to the cross coupling generated by the α′3 correction to K.

Before computing the soft SUSY breaking terms one needs to assume an explicit

form for Z, we take it to be

Z = τ−pzb z(τi). (2.179)
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We also assume for simplicity that the matter metric is diagonal and note that the

fact that the perturbative superpotential is independent of the Kähler moduli implies

that ∂m log Yαβγ = 0 which simplifies the A-terms and finally note that µ = 0 for

consistency [55] 4.

Armed with this knowledge we can go ahead and compute the soft terms, Eqs.

(2.144)-(2.148). As reported in [54] we find that the only contribution to gaugino

masses comes from F S:

MG̃ =
3

4
γ
ξ

g
3/2
s

M3/2

V , (2.180)

where it was assumed that the dynamical preference for small τa implies that the flux

contribution will dominate the gauge kinetic function.

The soft scalar masses are given by

M2
Q̃
= m2

3/2

(
− 1

4aτs

ξ

g
3/2
s V

+
15(δ − ξ/3)

4g
3/2
s V

)
, (2.181)

where only by the taking into account the leading α′ correction (which gives rise to

the second term in the bracket) is it possible to obtain non-tachyonic sfermion masses.

Considering that µ = 0 one finds that the µ̂ and the Bµ̂ terms scale as

µ̂ ∼ −MG̃

4aτs
and Bµ̂ ∼ −m3/2

2aτs
MG̃. (2.182)

The leading contribution to the A-terms comes from the dilaton term in the expansion

of Eq. (2.174) since the leading order F b term cancels due to form of the modular

dependence of the matter metric:

Aαβγ =
−3

4
√
2

ξ

g
3/2
s

|W0|
V2

MP = −MG̃. (2.183)

We summarise the leading order contributions to the soft terms, both in the geometric

and the singular cycle regimes, in the following table

Soft-term Scale

MG̃ M3/2
ζ2

4

M2
Q̃

M2
3/2

ζ2

16 log ζ

µ̂-term M3/2
ζ2

32 log ζ

Bµ̂-term M2
3/2

ζ2

16 log ζ

A-term −M3/2
ζ2

4

4If the superpotential µ is nonzero then µ′ can be made arbitrarily larger than the string scale
Ms in the limit V → ∞. Since Ms is the UV cut-off of the theory, consistency requires µ = 0.
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where we have defined ζ ≡ Ms/MP ∝ 1/
√
V. This then shows that the cancellation

of the leading order terms lead to soft-terms that are volume suppressed relative to

the naive expectation ofMn
3/2 (with n = 1, 2 depending on the mass dimension). This

phenomenon is usually called sequestering and can have significant phenomenological

consequences like alleviating the CMP and the tension between the scale of SUSY

breaking and the inflationary scale.
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Chapter 3

Moduli Redefinitions and Moduli
Stabilisation

This Chapter is based on the paper [12].

In the study of string compactifications moduli stabilisation plays an essential role

in attempts to generate a realistic phenomenology. Moduli stabilisation is necessary

to give masses to the light moduli that would otherwise give fifth forces, and is

also necessary to avoid runaway and decompactification. Furthermore the moduli

potential plays a crucial role in setting both the scale of supersymmetry breaking

and the value of the gravitino mass, and so represents a necessary ingredient of any

ultraviolet-consistent model of supersymmetry breaking.

One set of promising models of moduli stabilisation are the large volume models

originally developed in [29, 33]. In these models corrections to the Kähler potential

[26] play a very important role as the minimum of the scalar potential comes from

competition between a perturbative α′ correction to the Kähler potential and non-

perturbative corrections to the superpotential. While the form of the superpotential

is restricted by non-renormalisation theorems, the Kähler potential is not constrained.

To analyse the robustness of the large volume scenario it is therefore important to

check the effect of all other possible corrections to the Kähler potential.

These corrections fall into several forms. The most obvious kind are those of

other α′ corrections. The large volume models involve the correction to the Kähler

potential induced by the R4 term present at O(α′3) in the 10D IIB action. There are

many other additional terms (for example flux terms such as G2R4). Such α′ terms

were considered in [33]. At large volume such terms are all subleading compared to
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the R4 term, essentially because the R4 term is suppressed by six powers of length,

while flux terms are suppressed by higher powers.

Another form of correction are those induced by string loop corrections to the

Kähler potential. For some toroidal models these have been calculated in [34,35]. For

more general models the Coleman-Weinberg potential has been used to constrain the

form and magnitude of loop corrections [27, 45, 61]. One interesting property of such

loop corrections is that they do in general induce corrections in the Kähler potential

that dominate at large volume over the α′3 corrections. However, due to an extended

no-scale structure such loop corrections in fact cancel at leading order in the scalar

potential [27], remaining sub-dominant to the α′3 corrections. Other studies of the

robustness of the large volume scenario include [62–64].

This Chapter will study another form of possible correction that does not seem to

fall neatly into either of the classes above. This refers to the effect of field redefinitions

that can occur at the loop level. In such redefinitions the relationship between the

holomorphic moduli and the physical cycle volumes is modified at 1-loop, such that

the holomorphic moduli no longer correspond directly to cycle sizes. As the Kähler

potential involves the physical volume this should lead to a correction to the Kähler

potential as the expression for the physical volumes in terms of the moduli changes.

The existence of such redefinitions has been established for various orbifold models

where exact string computations are possible. It is certainly plausible that such

redefinitions survive beyond the orbifold limit in which they were computed. We shall

assume this applies, and then study the effect of redefinitions on moduli stabilisation

and the computation of soft terms.

The structure of this Chapter is as follows: in Section 3.1 we review how field

redefinitions occur in orbifolds and give a new argument for their occurrence in the

geometric regime, in Section 3.2 we study the effect of such redefinitions on moduli

stabilisation, and in Section 3.3 we extend this study to the effects on soft supersym-

metry breaking. We conclude in Section 3.4.

3.1 1-loop Kähler moduli redefinition

The purpose of this Chapter is to study the effects of field redefinitions on moduli

stabilisation. It is a known feature of string compactifications that the definitions of

moduli are altered at 1-loop level. Specifically, what is altered is the definition of the

chiral superfields of the supergravity action in terms of the geometric quantities of

the compactification, Eq. (2.37).
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The large volume models involve a large overall volume together with smaller

blow-up cycles. If such blow-up cycles were collapsed to a point, they would generate

a singularity. Branes at singularities were recently studied in the context of threshold

corrections in [65,66]. It was found there that in various cases consistency with the ef-

fective supergravity - specifically the Kaplunovsky-Louis formula describing the effect

of anomalous contributions to gauge coupling running - required that the modulus

controlling the blow-up cycle had to be redefined at 1-loop level. For other examples

of 1-loop redefinitions in the context of theories with D-branes, see [67, 68].

The redefinition did not occur in all cases, where it did occur it took the form of

a shift by a factor proportional to the logarithm of the overall volume of the CY:

τnew = τold − α ln(V), (3.1)

where α is taken to be small. The physical cycle volume (which vanishes at the

singularity) corresponds to τold. The holomorphic modulus τnew is however non-zero

at the singularity. We also note the types of cycles for which the redefinition occurs

(blow-up cycles) are essentially the same as the blow-up moduli that play a crucial

role in the large volume construction.

While such orbifold calculations show that field redefinitions occur, they are re-

stricted to the singular limit. Let us give another argument for why field redefinitions

should take place, this time in the geometric regime. We must stress that, unlike

the explicit computation in the singular regime, the argument for redefinitions in the

geometric regime is just an illustration. Consider an isolated collapsible cycle (e.g.

a P
2) taken to itself under an orientifold action, such that an O-plane wraps it and

a stack of D-branes is on top of the O-planes giving a rigid N = 1 SYM theory.

This is the type of dynamics required on the small cycle in the large volume scenario.

Such a theory will undergo gaugino condensation and generate a non-perturbative

superpotential. The classical tree-level gauge coupling is given by

4π

g2
= τ, (3.2)

where τ is the Einstein frame physical volume of the 4-cycle measured in units of the

string length (e−φVolΣ/(2π
√
α′)4). The running gauge coupling is then given by

1

g2
(µ) =

τ

4π
+

β

16π2
ln

(
Λ2
UV

µ2

)
, (3.3)

and so Λstrong = ΛUV e
− 2πτ

β . The condensing gauge group also generates a holomorphic

superpotential

W =M3
P e

− 3
β
(2πT ). (3.4)
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Here T is the chiral superfield corresponding to the 4-cycle wrapped by the branes,

given classically by T = τ + i
∫
Σ
C4, but as we will see this does not have to hold at

loop level. The prefactor of M3
P in (3.4) is enforced by supergravity: MP is the only

dimensionful quantity present in 4d supergravity and so is the only quantity that can

appear here. In particular, quantities such as the string scale Ms = MP/
√
V cannot

appear in (3.4) as they violate holomorphy.

However, the normalised superpotential should also be identified with the strong

coupling scale:

eK/2W =
〈
λ̄λ
〉
= Λ3

strong. (3.5)

Using K = −2 lnV, we therefore obtain

Λstrong = ΛUV e
− 2πτ

β =
MP

V1/3
e−

2πRe(T )
β . (3.6)

Identifying the scale from which the coupling starts to run, ΛUV , with Mstring, con-

sistency of equation (3.6) requires that

Re(T ) = τ +
β

2π
lnV1/6. (3.7)

As τ involves a factor of e−φ from the Einstein frame volume, this represents a 1-loop

redefinition of T which appears to be required for consistency with the framework of

4d supergravity.

Both the above arguments suggest moduli redefinitions may be occurring in ge-

ometries relevant to moduli stabilisation. We therefore think it is important to study

the possible effects on moduli stabilisation. While the form of the superpotential

must be unaltered, the redefinitions can affect the Kähler potential. For the purpose

of this Chapter we shall make a simple assumption about the nature of these effects.

The classical Kähler potential is given by K = −2 lnV, where V is the physical (Ein-

stein frame) volume of the Calabi-Yau. We shall assume that the dependence on the

physical volume remains the same, and that the change in the Kähler potential as a

function of the moduli comes simply from re-expressing the volume in terms of the

redefined moduli. This assumption could be verified by a 1-loop computation of the

Kähler potential, which is however beyond the scope of this work.

We note both arguments relate to redefinitions of the small blow-up modulus.

The motivation for redefinitions of the large modulus is weaker. Indeed in this case

the explicit loop calculation of [35] does not show any evidence for it (as this was

a toroidal computation, it should incorporate the behaviour of the overall volume

modulus). For completeness we shall however also study redefinitions of this large

modulus in the following Section.
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3.2 Moduli stabilisation

In this Section we investigate the consequences of 4-cycle volume redefinition in mod-

uli stabilisation. We focus on the particular case of the P4
[1,1,1,6,9] orientifold and study

what happens to the position of the minimum when we redefine τb and τs. We study

these two cases separately.

3.2.1 Redefining τs

Refedining τs according to Eq. (3.1) we find that the Kähler potential for moduli

fields becomes:

K = −2 ln

[
1

λ
(τ

3/2
b − [τs − α ln(V)]3/2) + ξ

2

(
S + S̄

2

)3/2
]
+Kcs. (3.8)

We allow an arbitrary parameter α in the redefinition. Note the term proportional

to α dominates at large volume over the term proportional to ξ. Computing the

supergravity scalar potential we find

V =
1

τ
9/2
b

(
−9

2
|W0|2α

√
τsλ

2 +
3

4
|W0|2

λ3ξ

g
3/2
s

)
+

2

3

a2|A|2λ2e−2aτs

τ
3/2
b

√
τs

(4τs − 2α ln(V))−

− 1

τ 3b
a
(
ĀeaτsW0 + AeaτsW̄0

)
e−2aτsλ2(2τs + 3α− 2α ln(V)).

(3.9)

We have dropped terms that are subleading by powers of V. This can be further

simplified to:

V =
3

4
|W0|2

ξλ3

g
3/2
s

(
1− 6α

√
τs

ξλ

)
1

τ
9/2
b

+
8

3

a2|A|2λ2e−2aτs

τ
3/2
b

√
τs

(
1− α

2τs
ln(V)

)
−

− λ2

τ 3b
2aτs

(
ĀW0 + AW̄0

)
e−aτs

(
1− α

τs
ln(V)

)
,

(3.10)

by noting that at the minimum we expect lnV = aτs ≫ 1 and that the nonperturba-

tive part of the superpotential is small compared to W0. One can rewrite Eq. (3.10)

as

V = Λ

(
1− 6αg

3/2
s

√
τs

ξλ

)
1

τ
9/2
b

+Ω

√
τse

−2aτs

τ
3/2
b

(
1− α

2τs
lnV

)
−Ψ

τse
−aτs

τ 3b

(
1− α

τs
lnV

)
.

(3.11)
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by defining

Λ =
3

4
|W0|2λ3ξ/g3/2s , Ω =

8

3
a2|A|2λ2, Ψ = 2aλ2(ĀW0 + W̄0A). (3.12)

At this point we again note that the contribution from the field redefinition is domi-

nant over the α′3 correction also in the scalar potential as well as the Kähler potential.

This makes the study of this potential particularly interesting as the α′3 correction

played an important role in establishing the existence of the original large volume

minimum.

To find the minimum of the potential one must solve ∂V
∂τs

= ∂V
∂τb

= 0. Keeping in

mind that we expect lnV ≈ aτs ≫ 1, from the first condition we find that at the

minimum

τ
3/2
b =

Ψ

2Ω

√
τse

aτs

(
1− 3

4aτs
− α

2τs
lnV

)
, (3.13)

while the second condition yields:

τs =

(
4ΛΩ

Ψ2

)2/3
(
1 +

1

3aτs
+ α

(
lnV
τs

− 4g
3/2
s

√
τs

λξ

))
. (3.14)

Using the definitions in Eq. (3.12) we may rewrite these equations as:

τs = τ̃s

(
1 +

1

3aτs
+ α

(
lnV
τs

− 2

τ̃s

))
, τb = τ̃b

(
1− 1

2aτs
− α

3τs
lnV

)
, (3.15)

where τ̃s and τ̃b are given by:

τ̃s =

(
λξ

2g
3/2
s

)2/3

, τ̃b =

(
3|W0|
4|A|a

√
τse

aτs

)2/3

. (3.16)

These equations give the locus of the minimum as a perturbative expansion in α. As

a check on the validity of these computations we also perform a numerical study of

the minima of the potential for different values of α and compare the results with our

analytical computation. The results are plotted in Fig. 3.1.

We can see that for small values of α (0 < α < 3× 10−3) there is good agreement

between the numerical location of the minimum coordinates and the approximate

analytic solution.

Observation of Fig. 3.1 reveals that the deviation between the numerical and the

analytical grows with α, but remains small (order of a few percent) throughout the

range of values considered. The deviation between the analytical and the numerical

results for τb is one order of magnitude larger than the one for τs - this is due to
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Figure 3.1: τb and τs at the minimum as functions of α. The dots are the analytical
solutions while the crosses represent the numerical results.

the exponential dependence of τb on τs as seen in Eq. (3.16), which amplifies the

deviation.

As we consider larger values of α the linear approximation breaks down, as is

illustrated in Fig. 3.2. In this regime the effect of the α′3 correction also becomes

negligible in the large volume limit. However, we see that the structure of the potential

(in particular the minimum at exponentially large values of the volume) remains

unaltered. This is quite striking and shows that these two terms can play a similar

role in the stabilisation of the Kähler moduli of the theory.

3.2.2 Redefining τb

We now consider the effects of redefining the large cycle τb. In this case the motivation

for the redefinition is weaker as neither of the arguments presented in Section 3.1

directly apply to this cycle. However it is still worth considering for completeness.

We redefine the τb 4-cycle of P4
[1,1,1,6,9] according to Eq. (3.1) and follow the same

procedure as in the previous section. The Kähler potential becomes:

K = −2 ln

[
1

λ
([τb − β ln(V)]3/2 − τ 3/2s ) +

ξ

2

(
S + S̄

2

)3/2
]
+Kcs. (3.17)
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Figure 3.2: τb(α) and τs(α): The linear expansion breaks down for higher values of
α.

The scalar potential is given by

V =
3|W0|2λ3ξ
4g

3/2
s τ

9/2
b

+
9|W0|2βλ2

2τ 4b
+

8a2|A|2λ2√τse−2aτs

3τ
3/2
b

− aλ2τse
−2aτs(6β lnV + 3β + 2τb)(A(Ā + eaτsW̄0) + c.c.)

τ 4b
,

(3.18)

which can be further simplified to

V =
Λ

τ
9/2
b

+
Ψβ

τ 4b
+ Φ

√
τse

−2aτs

τ
3/2
b

− θ
τse

−aτs

τ 3b

(
1 +

β

τb
(3 lnV +

3

2
)

)
, (3.19)

where

Λ =
3|W0|2λ3ξ

4g
3/2
s

, Ψ =
9|W0|2λ2

2
, Φ =

8a2|A|2λ2
3

, θ = 2aλ2(AW̄0 + c.c.).

(3.20)

In this case the effect of the redefinition in Eq. (3.19) is to generate a term that

dominates in the large volume limit over any other term in the potential (as it scales

as ∼ τ−4
b while all other terms scale as ∼ τ

−9/2
b ). In the limit of small β we find that

the minimum of Eq. (3.19) is located at

τs = τ̃s

(
1 +

1

3aτs
+
β

τb

(
−44

9
lnV +

16

9

τ
3/2
b

τ̃
3/2
s

))
, τb = τ̃b

(
1− 1

2aτs
+ 2β

aτs
τb

)
,

(3.21)

where τ̃s and τ̃b are given by Eq. (3.16) .
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In Fig. 3.3 we depict the numeric and analytic location of the minima as functions

of β. The conclusions are essentially the same as for the previously studied case, the

main difference being the fact that the allowed range for the loop factor β is much

smaller.

´

´

´

´
´
´

´

´
´

´ ´

´

´

´ ´

´
´

´

´

´

´

´

´

0 1.´ 10-62.´ 10-63.´ 10-64.´ 10-65.´ 10-66.´ 10-67.´ 10-6

1.1´ 108

1.15´ 108

1.2´ 108

1.25´ 108

1.3´ 108

1.35´ 108

Β

Τ
b

ΤbHΒL

´

´

´

´
´ ´

´

´
´

´
´

´

´

´ ´

´
´

´

´

´

´

´

´

0 1.´ 10-62.´ 10-63.´ 10-64.´ 10-65.´ 10-66.´ 10-67.´ 10-6

4.17

4.18

4.19

4.2

4.21

4.22

Β

Τ
s

ΤsHΒL

Figure 3.3: τb and τs at the minimum as a function of β. The dots are the analytical
solution while the crosses represent the numerical result.

In contrast to the case with τs, in this case the large volume minimum does not

survive for large values of β. This is because the correction to the scalar potential is

dominant at large volumes over all other terms, and so gives a runaway behaviour.

For sufficiently large β this runaway structure overwhelms all other features of the

potential.

3.2.3 Summary

We have considered the effects of two possible field redefinitions on moduli stabili-

sation. In the better motivated case, that of the redefinition of τs, we find that the

basic structure of the large volume minimum is unaltered even though the effects of

the redefinition dominate at large volume the α′3 effects that played a crucial role

in establishing the original large volume minimum. For completeness we have also

studied the case of the redefinition of τb. In this case the redefinition gives a term in

the scalar potential that at sufficiently large volume dominates all other terms and

gives runaway.
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3.3 Soft supersymmetry breaking

Having studied the effects of field redefinitions on moduli stabilisation let us now see

whether they can give any new effects in the study of supersymmetry breaking.

In the first formulation of the large volume model it was originally assumed that

the D7-brane supporting the MSSM fields and the D3-brane instanton wrap the same

four-cycle, namely τs. However it was pointed out in [57] that instanton zero mode

counting forbids this scenario. It was proposed in [54] that the simplest way to avoid

this issue is to assume a threefold with at least three four-cycles: one large cycle and

two small four-cycles. The volume of this class of Calabi-Yau can be written as

V = (ηbτb)
3/2 − (ηsτs)

3/2 − (ηaτa)
3/2, (3.22)

where τb determines the volume of the Calabi-Yau, τs is wrapped by the D3-brane

instanton and the four-cycle of size τa supports the MSSM D7 brane. Examples of

explicit Calabi-Yaus with these structures can be found in [58–60]. Since P
4
[1,1,1,6,9]

has only 2 Kähler moduli clearly it cannot be an example of a manifold obeying

Eq. (3.22). Nonetheless, the conclusions in the previous Section regarding moduli

stabilisation will remain the same once we consider a geometrical setup obeying Eq.

(3.22) as will be explained later.

We have reviewed in Section 2.5.1 that by performing an expansion of the Kähler

potential and superpotential in powers of the matter fields one can compute the soft

supersymmetry breaking terms. One must specify the Kähler potential and super-

potential for moduli fields K̂(Φ, Φ̄) and Ŵ (Φ) as well as the gauge kinetic function

fi and the matter metrics, Z(Φ). In doing so one must note note that there are

two regimes in the effective field theory: the geometric regime and the singular cycle

regime [54]. Our purpose here is to see whether moduli redefinitions can affect the

results on supersymmetry breaking that were found in [54] and reviewed in Section

2.5.2.

In the geometric regime all the four-cycles are larger than the string scale. In this

regime the effective field theory is determined by:

K̂(Φ, Φ̄) = −2 ln

(
V +

ξ̂

2

)
− ln(S + S̄) +KCS, (3.23)

Ŵ (Φ) = W0 + Ae−aTs , (3.24)

fi = Ti −
1

2
κiS, (3.25)
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where the volume is given by Eq. (3.22) and the matter metric is

Z =
τ qaf(Φ)

τ pb
, (3.26)

with f(Φ) being a function of the complex structure moduli. The form of the modular

dependence of (3.26) comes from taking the leading powers of the moduli. Values of p

and q can be either deduced or significantly constrained by examining the behaviour of

the physical Yukawa couplings under rescaling of the several moduli in the theory, as

described in [55]. Arguing that in local models the interactions should be independent

of the overall volume it is found that pα = 1, ∀α. The q is more delicate and can

depend on whether a field originates from ‘internal’ or ‘normal’ modes of branes [69].

In what follows we leave p and q unspecified. This allows one to find more generic

expressions for the soft terms and makes clear the nature of the cancellation of the

leading order contributions.

In the singular cycle regime, the Standard Model four-cycle is much smaller than

the string scale. In this regime the theory is determined by:

K̂(Φ, Φ̄) = −2 ln

(
V +

ξ̂

2

)
+ c

τ 2a
V − ln(S + S̄), (3.27)

Ŵ (Φ) = W0 + Ae−aTs , (3.28)

fi = sikTk + δiS, (3.29)

where the volume is given by

V = (ηbτb)
3/2 − (ηsτs)

3/2 (3.30)

and the matter metric is

Z =
g(Φ) + τ qah(Φ)

τ pb
, (3.31)

with c being a constant and g(Φ) and h(Φ) being arbitrary functions of the complex

structure moduli/dilaton. The quadratic term in τs in Eq. (3.27) is introduced to

ensure that the τs kinetic term is well defined when τs = 0.

3.3.1 Redefinition of Ta modulus and implications for soft

SUSY breaking terms

Our aim is to investigate the effects of the Ta modulus redefinition in the scale of the

soft SUSY breaking terms. In particular one seeks to compare the resulting terms

to the ones found for the same geometrical configuration in [54]. One might also
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consider redefining the remaining Kähler moduli of the theory, but the effects will be

subleading. We therefore neglect them and concentrate on the redefinition of Ta only.

A fully consistent analysis must investigate the effects of the Ta redefinition in the

full Kähler potential, that is in the Kähler potential for moduli and in the matter

metrics. We will proceed by steps, analysing first the case where we redefine Ta in

the Kähler potential only and then studying the full case.

3.3.1.1 Redefining Ta in the Kähler potential

First we investigate the consequences of applying the redefinition in Eq. (3.1) to the

Kähler potential for moduli fields, K̂(Φ, Φ̄). As the Standard Model cycle is taken

to be stabilised by a D-term we must impose the following condition for the Kähler

modulus Ta:

∂aK = 0 ⇔ τa = α lnV. (3.32)

From this condition and since the superpotential is independent of Ta, it follows that

Fa = 0. In [54] the vanishing of Fa led to the vanishing of F a. However since the

Kähler metric is non diagonal and τa 6= 0 here we find

F a = Kab̄Fb̄ +Kas̄Fs̄ = −3αM3/2. (3.33)

This is a significant difference from [54]. For the computation of the soft terms one

also needs the F-terms for the remaining Kähler moduli. These are found to be

F b = −2M3/2τb and F s = −2M3/2τs, (3.34)

at leading order in the volume expansion. We note that even though the τa dependence

of K̂(Φ, Φ̄) is different in the geometric and singular cycle regimes, the results in Eqs.

(3.33)-(3.34) hold in both regimes.

In the computation of the soft SUSY breaking terms we will neglect the α′3 con-

tributions to the Kähler potential as well as the nonperturbative superpotential. This

is because the SUSY breaking structure of the large volume models is essentially in-

herited from no-scale, and the contributions of the α′ corrections to the soft terms is

volume suppressed compared to the terms we will consider.

Geometric Regime

Redefining the τa in the Kähler potential, Eq. (3.23), we find the soft terms to be
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given by:

MG̃ =
−3

2
α
M3/2

Re(fi)
, (3.35)

M2
Q̃

= M2
3/2(1− p) +

9q

4

M2
3/2

ln2 V , (3.36)

µ̂ =
Z√

ZH1ZH2

M3/2

(
(1− p+

3

2

q

lnV )

)
, (3.37)

where we have set the superpotential µ term to vanish.

The Bµ̂ term is given in this regime by

Bµ̂ =
M2

3/2Z√
ZH1ZH2

(
(2− 2p− p(p+ 1) + 2p2) +

1

lnV 3(1− p)(qH1 + qH2)+

1

ln2 V
9q

2
(qH1 + qH2 −

q − 1

2
)

)
,

(3.38)

where we have assumed that µ = 0 and that all the fields feel the overall volume of

the compactification in the same way, i.e., p = pH1 = pH2 .

The A-term in the geometric regime is given by

Aαβγ =M3/2(3− 3p)− 3M3/2
τ
3/2
s

V +
3M3/2

2 lnV (qα + qβ + qγ). (3.39)

Following the rescaling arguments in [55], we set p = 1 and note that the leading

order terms cancel in all soft terms, leaving only the volume suppressed contributions.

Neglecting O(1) factors we summarise the results in the following table

Soft-term Scale

MG̃ αM3/2

M2
Q̃

M2
3/2/ ln

2 V
µ̂-term M3/2 lnV
Bµ̂-term M2

3/2/ ln
2 V

A-term M3/2 lnV

Singular Cycle Regime

We now compute the soft terms in the singular cycle regime. Taking into account

the gauge kinetic function of Eq. (3.29), the gaugino masses are given by:

MG̃ = (−3αsaa − 2τbsab − 2τssas)
M3/2

2Re(fa)
. (3.40)

We define

Γ ≡ h(Φ)τ qa
g(Φ) + h(Φ)τ qa

, (3.41)
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then the soft terms are:

M2
Q̃
=M2

3/2(1− p) +
M2

3/2

ln2 V
9q

4
Γ(q − 1− qΓ), (3.42)

µ̂ =

(
eK/2µ+M3/2Z(1− p) +

3q

2

M3/2

lnV Γ

)
1√

ZH1ZH2

, (3.43)

Bµ̂ =
M2

3/2√
ZH1ZH2

(
Z(2− 2p− p(p+ 1) + p(p+ 1)) +

1− p

lnV

(
3

2
ZΨ+ 3pq

τ qah(Φ)

τ pb

)
+

9q/4

lnV
τ qah(Φ)

τ pb
(Ψ− q − 1)

)
,

(3.44)

Aαβγ =M3/2(3− pα − pβ − pγ)− 3M3/2
τ
3/2
s

V +
3M3/2

2 lnV
∑

ξ=α,β,γ

qξΓξ, (3.45)

where

Ψ ≡ q1h1(Φ)τ
q1
a

g1 + h1(Φ)τ
q1
a

+
q2h2(Φ)τ

q2
a

g2 + h2(Φ)τ
q2
a

.

In the singular cycle regime the rescaling arguments used to find the modular

dependence of the matter metric no longer apply. Nonetheless locality implies that

p = 1, then the leading order contributions to the soft terms vanish and the result

found in this regime mirrors the one of the geometric regime up to factors of Γ ≈ O(1).

The significance of this is that soft terms are of a similar order to the gravitino

mass, in contrast to the behaviour in [54] where soft terms were significantly sup-

pressed compared to the gravitino mass.

3.3.1.2 Redefining Ta in the Kähler potential and in the matter metrics

In this Section we study the effects on the scale of the soft terms of the Standard

Model four-cycle redefinition in the matter metrics. Once we take the redefinition of

τa into account, the geometric regime matter metric becomes

Z =
(τa − α lnV)qf(Φ)

τ pb
, (3.46)

while in the singular cycle regime we should have

Z =
g(Φ) + (τa − α lnV)qh(Φ)

τ pb
. (3.47)

It is crucial to note that, in general, the metrics in Eqs. (3.46) and (3.47) are

singular and/or have singular derivatives once we impose the vanishing D-term con-

dition. This poses a problem for the computation of soft SUSY breaking terms. A
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way to avoid this singular behaviour is to argue that the Kähler potential will receive

higher order α′ corrections which will modify the vanishing D-term condition. We

sketch this idea in the geometric regime of the effective field theory and argue that

the same holds in the singular cycle regime. Let φ(Ti) denote an arbitrary function of

the Kähler moduli of the theory, then the full moduli Kähler potential for the N = 1

SUGRA in the geometric regime can be written as

K̂(Φ, Φ̄) = −2 ln

(
V +

ξ̂

2
+ φ(Ti)

)
− ln(S + S̄) +KCS, (3.48)

where we expect φ(Ti) ≪ V. Then the vanishing D-term condition becomes

∂aK̂ = 0 ⇔ ∂

∂τa
(V + φ(Ti)) = 0. (3.49)

After redefining τa in the volume this yields

√
τa − α lnV

(
1 +

3

2

α
√
τa

V

)
= −2

3

∂

∂τa
φ(Ti). (3.50)

Since we do not know the explicit form of φ(Ti) we cannot solve Eq. (3.50). Nonethe-

less one may write the solution as

τa = α lnV + θ, (3.51)

where θ ≪ α lnV is a function of the moduli of the theory, related to φ(Ti) by

√
θ ≈ −2

3

∂

∂τa
φ(Ti). (3.52)

Once these higher order corrections are taken into account, Eqs. (3.46) and (3.47) no

longer have a singular behaviour and the soft terms will be given as functions of θ.

One must also point out that a full treatment of the problem does not involve a

redefinition of τa in the gauge kinetic functions, Eqs. (3.25) and (3.29), since these are

protected by holomorphy. As a consequence of this, gaugino masses in the geometric

and singular cycle regimes will still be given by Eqs. (3.35) and (3.40) respectively

in the full case.

Geometric Regime

Proceeding in the same way as before we compute the leading order contributions

in the volume expansion of the soft terms:

M2
Q̃
=M2

3/2

(
1− p− qα

3α

2θ
+O(V−1)

)
, (3.53)
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µ̂ =
M3/2Z√
ZH1ZH2

(
1− p+

3

2

αqα
θ

+O(V−1)

)
, (3.54)

Bµ̂ =
Z√

ZH1ZH2

M2
3/2

(
(p2 − 3p+ 2)− 3

2

α

θ
qα +O(V−1)

)
, (3.55)

Aαβγ = 3M3/2

(
1− p+

1

V

(
θ3/2 +

3

4

√
τa
α2

θ
(qα + qβ + qγ)

)
+O(V−2)

)
. (3.56)

Singular Cycle Regime

The soft terms in the singular cycle regime, once we redefine τa in the matter metric

become

M2
Q̃
=M2

3/2

(
1− p− qα

3α

2θ
Γ̃ +O(V−1)

)
, (3.57)

µ̂ =
M3/2Z√
ZH1ZH2

(
1− p+

3

2

αqα
θ

Γ̃ +O(V−1)

)
, (3.58)

Bµ̂ =
Z√

ZH1ZH2

M2
3/2

(
(p2 − 3p+ 2)− 3

2

α

θ
qαΓ̃ +O(V−1)

)
, (3.59)

Aαβγ = 3M3/2

(
1− p+

3

4Vα
2

√
τa
θ

∑

ξ=α,β,γ

qξΓ̃ξ +
cθ2

2V +O(V−1)

)
, (3.60)

where Γ̃α is defined as

Γ̃α ≡ h(Φ)θq

g(Φ) + h(Φ)θq
. (3.61)

Even though an analysis with generic modular dependence in the matter metrics

requires one to consider higher order α′ corrections to the Kähler potential into ac-

count, there is a particular value of q for which this is not strictly necessary. If one

sets q = 2 in the singular cycle regime, the matter metrics and its derivatives are well

defined even if we set θ → 0. In this particular case we find, after setting p = 1:

µ̂ = 0 = Aαβγ , (3.62)

M2
Q̃
∝ lnV

V3
α5, (3.63)

Bµ̂ ∝ α5 lnV
V2

. (3.64)

66



In this case one also finds that the cancellation of the leading order terms happens

as before, leaving only highly volume suppressed terms. The contribution to the soft

terms computed in [54] will then dominate over the ones considered here.

Going back to the generic case, one must note that in both regimes the usual

cancelation of leading order terms is present if p = 1. The scale of the soft terms

is then parametrised by the ratio α
θ
, where θ is essentially a derivative of the higher

order α′ terms in the Kähler potential for moduli fields, φ(Ti).

A full computation of the soft terms must include at least the terms in Eqs.

(3.53)-(3.60) and the ones computed in [54]. To understand the relative size of both

contributions and the scale of resulting the soft terms it is necessary to know φ(Ti)

explicitly. At the moment this is beyond our possibilities. Nonetheless it is interesting

to point out that it might be possible that the scale of the soft terms is set by the

subleading terms in the Kähler potential. The main point here is to note that if we

redefine the MSSM four-cycle according to Eq. (3.1) the theory is still well behaved

and we can get non vanishing soft terms.

3.4 Discussion

In this Chapter we have studied the effects of one-loop moduli redefinitions on moduli

stabilisation in the large volume scenario. We have reviewed the origins of such

redefinitions in orbifold models and also given a new argument for the existence of

such redefinitions in the geometric regime. In our study of the effects on moduli

stabilisation we have assumed that the form of the Kähler potential is only altered

by re-expressing the geometric volume in terms of the redefined moduli variables.

We found that redefinitions of the small moduli do not alter the basic structure of

the large volume minimum: the minimum remains in qualitatively the same location

and at exponentially large volume. This is actually quite striking as the redefinition

generates terms that in the scalar potential at large volumes dominate the α′3 correc-

tions. For redefinitions of the overall volume, which is less motivated, the modified

Kähler potential gives a scalar potential that actually leads to runaway and removes

the large volume minimum.

We also studied the possible effects of moduli redefinitions on supersymmetry

breaking. There we found that redefinitions may have the ability to modify the

results of [54] and induce soft terms of a similar order to the gravitino mass. However

there were certain ambiguities which depend on the form of the matter metrics, and

resolving these ambiguities depends on corrections to the Kähler potential. While the
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results of this section may be potentially interesting, what is really needed is a full

CFT computation to see the effect of redefinitions on terms in the Kähler potential.
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Chapter 4

Moduli-Induced Vacuum
Destabilisation

This Chapter is based on the paper [13].

String theory has no free parameters. All coupling constants are instead deter-

mined as vacuum expectation values of scalar fields - moduli. The values these scalar

fields take are determined by the moduli potential, and these values determine the

parameters of the Standard Model and through them the masses, couplings and in-

teractions of all known particles.

Moduli potentials have many ingredients, and much work has been done on con-

structing potentials that stabilise the moduli in phenomenologically attractive fash-

ions. However moduli vevs are environmental and so there is no reason in principle

why they should stabilise at the same values at all regions in space and time - in-

deed, we should expect the converse. In this article we therefore look at ways of

destabilising moduli from their vacuum values.

The basic mechanism we investigate is simple: as moduli source the couplings of

Standard Model fields, any form of energy density represents a source for the moduli

potential. If the local energy density is sufficiently large - and large energy densities

are realised both within neutron stars and in the context of cosmological singularities -

then this gives a contribution to the moduli potential that can destabilise the modulus

vev from its minimum.

Destabilised moduli vevs may be hard to achieve but the payoff if it can be done

is large:

• Small changes in moduli vevs would give a continuous deformation away from
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the Standard Model, with associated small shifts in particle masses and cou-

plings.

• Any region in which moduli vevs are altered can catalyse exotic processes that

are forbidden or highly suppressed within the Standard Model like proton decay.

• Large shifts in moduli can potentially provide windows into entirely different

vacua of the underlying theory.

For these reasons we think it worthwhile to investigate the possibility of desta-

bilising moduli in various contexts. This discussion can be made concrete by recent

developments in moduli stabilisation, as it is difficult to discuss the chances of desta-

bilising moduli without concrete and well-motivated potentials that first stabilise

moduli.

For other related work, see for example [70–74].

4.1 The effective field theory

We study the possibility and the consequences of moduli/matter interaction within

the framework of the large volume models [29], which allow for the stabilisation of all

the moduli while generating a non supersymmetric AdS minimum at exponentially

large volumes.

As described in Section 2.4.5, the combined effects of α′3 corrections to K and instan-

tonic corrections to W allow for the stabilisation of the Kähler moduli describing the

geometry of the compact extra-dimensional manifold. Recall that for the simplest

geometries, the so called Swiss cheese manifolds, the volume is expressed in terms of

the Kähler moduli as

V = τ
3/2
b − τ 3/2s . (4.1)

Assuming that the 4-cycle τs supports an ED3 brane or a stack of D7-branes that

undergo gaugino condensation, the scalar potential for the large volume models can

be computed by taking the Kähler potential and the superpotential, Eqs. (2.94) and

(2.95). One can choose to stabilise the axio-dilaton and the complex structure moduli

in a SUSY preserving way, DW = 0, by turning on fluxes in the extra dimensions.

This will cause their contribution to the scalar potential to vanish. For the two moduli

model we are considering the scalar potential can be written as:

V = C1

√
τse

−2aτs

V − C2
τse

−aτs

V2
+
C3

V3
, (4.2)
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where

C1 =
8

3
λa2|A|2, C2 = 4|AW |a, C3 =

3

4

|W |2ξ
g
3/2
s

. (4.3)

The large volume AdS minimum of the potential is located at

τ 3/2s =
λξ

2g
3/2
s

(
1− 1

2aτs

)
, (4.4)

V =
3|W |√τseaτs

λa|A|

(
1− 3

4aτs

)
. (4.5)

4.1.1 Moduli spectrum

We have shown in Section 2.4.5 (see also Appendix A.1) that in the large volume

minimum the small modulus is much heavier than the large modulus:

ms ≈
MP

V ≫ mb ≈
MP

V3/2
. (4.6)

One can therefore consider that it decouples from the theory and take τb to be the

only dynamical variable in the problem. This corresponds to using Eqs. (4.4) and

(4.5) to eliminate τs dependence. We will later apply this to the scalar potential, Eq.

(4.2), but first let us formulate the problem in terms of canonically normalised fields.

4.1.2 Canonical normalisation of the volume modulus

As discussed in the previous Section, the moduli associated with the volume of the

‘small’ four cycle gets, through moduli stabilisation, a very large mass and can there-

fore be integrated out. What remains is the theory of a single scalar field. The kinetic

part of the Lagrangian is 1

LK = Gbb̄∂µTb∂
µTb̄ =

3

4τ 2b
∂µτb∂

µτb. (4.7)

For convenience we will work with the canonically normalised field Φ, defined by

3

4τ 2b
∂µτb∂

µτb ≡
1

2
(∂Φ)2, (4.8)

so we find

Φ ≡
√

3

2
ln τb =

√
2

3
lnV. (4.9)

Using Eqs. (4.5) and (4.9) it is possible to rewrite the potential, Eq. (4.2), as

V = (1− αΦ3/2)e−
√

27
2
Φ, (4.10)

1recall that Gij̄ =
∂2

∂Ti∂Tj̄
K and Ti = τi + ibi
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where α is a constant and we have ignored factors of order unity2. In Fig. 4.1 we

plot the potential for the canonically normalised volume modulus, Eq. (4.10), which

exhibits the characteristic AdS minimum at exponentially large volume. In order to
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Figure 4.1: Potential (multiplied by 1015) for the canonically normalised volume
modulus for α = 0.05.

obtain a phenomenologically viable model, it is necessary to lift the AdS minimum

to dS or Minkowski, without spoiling the stabilisation of the Kähler moduli of the

theory. The procedure proposed in [28] is to add a D3 brane which generates a term

in the potential of the form:

VD3 ∝
1

V2
= e−

√
6Φ. (4.11)

The full potential then takes the form

V = (1− αΦ3/2)e−
√

27
2
Φ + ǫe−

√
6Φ. (4.12)

By tuning ǫ one can then find a dS or Minkowski minimum with all moduli stabilised.

The minimum will lie in the same region as the initial AdS as illustrated in Fig. 4.2.

4.2 Moduli/matter interaction

Our goal is to investigate the interaction between matter and moduli fields. In par-

ticular, we want to know whether very large energy densities can destabilise the

2Note this requires including the subleading terms when integrating out the heavy modulus.
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Figure 4.2: The full potential (multiplied by 1015) for the canonically normalised
volume modulus for α = 0.05.

moduli or create bubbles of different vacua, and if so what will be the observable

consequences.

Let us first enumerate some general features of this interaction. First, the volume

modulus couples to everything. This is primarily because it sets overall scales and

enters all dimensionful quantities. Secondly, the volume modulus is also the lightest

modulus in these Swiss cheese geometries. This implies that it is the most appropriate

field to consider the interactions of, as it should be easiest to destabilise. Finally, in

order to try and destabilise the field we want the densest possible regions in order to

have maximal effect on the potential.

Natural candidates to consider are neutron stars. These are very dense, gravita-

tionally bound systems made up mostly of neutrons. We start by noting that the

energy density of a neutron star is:

ρNS ≈ Λ4
QCD. (4.13)

Due to gauge coupling running this term will be moduli dependent and therefore it

will contribute to the moduli potential, Eq. (4.12). Let us briefly illustrate how this

occurs. Recall that the QCD β−function is

β(g(µ)) = − 9

16π2
g(µ)3, (4.14)

73



where as usual β(g(µ)) ≡ µ dg
dµ
. Substituting the definition of the β−function into Eq.

(4.14) and integrating one finds that

ln(µ′/µ′′) = −8π2

9

(
1

g2(µ′)
− 1

g2(µ′′)

)
, (4.15)

and setting g(µ′) → ∞, µ′ ≡ ΛQCD yields

ΛQCD = µ′′e
− 8π2

9g2(µ′′) . (4.16)

Assuming that the coupling starts to run from the string scale Ms, we set

µ′′ =Ms =
MP√
V
, (4.17)

g2(µ′′) = g2YM , (4.18)

Here gYM is the QCD coupling at the string scale. In the context of the large volume

models with Swiss-cheese geometry, the Standard Model comes from branes wrapping

one of the small cycles, therefore gYM evaluated at the string scale, is set by the size

of these smaller cycles and so has no direct dependence on the overall volume V. The
moduli controlling the size of these smaller cycles are heavier than the overall volume

modulus and were integrated out in obtaining the effective one-modulus potential

(4.12).

It follows from Eqs. (4.17) and (4.18) that

ΛQCD =
MP√
V
e
− 8π2

9g2
Y M . (4.19)

The crucial fact to note here is that the volume dependence comes from assuming

that the coupling starts to run from the string scale. The physics of this is simply

that the QCD scale is a function of the scale from which the coupling starts running.

However in string theory with a canonical gravitational action the string scale is itself

a function of the moduli, and so the QCD scale itself is a function of the moduli.3

This allows us to add an extra term to the moduli potential, coming from the

interaction with matter

Λ4
QCD ∝

(
1√
V

)4

= e−
√
6Φ. (4.20)

The full potential then becomes

V = (1− αΦ3/2)e−
√

27
2
Φ + ǫe−

√
6Φ + ρ0e

−
√
6Φ, (4.21)

3This is an advantage of focusing on the volume modulus, as this behaviour is model independent.
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where we take

ρ0 ∝ Λ4
QCDe

√
6Φ0. (4.22)

At this point we must note that the assumption that the gauge coupling starts to

run from the string scale can be relaxed. For example, in local models it is not the

string scale but instead the winding scale from which couplings start running [65].

One can then take µ′′ ∝ V−n, which implies ΛQCD ∝ exp(−
√

−3n2

2
Φ), and therefore

the term in the potential that parametrises the interaction with matter becomes

Λ4
QCD ∝ e−

√
24n2Φ. (4.23)

Some potentially interesting cases include the Kaluza-Klein scale, MKK = MP/V2/3

and the Unification scale MGUT = MP/V1/3. Throughout the rest of this Chapter

we will study the case where the couplings start to run from the string scale. The

results from Kaluza-Klein our GUT scale running will be essentially the same with

the feature that the larger the n, the smaller the modulus vev shift and the denser

the environment required to destabilise the modulus form its vacuum vev.

The above computation explicitly shows the simplest possible way in which 4-

dimensional energy densities depend on the moduli. However Eq. (4.23) is just an

example of a more general underlying principle, namely that in a string theory context

all masses, couplings and energy densities depend on vacuum expectation values of

moduli fields and thus generate new terms in the moduli potential. This dependence

may be complicated in general. However it must respect the property that as V → ∞,

Ms/MP → 0 and so all dimensionful energy scales E in the 4d theory also satisfy

E/MP → 0.

In the interest of having a well-defined model, we will assume throughout that

the coupling to matter has the form derived above and the potential for the modulus

field is given by Eq. (4.21).

4.3 Analysis of the volume modulus potential

In this Section we analyse the potential for the volume modulus, Eq. (4.21), inves-

tigating how the matter contribution can distort the potential and potentially lead

to runaway. This will happen in the region of moduli space where the local energy

density is comparable to the combination of the large volume potential plus uplifting

term. For a fixed matter energy density, it is possible to achieve this by tuning the α
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parameter in the potential, which is related to the Euler number of the extradimen-

sional manifold.4 For fixed α, the same effect occurs as the matter energy density is

increased.

This potential tuning process is not completely free. One important constraint

to this analysis comes from fifth force experiments. These limit the range of allowed

masses for the volume modulus. For gravitational strength fifth force, the modulus

mass must lie outside the range [10−17, 10−3] eV (see e.g. [11]). We will first analyse

the case where the local source is a neutron star and then perform a more generic

analysis.

4.3.1 Neutron stars

We now examine the possibility of shifting the moduli vevs in a neutron star. We

start by analysing the case where moduli physics is Planck coupled and then relax

this assumption, treating the coupling as an extra free parameter.

We can approximate the potential in the vicinity of the minimum as

V (Φ) = m2(Φ− Φ0)
2 + Λ4

QCDe
−(Φ−Φ0)/MX , (4.24)

where m is the mass of the field Φ. Here MX = λMP gives the coupling strength of

the modulus - if λ ∼ O(1) then the modulus is Planck coupled, whereas if λ ≪ 1

then the modulus-matter coupling is stronger than gravitational. Φ0 is the vacuum

expectation value of the modulus.

From this we see that the shift in the modulus away from its vacuum value Φ0 is

given by

(Φ− Φ0) ≃
Λ4
QCD

2m2MX

. (4.25)

Recalling that in string compactifications the high energy couplings are directly re-

lated to the vevs of moduli fields, one observes that the fractional shift in a dimen-

sionless coupling is of order

(Φ− Φ0)

MX
≃ Λ4

QCD

2m2M2
X

. (4.26)

These expressions are valid for small shifts in the modulus vev: for larger shifts, the

global structure of the potential will become relevant.

4This modifies the gravitino mass and gravity-mediated SUSY breaking scale in the theory.
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4.3.1.1 Planck coupled moduli

In general we expect moduli to be Planck-coupled, and this is true for the volume

modulus in the large volume models. Since Λ4
QCD ≈ 10−80M4

P , in order to get the

minimum inside the compact object to differ from the one outside we are required to

work at very large Φ where the local energy density effects become comparable to the

background potential. This in itself does not pose any problem. However the mass

of the modulus is given by Eq. (4.6) and is also determined by Φ. For MX ∼ MP

we see from Eq. (4.26) that an O(1) shift in couplings (equivalently an O(MP ) shift

in the modulus vev) requires a modulus mass of m ∼ 10−11eV (this corresponds to

α ≈ 3.1 × 10−3 and Φ ≈ 48). However this mass value falls within the range that

is excluded by fifth force experiments and in the context of the large volume models

would also require a string scale of around 10keV, which is manifestly excluded.

4.3.1.2 Strongly coupled moduli

In a more phenomenological approach one might consider allowing the coupling

strength MX to be a free parameter rather than tying it to the Planck scale MP ,

even though in the model considered the volume modulus with the specific poten-

tial, Eq. (4.12), is necessarily Planck coupled. Moduli in string models can certainly

be coupled much more strongly than MP (in the large volume models the blow-up

moduli have matter couplings suppressed by Ms for example).

In this case we require the modulus mass not to be smaller than 10−2 eV and

require an O(1) shift in a coupling. Depending on the precise value of the modulus

mass, a numerical analysis now reveals that the interesting range for MX is between

107 and 1010 GeV, consistent with the estimates of Eq. (4.26). Such strongly coupled

moduli are in principle obtainable for models with low string scales. However this does

not really help us, as we expect light moduli with masses m . 1eV and couplings only

suppressed by MX ∼ 109GeV to be excluded by bounds on the cooling of SN1987A

by emission of exotic light particles.5

4.3.2 Cosmic strings and other very dense objects

We now put neutron stars to one side and consider the typical density that would

be required in order to cause Planckian displacements of moduli. We stress that we

5The cooling of SN1987A excludes axion decay constants fa . 1010 GeV - see for example [75].
The precise numbers entering the bound do depend on the pseudoscalar nature of the axion coupling,
and so would be modified for emission of a modulus, but we do not expect the order of magnitude
of the bound to change.
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Figure 4.3: Modulus mass as a func-
tion of the α parameter for, from left
to right, Mx = 1010, 109, 108, 107GeV.
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Figure 4.4: Normalised ∆φ as a func-
tion of the α parameter for, from left
to right, Mx = 1010, 109, 108, 107GeV.

here keep the requirement that moduli physics is Planck coupled, as expected from

string theory. We again aim to find the region of parameter space which allows for

the shift of moduli vevs while remaining compatible with constraints from fifth-force

experiments.

The fundamental reason why neutron star energy densities could not destabilize

Planck coupled moduli is due to the hierarchy
(

ΛQCD

MP

)2
≈ 10−40 in Eq. (4.26). It is

therefore clear that we would need objects of higher energy density.

In what follows we perform a numerical scan for objects of energy densities ρ ∈
[10−60, 10−38]M4

P . The results of the numerical study are shown in Figs. 4.5 and 4.6.

We require an O(0.1) fractional displacement of the moduli from its vacuum value in

a dense background. We plot in Fig. 4.5 the vacuum mass of the modulus for which

this can be attained, for several different values of the background density. One sees

that as the local perturbation becomes less dense, the region of parameter space where

a deviation of order 1% in the modulus vev is attained corresponds to a region where

the mass for this modulus is smaller. Keeping in mind that the fifth force lower limit

for the mass is around 10−2 eV we conclude that the minimum energy density of an

object capable of generating regions of different vacuum while still being compatible

with fifth force constraints is ρ ≈ 10−60M4
P . Figure 4.6 shows the fractional shift in

the modulus vev for various energy densities.

Having performed this generic analysis we should now consider where such densi-

ties could come from. We first note that any such object has to be extremely dense,
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a function of the α parame-
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10−60, 10−55, 10−50, 10−45, 10−44, 10−42,
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about 20 orders of magnitude denser than neutron stars. For static objects a couple

of possibilities present themselves. First, there are GUT cosmic strings. These topo-

logical defects are remnants of the GUT breaking which may have happened early in

the history of the universe. Their mass per unit length µ is related to the scale of

the breaking of the symmetry that generates them σ by µ ∝ σ2. In the case of GUT

strings, σ ≈ 1016 GeV and therefore µ ≈ 1032 GeV2. For cosmological purposes the

strings are taken to be one dimensional objects, since they have to be either closed

(unstable) or infinite. This is a simplification and from the theoretical point of view

they are expected to have a finite radius of the order of the correlation length of the

field that spontaneously breaks the GUT.

Secondly, one could imagine dark sector analogues of neutron stars - compact

bound objects held together by degeneracy pressure in the same way as neutron stars

are, in the case that there existed a dark analogue of QCD with a confinement scale

Λdark & 1 TeV. To avoid black hole formation such objects would need to be highly

compact with rather small radii.

However these are rather speculative ideas and there is no strong reason to think

either of these two objects exist. One case which does exist and where highly energy-

dense regions are expected is that of singularities arising either cosmologically or

through black hole formation. This will be analysed in the next Sections.
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4.3.3 Cosmological singularities

The fact that near cosmological singularities energy densities may be arbitrarily high

makes them good candidates for the study of a coupled modulus/matter system. This

means that not only is it possible to destabilise the minimum for the moduli potential

but also that decompactification might be possible.

The model we consider is that of a closed, matter dominated FRW universe. The

overall spacetime structure is R+×S3×CY 6. As before we assume that the matter is

dusty and baryon-like, with a mass depending on the volume modulus as in Eq. (4.19)

(where ΛQCD can be replaced by any explicit mass scale). We take the modulus scalar

field potential to be given as before by the large volume potential plus the uplifting

term. We assume the volume modulus is initially at the minimum and unexcited,

so that ΩΦ,init ≡ (ρΦ/ρtot)init = 0 while Ωmatter,init = 1. The matter-moduli coupling

follows from the assumption that the mass of the dust particles is moduli dependent,

as in Eq. (4.19), and that their total number is conserved. The energy density is then

moduli dependent and takes the form:

ρ(a,Φ) =
ρ0
a3
e−

√
6(Φ−Φ0). (4.27)

The evolution of the system is determined, as usual, by the Friedmann equation

(
ȧ

a

)2

=
1

3

(
Φ̇2

2
+ V (Φ) + ρ(a, φ)

)
− κ

a2
, (4.28)

and the Klein-Gordon equation for a homogeneous and isotropic field

Φ̈ = 3
ȧ

a
Φ̇ + (V (a,Φ) + ρ(a,Φ)),Φ. (4.29)

To study the coupled modulus-matter dynamics we solve the equations of motion

numerically using a modified version of [76]. As expected, the initial evolution of

this universe is the same as a regular closed matter dominated universe: the scale

factor grows to a maximum before the universe starts collapsing, with the scale factor

shrinking to zero. This behaviour is shown in Fig. 4.8. During most of the collapse,

the system will not show any departure from the behaviour of a closed, matter domi-

nated FRW universe. It is only when the scale factor becomes sufficiently small (let’s

call it a), that the term in Eq. (4.27) will become large enough to modify the structure

of the modulus potential, Eq. (4.21), and play a significant role in the evolution of

the field. This happens, to first order, when the matter contribution to the potential

at the minimum is comparable to the potential plus matter at the maximum, i.e.

V (Φ) + ρ(a,Φ)|min0 = V (Φ) + ρ(a,Φ)|max0 . (4.30)
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Note that min0 and max0 denote the minimum and maximum of the large volume

plus uplifting potential (which differ from the extrema of the full potential). One can

get an semi analytical estimate for a, by solving Eq. (4.30), finding

a =

(
ρ0

V (Φmax0)
(e−

√
6Φmin0 − e−

√
6Φmax0 )

)1/3

. (4.31)

This estimate can be refined by expanding ac = a + δa and solving the condition

V (Φ) + ρ(a = δa,Φ)|min = V (Φ) + ρ(a + δa,Φ)|max, (4.32)

where min and max denote the position of the minimum and the maximum of the

full potential, i.e. including matter contribution, when a = a. Solving Eq.(4.32) one

finds

ac ≡ a+ δa =

(
ρ0

V (Φmax)− V (Φmin)
(e−

√
6Φmin − e−

√
6Φmax)

)1/3

, (4.33)

which is in good agreement with numerical estimates.

As the scale factor approaches ac, the modulus expectation value begins to shift

and the barrier to decompactification decreases. After a short period of evolution,

the term (4.27) becomes the dominant term in the potential and there is no obstacle

to prevent the field Φ from rolling towards infinity. The evolution of Φ is shown in

Fig. 4.8 and we see the sharp increase in Φ beyond a critical time. This final stage

of the evolution sees a rapid runaway of Φ to infinity while the scale factor continues

to shrink to zero. The energy density of the universe will quickly be dominated by

the kinetic energy of the volume modulus, with the dust and potential contributions

becoming negligible. The evolution of the system is depicted in Figs. 4.7, 4.8.

In this last region it is possible to solve the equations of motion analytically. The

equations of motion are

d

dt

(
a3Φ̇

)
= −a3

(
∂V

∂Φ

)
, (4.34)

d

dt
H = −Φ̇2

2
+
κ

a2
. (4.35)

Once Φ starts to runaway, the potential vanishes exponentially fast and ceases to be a

significant contribution. In this asymptotic regime we can then solve these equations

by

Φ(t) = Φ0 −
√

2

3
ln (t0 − t) ,

a(t) =

(
3

2

)1/6

(t0 − t)1/3. (4.36)
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dominated FRW universe.

From the solution we see that we can self-consistently neglect the curvature term in

Eq. (4.35) for t0−t
t

≪ 1. We can relate the canonically normalised field Φ(t) to the

volume of the compact space using Eq. (4.9), to find that the compact volume V
evolves as

V =
V0

t0 − t
, (4.37)

and so diverges as t→ t0.

In the limit as t→ t0 this therefore describes a universe where

1. The 4-dimensional scale factor shrinks to zero size as (t0 − t)1/3.

2. The volume of the six compact dimensions is first destabilised before diverging

as (t0 − t)−1.

3. There is a singularity at t = t0, at which the 4-dimensional scale factor is

formally zero and the 6-dimensional volume is formally infinite.

This represents a universe in which three spatial dimensions collapse and the extra

six dimensions expand and reach infinite volume in finite time.

Let us consider the validity of a 4-dimensional effective field theory treatment.

From the solution for Φ(t) in Eq. (4.36) it is clear that the (kinetic) energy density

of the Φ field diverges in finite time,

ρΦ =
1

2
Φ̇2 =

1

3(t0 − t)2
. (4.38)
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Furthermore as decompactification occurs and the extradimensional volume increases,

the 4-dimensional string scale decreases.

M4
s,4d =

M4
P

V2
=M4

P (t0 − t)2e−
√
6Φ0. (4.39)

Consequently, independent of initial conditions, as t → t0 the system will evolve to

a state where the kinetic energy density in the field Φ is greater than the apparent

cutoff of a 4d effective field theory.

Fortunately it is easy to understand what is happening from a higher dimensional

perspective. Once the field Φ gets over its decompactification barrier, its potential

soon becomes negligible - we can see in Fig. 4.7 how the kinetic energy of Φ is the

dominant contributor to the energy density. Although we have written the problem

in the language of 4-dimensional effective field theory, Φ is originally the volume

modulus of the extra dimensions. Neglecting the potential energy, the system is then

fundamentally that of 10-dimensional general relativity. The above solution then

corresponds to a Kasner solution dimensionally reduced to 4 dimensions.

It is not immediately clear that the above numbers are consistent with a Kasner

solution. Recall that the Kasner solution is

ds2 = −dt2 +
∑

i

t2pidx2i , (4.40)

with
∑
pi = 1 and

∑
p2i = 1. For a 1 + 3 + 6 dimensional Kasner solution, the

allowed exponents are (using p3 to denote the 3-dimensional growth and p6 for the

six-dimensional growth)

p3 = −1

3
, p6 =

1

3
, p3 =

5

9
, p6 = −1

9
. (4.41)

It is clear that the evolution of the scale factor in (4.36) and the volume in (4.37)

do not fit these conditions. However, note that the metrics are different: the metric

used in the Kasner solution (4.40) is the 10-dimensional string frame metric, whereas

the 4-dimensional metric for which Eqs. (4.36) and (4.37) applies is a dimensionally

reduced metric that is related to the 10-dimensional metric by factors of the internal

volume. It is then expected that the 4-dimensional scale factor does not have the

Kasner exponent appropriate for a 10-dimensional (1+3+6) solution.

There is one striking feature about this behaviour. The initial conditions (a closed

matter-dominated FRW universe) were unexceptional. However these conditions un-

avoidably evolve to give dynamic super-inflationary behaviour of the compact di-

mensions, which in theory reach infinite volume in finite time. Furthermore, this
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behaviour commences in the region controlled by effective field theory, where a 4d

description is valid. In practice, the evolution of a Kasner solution should break down

as the contracting dimensions approach the 10d string scale, regulating the infinity.

This super-inflationary behaviour cannot be prevented - growth in the 4d energy den-

sity is a necessary consequence of a spacetime crunch - and this energy density must

always eventually overcome the barrier to decompactification.

As formulated the dynamics have started with 3 large and 6 compact dimensions,

ending with 6 large and 3 compact dimensions. However the physics is such that

there is no reason not to reverse the process, and imagine starting with 6 large and

3 compact dimensions and ending with 6 compact and 3 large dimensions. In effect

the universe bounces within effective field theory, which is achieved by the bounce

occurring in different dimensions to the collapse: the collapse of certain dimensions

triggers the expansion of others. This physics has some similarities to pre-Big Bang

cosmology [77–79]. This was formulated using the heterotic dilaton and the O(d, d)

symmetries of toroidal compactification. It would be interesting to make the con-

nections more precise and see whether this super-inflationary growth of the compact

dimensions is able to mimic some of the physics of conventional inflation.

4.3.4 A static solution

In this Section we study spherically symmetric configurations and analyse the re-

sulting modulus profile. The models considered here are similar to the ‘dark stars’

mentioned in Section 4.3.2: we look for stable solutions of matter coupled to a mod-

ulus field, protected against gravitational collapse. In Section 4.3.5 we will allow for

dynamical evolution of the profile and study gravitational collapse of dust balls.

Consider a spherical ball of dust of radius R. The dust has energy density ρ but

is pressureless (p = 0). Let the line element inside the dust ball be curved FRW:

ds2 = −dt2 + a2
(

dr2

1− κr2
+ r2(dθ2 + sin2 θdφ2)

)
, (4.42)

where a is the scale factor and κ is the spacial curvature. By Birkoff’s theorem, the

spacetime for r > R is the Schwarzschild solution:

ds2 = −
(
1− 2M

r

)
dt2 +

dr2

1− 2M
r

+ r2(dθ2 + sin2 θdφ2), (4.43)

where M is the total mass in the region r < R.
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For arbitrary values of ρ and p, the equations of motion for the scale factor a(t)

in Eq. (4.42) are:

ä

a
= −(ρ+ 3p), (4.44)

(
ȧ

a

)2

=
ρ

3
− κ

a2
. (4.45)

One can find a static solution (ȧ = ä = 0) of Eqs. (4.44), (4.45) by taking

κ = ρ/3, (4.46)

ρ = −3p, (4.47)

where we have set a = 1. This is the Einstein Static Universe.

In the spirit of the previous Sections, let the mass of the dust particles be a

function of the modulus field φ. The dust energy density is therefore given by:

ρdust = ρ0e
−
√
6φ, (4.48)

which represents a source for the volume modulus potential in the region r < R. The

dust has zero pressure but there is a pressure contribution from the vacuum energy

of the modulus field as it is displaced from its minimum.

The simplest modulus profile compatible with the equations of motion is obtained

by considering three distinct regions. The first region is r < R, in which the field is

at the minimum of the effective potential Veff = Vφ + ρdust. For r > R + 1/mφ the

field is at its vacuum minimum. In the transition region R < r < R+ 1/mφ the field

interpolates smoothly between the two distinct minima.

The volume modulus profile described above implies that inside the dust ball,

ρ = ρdust + Vφ, (4.49)

p = −Vφ, (4.50)

where these are evaluated at the minimum of the combined potential Vdust + Vφ.

Although there is no pressure from the dust, the displacement of scalar fields from

the minimum leads to a contribution to vacuum energy. One then finds that Eqs.

(4.46) and (4.47) become

κ =
ρdust + Vφ

3
, (4.51)

ρdust − 2Vφ = 0. (4.52)
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Since one can treat the spatial curvature as a free parameter, the condition for exis-

tence of a static solution for the region r < R reduces to Eq. (4.52). As long as the

combined potential V = Vdust + Vφ exhibits a minimum where Vdust = 2Vφ, then a

static solution will exist. There are two possibilities of tuning the system to generate

a solution to Eq. (4.52): one may either tune the dust density ρ0 or the parameter

α in the large volume potential. There is then effectively a 1-parameter set of solu-

tions parametrised by the density of the interior. There are various constraints on

this set, for example by limits on the volume modulus mass coming from fifth force

experiments, as discussed in Section 4.3.

In Table 4.1 we display four different static solutions. These were obtained by

fixing α and then tuning the density ρ. It is interesting to study the properties of the

dust distribution that sources the nontrivial volume modulus profile, in particular its

mass and radius. Given that the density is uniform and fixed by Eq. (4.52), the mass

will be given by M = 4π
3
ρR3, where R is the radius of the spherical dust distribution.

One may write the radius in terms of the Schwarzschild radius as R = ξRsch, where

ξ > 1. Since, by definition, Rsch = 2GM one finds

Rsch =

√
3

8πGρξ3
, (4.53)

this implies that

R =

√
3

8πGρξ
. (4.54)

One then concludes that the properties of the dust ball are completely determined

by ξ since ρ is fixed by requiring a static solution. Note that the smaller ξ the larger

the star’s radius and mass. In Table 4.1 we display the radii and masses for the four

cases under study considering ξ = 1.1.

α mΦ(Mp) ρ(M4
p ) R(M−1

p ) M(Mp)

0.05 1.42× 10−7 5.39278× 10−7 449 204
0.01 4.45× 10−19 5.36521× 10−15 4.49× 106 2× 106

0.005 2.80× 10−29 6.288865× 10−22 1.3× 1010 6× 109

0.001 5.16× 10−82 2.15993× 10−57 7× 1027 3× 1027

Table 4.1: Mass of the canonically normalised volume modulus, density, radius and
total mass of the dust sphere, as functions of the α parameter in the large volume
potential. Radius and total mass computed assuming ξ = 1.1.

The numerical results in Table 4.1 reveal that there is a very large hierarchy

both in radius and mass between the various cases studied here. This exemplifies
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the issue raised in Section 4.3.2: for masses of Φ greater than that allowed by fifth

force constrains, namely mΦ & 10−30MP , the size of such objects is extremely small

(R . 10−23cm). The corresponding mass is M . 1kg. While they could in principle

form part of dark matter, it is hard to see how interesting physics can be extracted

from them. The local density of dark matter objects with kg masses is not larger

than 10−21m−3 and so objects would be both unobservable and undetectable.

4.3.5 A dynamic solution: black hole formation

In this Section we generalise the previous analysis to allow for dynamical evolution

of the system. While Section 4.3.4 was restricted to static solutions, here we look

for collapsing solutions of the coupled matter-modulus system. If one lets the grav-

itational collapse last for long enough, the final state will be a Schwarzschild black

hole. However before one reaches the singularity, the local density becomes arbitrarily

large, which could be sufficient to destabilise the modulus.

Here our initial conditions are a large, dilute dust ball which we allow to collapse

towards a black hole. As before we assume that the spacetime is given by a curved

FRW universe smoothly connected at the surface of the dust sphere (r = R) to

a Schwarzschild solution. In contrast to Section 4.3.4, we now use the Friedmann

equation to obtain dynamical solutions of the scale factor and of the energy density

for r < R.

The profile for the volume modulus is obtained by considering:

φ =





φ̈+ 3 ȧ
a
φ̇+ V,φ = 0 , r ∈ [0, R]

(1− 2M/r)φ′′ + (2
r
(1 + 2M/r) + 2M/r2)φ′ − V,φ = 0 , r ∈ [R,R +m−1

φ ]

φ∞ , r ∈ [R +m−1
φ ,∞]

(4.55)

where ′ ≡ ∂
∂r
, ˙≡ ∂

∂t
, M is the mass sourcing the Schwarzschild geometry and φ∞ is

the value of the field in the minimum of its vacuum potential.

The time dependence of the system arises in two different ways. Inside the dust

distribution one has a homogeneous and isotropic positively curved universe, which

is in general dynamic. This causes the scale factor and the volume modulus to be

functions of time. For r > R we assume that the time dependence comes only from

the time variation of the radius of the dust ball (which can be traced to the time

variation of the scale factor). In particular, we assume that the scalar field profile

adjusts instantaneously to the change in dust density, i.e. that the characteristic

time scale of the gravitational collapse is much larger than the typical timescale of

the variation of the scalar field.

87



One must clarify what is meant by M in Eq. (4.55). Naively one would expect

the mass of the dust ball to be given by the volume integral of the dust energy

density. However there are also non negligible contributions from the potential and

kinetic energies of the volume modulus. These are, for most of the evolution of the

system, one order of magnitude smaller than the dust contribution but become more

significant as the system evolves. Taking this effect into consideration, the mass

sourcing the Schwarzschild geometry is

M =

∫
d3x

√
g
(
ρdust + ρV (φ) + ρK(φ)

)
. (4.56)

In Fig. 4.9 we compare Eq. (4.56) with the naive estimate. The deviation between

4.0´1084.2´1084.4´1084.6´1084.8´108

1.0´107

1.5´107

2.0´107

2.5´107

3.0´107

t

R

Figure 4.9: Comparison between the naive estimate for 2M (dashed line) and the
result of Eq. (4.33) (solid line). The shaded area represents the region where the field
varies between the value inside the dust ball and the vacuum minimum.

the two estimates is negligible throughout most of the evolution but increases with

time, diverging at the end. This divergence is due to the fact that when the density

reaches a critical value, the volume modulus potential no longer exhibits a minimum

and decompactification happens. This means that the modulus starts to roll and its

kinetic energy dominates the energy density inside the dust ball, in a similar way to

the behaviour described in Section 4.3.3 for cosmological singularities.

The time evolution of the system is depicted in Fig. 4.10. We start with a

spherical distribution of radius r > 2M , regime I. In this regime the whole transition
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region (shaded area) is outside the horizon and the deviation of the volume modulus

from its vacuum minimum could in principle be observable. As the gravitational

collapse evolves a black hole will form and subsequently the transition region will

start to fall inside the horizon, this is regime II. In this regime, it is still in principle

possible to observe the consequences of the matter modulus interaction since part of

the transition region lies outside the horizon. When the whole of the transition region

is veiled by the horizon, regime III, an observer sitting outside the black hole will not

be able to measure the nontrivial profile of the volume modulus.

IIIIII

Figure 4.10: Sketch of the black hole formation process. The dashed line depicts the
Schwarzschild horizon and the shaded area depicts the region R < r < R + 1/mφ

where the field rolls between its value inside and outside the dust ball.

The time evolution of the volume modulus profile in regime I is shown in Fig.

4.11. As the system collapses and the density increases, the volume modulus vev

inside the dust ball increases and the transition region where the field is allowed to

vary moves to the smaller radius region. The evolution of the field profile in regimes

II and III is qualitatively similar to the one just described.6

4.4 Discussion

The purpose of this Chapter has been to consider the interaction of moduli and matter

fields, and specifically to analyse the circumstances under which moduli fields can be

destabilised from their vevs by dense concentrations of matter. We have described

the origin of moduli/matter couplings and the assumed form of the moduli potential.

We have tried to consider ‘honest’ values for parameters such as coupling strengths

6In regime II one must impose finiteness and continuity of the solution at the horizon
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Figure 4.11: Time evolution of the volume modulus profile in regime I.

and moduli masses, enforcing the consistency constraints that emerge from string

compactifications.

Our results have both negative and positive elements. On the negative side, it

is not feasible to destabilise moduli through even the densest astrophysical environ-

ments. We considered neutron stars as the densest known form of matter, and found

that Planck coupled moduli could only be destabilised if their masses were deep in

the region excluded by fifth force constraints. If the coupling is relaxed from Planck

strength, then the values of the coupling for which destabilisation is possible are ex-

cluded by the stellar cooling constraints that require fa < 109GeV. This only leaves

very exotic cases such as cosmic strings and hypothetical dark analogues of neutron

stars.

On the positive side, our results show that the modulus/matter coupling will play

a significant role in gravitational collapse. The cosmological collapse of a matter-

dominated FRW universe was shown to lead to a super-inflationary decompactifica-

tion of the internal dimensions as the volume modulus is destabilised. This super-

inflationary decompactification leads to the internal dimensions reaching infinite vol-

ume at the same time as the external scale factor vanishes. It would be interesting to

see whether this super-inflationary decompactification can mimic some of the features

of conventional inflation. In a similar vein we also saw that the process of black hole

formation will lead to decompactification during the period of collapse.
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Chapter 5

A Model of Inflation

This Chapter is based on the paper [14].

It is now 30 years since cosmic inflation was proposed to solve outstanding prob-

lems of the standard cosmological model by postulating a period of exponential ex-

pansion in the early Universe [80–82].

Since the proposal of the original ideas, a plethora of inflationary models was put

forward, among which we find the class of slow-roll inflationary models. At their heart

is a slowly evolving field in a nearly flat potential that generates a quasi-de Sitter phase

in the early history of the Universe. Due to its simplicity, the slow roll mechanism

is among the preferred ways to generate an inflationary epoch. While as a class

of models, slow roll provides a successful and elegant realisation of inflation, pinning

down the details of the mechanism is a challenging question. In particular, identifying

the inflaton field, and its connections with a fundamental theory of particle physics,

are still issues open to debate. The best that can be done is to propose and analyse

models that are compatible with current observational and experimental bounds, and

compute their signatures so that they can be tested by forthcoming observations.

The very shallow inflaton potential yields a scalar mass lighter than the Hubble

scale H , mφ ≪ H . As in the Higgs case, it is notoriously hard to keep scalars light by

preventing them from getting large contributions when integrating out heavy ultra-

violet physics. This is the famous ‘η-problem’ [83] whose solution is crucial in order

to trust any inflationary scenario. Due to this ultra-violet sensitivity of inflation, it

is possible to find a robust solution to the η-problem only by embedding models in

an ultra-violet complete theory.

For these reasons, a promising avenue to embed inflation into a model of particle

physics is string theory (for reviews see [41,84–87]). A key feature of string theory is

the need for extra spacetime dimensions whose geometry is parameterised by scalar
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moduli fields. It is the vacuum structure of the moduli potential that determines

the masses and couplings of the low-energy effective field theory. Over the past

decade, significant progress has been made towards the understanding of the moduli

potential [28,33], allowing for a promising contact between string theory and particle

phenomenology. The progress in moduli stabilisation also opened up the possibility

of realising inflation in the moduli sector. String inflationary models based on single-

field slow-roll can be broadly classified, based on the origin of the inflaton field [88,89],

into open string models [90–101] and closed string models [102–115].

For closed string inflation there is a direct connection between the physics that

stabilises the extra dimensions and inflation. Of particular interest for string phe-

nomenology and inflationary applications is the Large Volume Scenario (LVS) of

type IIB string theory [33] that through a combination of perturbative and non-

perturbative effects allows for solutions with exponentially large volumes. In the

context of the LVS, inflation can be driven by Kähler moduli rolling towards their

minima.

As recently reviewed in [41], these models provide an interesting solution to the

η-problem which does not rely on an axionic shift symmetry [116]. The two reasons

why these models can evade the η-problem can be summarised in the following way:

1. The characteristic no-scale structure of the Kähler potential of type IIB super-

gravity is broken at leading order by α′ effects which develop a potential only

for the overall volume mode. Thus all the other (h1,1 − 1) directions in the

Kähler moduli space orthogonal to the volume are flat at leading order, and so

constitute natural inflaton candidates. The ‘extended no-scale structure’ guar-

antees that string loop effects generate only a subleading potential lifting some

of the remaining flat directions [27]. Hence any possible direction orthogonal to

the volume is a good inflaton candidate.

2. The tree-level Kähler potential K itself depends only on the overall volume.

Therefore, if the inflaton is a combination of the Kähler moduli orthogonal

to the volume mode (or equivalently if inflation takes place with the volume

kept stable), no higher order inflaton-dependent operator gets generated by

expanding the prefactor eK of the F-terms scalar potential. Given that gs

corrections to K generically induce a dependence on all the Kähler moduli,

inflaton-dependent higher order operators get indeed generated by expanding

eK once we consider the gs-corrected Kähler potential. However, again due to
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the ‘extended no-scale structure’, these operators are suppressed with respect

to the leading inflationary dynamics.

Two possible effects to develop a potential for the inflaton field at subleading order

have already been proposed. In the first case, Kähler moduli inflation [104, 105], the

inflaton is a blow-up mode and its potential is generated by ordinary non-perturbative

corrections to the superpotential, while in the second case, fibre inflation [106], the

inflaton is a K3 divisor which develops a potential via perturbative string loop effects
1. In fibre inflation a long enough period of inflation can be achieved rather naturally.

On the other hand, in Kähler moduli inflation, a sufficiently long period of inflation

can be driven by the non-perturbative potential only by fine-tuning the coefficients of

the loop corrections, as pointed out in [106]. Notice that these gs corrections would

spoil inflation in the region rather close to the minimum where the non-perturbative

potential would give rise to slow-roll. On the other hand, in regions further away

from the minimum, due to the ‘extended no-scale structure’, these perturbative loop

corrections would actually drive inflation in a way very similar to [106].

In this Chapter we shall provide the first model where the whole inflationary

dynamics is driven entirely by non-perturbative effects since perturbative loop cor-

rections can be shown to be negligible for natural values of the underlying parameters.

The new key-ingredient is the use of poly-instanton corrections to the superpotential

which are instanton corrections to the action of another instanton originally derived

in type I compactifications in [118] and whose existence in type IIB compactifications

was recently established in [119].

Here the inflaton is the volume of the fibre which supports the poly-instanton

effects. The different topological origin of the inflaton between our model and the

one developed in [104,105] results in a different canonically normalised inflaton field.

This leads to a potential which in our case gives rise to slow-roll in a region much

closer to the minimum than in the model of [104, 105] even if in both cases the

inflationary potential is generated by non-perturbative effects. This is the reason

why in our model string loop corrections are less dangerous and can be shown to be

negligible throughout all the inflationary dynamics for natural values of the underlying

parameters.

The predictions of the model are rather independent on the choice of the mi-

croscopic parameters, as these influence mainly the scale of inflation but have little

1The authors of [112] tried to obtain inflation driven by the volume mode in order to solve the
tension between inflation and TeV-scale SUSY [117]. However, for the reasons explained above, this
model suffers from the η-problem, and so its realisation needs fine-tuning.
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effect on the shape of the potential. Our model is characterised by a reheating tem-

perature of the order Trh ≃ 106 GeV which requires Ne ≃ 54 e-foldings of inflation.

The requirement of generating the correct amount of density perturbations fixes the

Calabi-Yau volume of the order 103 in string units. This in turn leads to a high

inflationary scale, Minf ≃ 1015 GeV, corresponding to a small tensor-to-scalar ratio,

r ≃ 10−5, and a sub-Planckian motion of the inflaton field ∆φ ≃ 0.5Mp. We also

point out that the spectral index, ns ≃ 0.96, is within the observationally allowed

window.

This Chapter is organised as follows: in Section 5.1 we introduce fibered compact-

ifications that will be fundamental for the remainder of the Thesis. In Section 5.2

we first show how the poly-instanton corrections to the superpotential can generate

a potential for the fibre modulus, and then study its inflationary applications both

analytically and numerically in Section 5.3. In the same Section we also present a

detailed discussion of the η-problem stressing the similarities and the differences of

our model with the previous ones developed in [104,105] and [106], where the inflaton

was also a Kähler modulus. We summarise our results in Section 5.4.

5.1 Fibered compactifications

As described in the previous Chapters, the original proposal of the large volume

scenario was based on swiss-cheese manifolds, that is manifolds in which one single

Kähler modulus parametrises the volume of the bulk of the compactification. However

the procedure for moduli stabilisation through a combination of perturbative and

non-perturbative effects also holds for geometries more general than Swiss-cheese as

studied in [45]. Of particular interest to us are Calabi-Yau manifolds that admit a

K3 or T 4 fibration over a P
1 base. These manifolds are characterised by the fact that

their volume is linear in the two-cycle giving the volume of the P
1 base. Explicit

examples of this kind of Calabi-Yau three-folds with additional del Pezzo divisors

have been analysed in [120] using toric geometry. Here we shall just focus on the

simplest of such manifolds whose volume takes the form:

V = λ1t1t
2
2 − λ2t

3
3 , (5.1)

where t1 is the volume of the P
1 base, τ1 = λ1t

2
2 is the size of the K3 or T 4 fibre, and

τ3 = 3λ2t
2
3 controls the volume of a blow-up mode (the other four-cycle volume is

given by τ2 = 2λ1t1t2). Notice that the fibre is a K3 surface if its Euler characteristic

is χ = 24 whereas it is a T 4 divisor if χ = 0 [121]. We shall not specify the value of χ
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in order to be as generic as possible since our moduli stabilisation mechanism works

in both cases. We can then rewrite the volume in terms of the correct Kähler moduli

as:

V = t1τ1 − αγτ
3/2
3 = α(

√
τ1τ2 − γτ

3/2
3 ) , (5.2)

where α = 1/(2
√
λ1) and γ = 2

3

√
λ1/(3λ2).

Due to the similar structure of the volume for a Swiss cheese type Calabi-Yau

V = τ
3/2
b −

h(1,1)−1∑

i

τ
3/2
i (5.3)

and (5.2), an analysis of the scalar potential reveals that an AdS minimum at expo-

nentially large volumes also exists for fibered geometries. There is however one crucial

difference: while in the simpler geometries initially studied, with volumes described

by Eq. (5.3), all moduli were stabilised, for K3 or T 4-fibered Calabi-Yau manifolds

only the blow-up moduli and the volume V ∼ √
τ1τ2 directions are fixed. There-

fore the leading order stabilisation dynamics leaves one flat direction in moduli space

which can be used to provide a stringy realisation of slow roll inflation provided that

a suitable potential can be generated for this direction. We now turn our attention

to this issue.

5.2 Fibre stabilisation via poly-instantons

In this Section we introduce poly-instanton corrections to the superpotential. These

are the essential ingredient to lift the flat direction left after the study of the leading

stabilisation dynamics in fibered Calaby-Yau’s. We then show that the resulting

potential for the fibre modulus can support slow-roll inflation. In Chapter 6 we will

see how the same geometry can be pushed to a regime where the poly-instanton

potential gives a rise to quintessential dynamics.

The existence of poly-instanton corrections was first established within the context

of type I compactifications in [118]. These are instantons which do not give rise to a

single contribution to the superpotential but, due to the presence of extra fermionic

zero-modes, they correct the action of another instanton wrapping a different internal

cycle. The zero-mode constraints for generating poly-instanton corrections in the type

IIB T-dual version have been worked out in detail in [119].

Here we take a phenomenological approach and make the following assumptions:
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1. The field theory living on a stack of D7-branes wrapping τ3 can be broken into

two gauge groups which separately undergo gaugino condensation, giving rise

to a race-track superpotential of the form:

W =W0 + Ae−aT3 − B e−bT3 , (5.4)

where A and B are threshold effects, while a = 2π/na and b = 2π/nb, with

na, nb ∈ N.

2. On top of these effects, an Euclidean D3-instanton wrapping the fibre τ1 yields

non-perturbative corrections to the gauge kinetic functions of the two condens-

ing gauge groups, resulting in a poly-instanton corrected superpotential which

looks like:

W =W0 + Ae−a(T3+C1e−2πT1 ) − B e−b(T3+C2e−2πT1 ) , (5.5)

where C1 and C2 are free constants.

Notice that we are following [46], where the same assumptions led to a very anisotropic

compactification characterised by the presence of two micron-sized extra dimensions

and strings around the TeV scale.

The scalar potential computed through Eq. (2.62) can be separated as:

V = VO(V−3) + VO(V−3−p) , (5.6)

where the first piece scales with the volume as V−3, while the other as V−3−p, with

p a positive parameter to be defined later. After minimising with respect to the two

axions b1 and b3, these two pieces are:

VO(V−3) =
8
√
τ3
(
A2a2e−2aτ3 +B2b2e−2bτ3 − 2AB ab e−(a+b)τ3

)

3V
+

4W0τ3
(
Aae−aτ3 −Bbe−bτ3

)

V2
+

3ξ

4 g
3/2
s V3

,

(5.7)

and:

VO(V−3−p) =− e−2πτ1

{
−16C1

√
τ3e

−2bτ3

3V [Z2a− ZB(a− b)]

+
4C1W0e

−bτ3

V2
[2π Zτ1 + Zaτ3 − Bb(a− b)τ3]

+n

[−16Bb2
√
τ3e

−2bτ3Z

3V +
4W0Bbe

−bτ3

V2
(bτ3 + cτ1)

]}
.

(5.8)

In Eq. (5.7) we kept only the leading order terms in the volume expansion, relegating

terms proportional to V−n for n > 3 and terms proportional to e−2πτ1 to Eq. (5.8). In
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Eq. (5.8) terms proportional to e−2πnτ1 for n > 1 were left out as they are subdominant

in the regime where the effective field theory is under control. Moreover, following [46],

we also introduced new parameters to simplify the expressions:

Z ≡ B b−Aa e−(a−b)τ3 and n ≡ C2 − C1 . (5.9)

The leading contribution, Eq. (5.7), is the standard LVS potential obtained from

a racetrack superpotential. Notice that this term carries no information about the

poly-instantons in W . Minimisation with respect to the volume and the blow-up

modulus provides a minimum at:

〈τ3〉3/2 =
3ξ

32αγf1(1− f1)g
3/2
s

, 〈V〉 = f2 e
b〈τ3〉 , (5.10)

where we have defined:

f1 ≡
(a− b) τ3Bb+ Z(1− a τ3)

4 (a− b) τ3Bb+ Z(1− 4a τ3)
and f2 ≡

3αγW0

√
〈τ3〉

Z
f1 . (5.11)

We stress that the result of Eq. (5.10) involves no approximations and is therefore

exact. In particular the function f1 generalises the definition of fcorr in [46]. The

equation that determines the VEV of τ3 can be solved iteratively, giving a more

accurate result than the leading order estimate obtained by setting f1 = 1/4. Notice

that the volume is stabilised at exponentially large values, leading to a LVS.

As we have already mentioned, the leading order potential, Eq. (5.7), depends on

τ1 only through V, therefore after stabilising τ3 and V at their minima, Eq. (5.10),

there is one flat direction left in the (τ1, τ2) plane. This flat direction is then lifted by

the subleading effects due to poly-instantons encoded in Eq. (5.8). Notice that unlike

VO(V−3) which depends only on τ3 and V, VO(V−3−p) depends on all the three directions

in moduli space. The approach of using subleading non-perturbative corrections to

the superpotential as in [46] provides an alternative for generating a minimum for the

fibre modulus, with respect to using string loop contributions to the Kähler potential

as originally explored in [45].

Setting the blow-up and volume moduli to their minima, Eq. (5.10), we can

rewrite the subleading part of the resulting scalar potential in Eq. (5.8) as:

VO(V−3−p) = − F0

〈V〉3 (2π τ1 − p b 〈τ3〉) e−2π τ1 , (5.12)

where F0 ≡ 4 f2W0 r1 and p is defined as:

p ≡ −r1
r3
, (5.13)
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with:

r1 ≡ C1Z + n bB , (5.14)

r3 ≡ (1− 4f1)
[a
b
r1 − (a− b)B (C1 + n)

]
. (5.15)

The minimum of VO(V−3−p) for fixed τ3 and V can be shown to lie at:

2π 〈τ1〉 = p b 〈τ3〉+ 1. (5.16)

By tuning the parameters in K and W , it is possible to obtain p positive and of order

unity so that the minimum (5.16) is within the regime of validity of the effective field

theory, 〈τ1〉 > 1.

In [46] these effects were used to obtain a very anisotropic compactification with

TeV-scale strings corresponding to volumes of the order V ∼ 1030. We will leave the

study of the late time cosmology of such models for Chapter 6, and focus here in

models with V ∼ 103 which will allow us to derive a consistent model of inflation in

the Kähler moduli sector of the compactification.

5.3 Poly-instanton inflation

Let us now study the inflationary dynamics by working in the single field approxi-

mation. We shall set the blow-up mode τ3 and the volume V to their τ1-independent

vevs: τ3 = 〈τ3〉 and V = 〈V〉, and displace τ1 far from its minimum. We shall then in-

vestigate if the fibre modulus can drive a long enough period of inflation while rolling

down its potential. Notice that the approximation of stable τ3 and V during inflation

is justified by the mass hierarchy found in [46]:

mτ1 ∼
Mp

V(3+p)/2
, mV ∼ Mp

V3/2
, mτ3 ∼

Mp

V , (5.17)

when all the moduli sit at their minima. In what follows we shall set p ≃ O(1),

implying that for large volume mτ3 ≫ mV ≫ mτ1 . Moreover, as we shall see later on,

the Hubble parameter during inflation scales with the volume as H ∼ mτ1 . Hence

both τ3 and V are heavy during inflation since mτ3 ≫ mV ≫ H , justifying our single

field approximation. We point out that the actual mass of τ1 far from its minimum

is much smaller than mτ1 due to the rapid exponential suppression of its potential.

Hence if we displace this field far from its minimum, it is naturally lighter than H ,

and can therefore drive inflation.
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The effective potential for the inflaton field τ1 can be written as:

Vinf = Vup + Vfib , (5.18)

where Vfib is the scalar potential (5.12) generated by poly-instanton effects, while Vup

is the uplift term. Regardless of the nature of the uplifting, we shall assume that

it gives rise to a τ1-independent constant once the volume is fixed. This constant is

obtained by requiring Vup = −Vfib(〈τ1〉) since we are tuning the uplifting in order to

ensure the vanishing of the scalar potential at leading V−3 order. Notice that Vup will

slightly modify the position of 〈V〉 but we shall neglect this small effect since it only

affects the overall inflationary scale.

Let us then rewrite the full inflationary potential as:

Vinf =
Fpoly

〈V〉3+p
[
1− (1 + 2πτ̂1) e

−2πτ̂1
]
, with Fpoly = F0f

p
2 e

−1 , (5.19)

where we defined τ̂1 ≡ τ1 − 〈τ1〉 as the shift of the inflaton from its minimum. Notice

that the inflationary potential scales with the volume as 1/V3+p, and so we can get

different values for the scale of inflation by varying the parameter p. This will be

important in what follows.

Let us now canonically normalise the inflaton field by recalling that the kinetic

Lagrangian is given by:

Lkin = Kij̄∂µTi∂
µT̄j =

1

4

∂2K

∂τi∂τj
(∂µτi∂

µτj + ∂µbi∂
µbj) , (5.20)

where in the second equality we rewrote the complexified Kähler moduli in terms of

their real and imaginary components (Ti = τi+ ibi) and used the fact that the Kähler

potential is independent of the axionic fields. The Kähler metric turns out to be:

K0
ij̄ =




1
4τ21

τ
3/2
3

4τ
3/2
1 τ22

− 3
√
τ3

8τ
3/2
1 τ2

τ
3/2
3

4τ
3/2
1 τ22

1
2τ22

− 3
√
τ3

4
√
τ1τ22

− 3
√
τ3

8τ
3/2
1 τ2

− 3
√
τ3

4
√
τ1τ22

3
8
√
τ1τ2

√
τ3


 , (5.21)

where we kept only the leading order term in the volume expansion for each entry.

Treating both the volume and the blow-up cycle as stable during inflation, the kinetic

term for the fibre modulus simplifies to:

Lkin =
3

8τ 21
∂µτ1∂

µτ1 . (5.22)
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It then follows that the canonically normalised field is defined as:

φ ≡
√
3

2
ln τ1 or τ1 ≡ e2φ/

√
3. (5.23)

These definitions imply that the shift φ̂ of the canonically normalised inflaton from

its minimum takes the form:

τ̂1 = 〈τ1〉
(
e

2√
3
φ̂ − 1

)
, (5.24)

and so the full inflationary potential (5.19) can be rewritten as:

Vinf =
Fpoly

〈V〉3+p

[
1− e

−c
(

e
2√
3
φ̂
−1

)(
1 + c

(
e

2φ̂√
3 − 1

))]
, (5.25)

where c = 2π〈τ1〉. This potential is sketched in Figure 5.1. The relation (5.24)

suggests the following field redefinition:

ψ̂ ≡
√
3

2

(
e

2√
3
φ̂ − 1

)
⇔ τ̂1 =

2√
3
〈τ1〉 ψ̂ , (5.26)

which allows us to write (5.25) in a very compact form as:

Vinf ≃
Fpoly

〈V〉3+p
(
1− κ ψ̂ e−κ ψ̂

)
, (5.27)

where κ = 2p√
3
lnV and we have approximated c = p lnV + 1 − p ln f2 ≃ p lnV. We

stress that we shall obtain a model of small field inflation where the inflaton travels

a sub-Planckian distance in field space during inflation: ∆φ̂ ≃ 0.5Mp. Therefore we

can Taylor expand the exponent in (5.26) finding that the field ψ̂ gives the leading

order approximation of the canonically normalised inflaton φ̂ since:

ψ̂ ≡
√
3

2

(
e

2√
3
φ̂ − 1

)
≃ φ̂+

1√
3
φ̂2 + ... . (5.28)

Thus the compact expression (5.27) gives a rather accurate qualitative description of

the inflationary dynamics when we just identify ψ̂ with φ̂.

The aim of this work is to investigate whether the dynamics of the scalar field

φ̂ rolling down the potential (5.25) is suitable for generating a prolonged period of

inflation. With this in mind we compute the slow-roll parameters for the canonically

normalised fibre modulus:

ǫ =
1

2V 2
inf

(
∂Vinf
∂φ

)2

and η =
1

Vinf

∂2Vinf
∂φ2

. (5.29)
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The slow-roll parameters turn out to be (for simplicity we express them in terms of

ψ̂):

ǫ =
2c2

3

(
2c√
3
ψ̂
)2 (

2√
3
ψ̂ + 1

)2

(
e

2c√
3
ψ̂ − 1− 2c√

3
ψ̂
)2 ≃ κ4 e−2κψ̂ , (5.30)

and:

η = −4c

3

(
2√
3
ψ̂ + 1

)[(
2c√
3
ψ̂
)2

+ (c− 2) 2c√
3
ψ̂ − c

]

e
2c√
3
ψ̂ − 1− 2c√

3
ψ̂

≃ −κ3 e−κψ̂ . (5.31)

Both ǫ and η are exponentially small in the region κψ̂ ≫ 1. Due to the large parameter

κ = 2p√
3
lnV ≫ 1, the slow-roll conditions are satisfied for small shifts ψ̂ < 1. This

implies that we are dealing with a model of small field inflation and justifies our

leading order approximation ψ̂ ≃ φ̂. Furthermore the model is characterised by the

interesting relation:

ǫ ≃
(η
κ

)2
, (5.32)

which implies the following hierarchy throughout all the inflationary region:

ǫ≪ |η| ≪ 1 . (5.33)

Requiring that |η| is at most a few percent leads to values of ǫ within the interval

10−7 < ǫ < 10−5. Notice that a negative η is a generic feature of our potential showing

that the inflating region is tachyonic and therefore unstable. Hence the field φ̂ drives

inflation as it slowly rolls towards its minimum.

5.3.1 Inflationary observables

In order to solve the basic problems of standard Big-Bang cosmology, the inflationary

trajectory must also give rise to a sufficient number of e-foldings:

Ne ≡
∫ φ̂∗

φ̂end

1√
2ǫ
dφ̂ ≃

∫ φ̂∗

φ̂end

κ

|η|dφ̂ ≃ 1

κ2

∫ φ̂∗

φ̂end

eκφ̂dφ̂ ≃ 1

κ3

(
eκφ̂∗ − eκφ̂end

)
. (5.34)

In our numerical analysis we shall consider the end of inflation as taking place at the

point φ̂end where ǫ ≃ 1. We stress that there is nothing special in this choice since our

final results for the cosmological observables are not sensitive to the exact point where

inflation ends. From the expression (5.30) we can then see that φ̂end is, in practice,

just a function of κ since it is rather insensitive to the other underlying parameters.
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In turn, from (5.34), we see that the number of e-foldings Ne is a function of κ and

the point of horizon exit φ̂∗.

However the exact number of e-foldings depends on the inflationary scale Minf =

V
1/4
inf (φ̂end) and the reheating temperature Trh. In fact, under the general assumption

that inflation is followed first by a matter-dominated reheating epoch and then by a

radiation-dominated epoch with initial temperature Trh, we have [122]:

Ne ≃ 62 + ln

(
Minf

1016GeV

)
− 1

3
ln

(
Minf

Trh

)
. (5.35)

As can be seen from (5.25), Minf depends in general on V, p and other parameters via

the combination Fpoly of Eq. (5.19). For fixed Fpoly, we can considerMinf as depending

just on κ given that the inflationary scale is rather insensitive to the actual value of p

which we shall always set p ≃ O(1). As we will argue later on, Trh is also a function

of κ. Hence by equating (5.34) with (5.35), we obtain an equation in two unknowns:

φ̂∗ and κ (or V).
We can find a unique solution for each value of Fpoly by noticing that the re-

quirement of generating the correct amount of density perturbations gives a second

equation in φ̂∗ and κ. In fact, the COBE normalisation can be written in terms of

the inflaton potential as 2:

ACOBE ≡ gs
8π

(
V

3/2
inf

V ′
inf

)2
∣∣∣∣∣∣
φ̂=φ̂∗

≃ 2.7 · 10−7 . (5.36)

We solved numerically these two equations for p ≃ O(1) and different values of Fpoly.

We found solutions with an internal volume large enough to trust the effective field

theory, V ∼ 103, corresponding to κ ≃ 8, for Fpoly ∼ O(10) which gives also φ̂∗ ≃ 0.9.

In turn, these results lead to φ̂end ≃ 0.35, Ne ≃ 54 and Minf ≃ Mp/V ≃ 1015 GeV.

Notice that these numerical results confirm our initial statement that we are dealing

with a model of small field inflation since ∆φ̂ = φ̂∗ − φ̂end ≃ 0.45 in Planck units.

Since our model has a preference for moderately small volumes it seems hard to

simultaneously accommodate GUT-scale inflation and TeV-scale SUSY which would

require V ∼ 1015. This is the infamous tension between the scale of inflation and

the scale of SUSY breaking [117] which afflicts most of the models of string inflation.

Given that in this work we are interested only in inflation, we shall not attempt to

address this issue (see [112, 123, 124] for possible solutions).

2We included a prefactor of gs/8π for the correct normalisation of the potential in Einstein
frame [47].
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Let us now turn to the study of the observational footprints of our model. The

spectral index and the tensor-to-scalar ratio are defined by:

ns = 1 + 2η∗ − 6ǫ∗ and r = 16ǫ∗ , (5.37)

and they take the values:

ns ≃ 0.96 and r ≃ 10−5 . (5.38)

Notice that since η < 0 this inflationary model necessarily leads to the observationally

preferred value ns < 1. The smallness of ǫ implies the absence of observable primordial

tensor modes in agreement with the fact that the inflaton range during inflation is

sub-Planckian [125]. In Section 5.3.3, after discussing the effect of loop corrections

on the inflationary potential, we shall present three different numerical examples for

the underlying parameters which lead to these signatures in agreement with current

data.

5.3.2 Reheating

The study of reheating for models of closed string inflation has been performed in

[126–128]. After the end of inflation, the inflaton behaves as a classical condensate

which oscillates coherently around its minimum. Due to the steepness of the potential,

these oscillations end very rapidly and are followed by reheating which takes place

via the perturbative decay of inflaton particles into visible sector degrees of freedom

localised on D7-branes wrapping an additional blow-up mode [127, 128].

The gravitational coupling of the inflaton to all the other particles in the model

can be read off from the moduli dependence of the kinetic and mass terms of open

string modes by expanding the moduli around their VEVs and then expressing them

in terms of the canonically normalised fields [74, 129]. Following this procedure, the

inflaton coupling to visible sector gauge bosons scales with the overall volume as [46]:

g ≃ 1

MpVp
. (5.39)

Notice that this coupling is much weaker than gravitational, reflecting the fact that

the direction τ1 is not lifted by the leading order stabilising dynamics. Thus the width

of the inflaton decay into visible sector degrees of freedom behaves as:

Γ ≃ g2m3
τ1 ≃

Mp

V(9+7p)/2
, (5.40)
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and so the corresponding reheating temperature is given by:

Trh ≃
√

ΓMp ≃
Mp

V(9+7p)/4
. (5.41)

For p ≃ O(1) and V ∼ 103 this expression gives Trh ≃ 106 GeV which is much higher

than the Big-Bang Nucleosynthesis temperature TBBN ≃ 1 MeV. Notice that the

inflaton dumps all its energy into visible degrees of freedom since its decay to hidden

sector particles is kinematically forbidden. In fact, the condensing field theory on τ3

develops a mass gap and all the particles acquire a mass of the order the scale of

strong dynamics Λ ∼ Mp/V5/6 ≫ mτ1 [127, 128].

5.3.3 Loop corrections

In the discussion of the structure of the scalar potential for the fibre modulus we have

so far neglected the effect of gs corrections to the Kähler potential. In this Section we

shall study their behaviour showing that they are naturally subleading with respect to

the poly-instanton corrections both around the minimum and, more importantly, in

all the inflationary region. Thus our model features a nice solution of the η-problem.

First of all, a key observation is that the presence of open string loop corrections

would definitely dominate over the tiny poly-instanton effects, and generate a poten-

tial for τ1 which is also able to give rise to slow-roll inflation due to the ‘extended

no-scale structure’ as studied in [106]. We shall however forbid the presence of these

gs corrections to K by not wrapping any D7-brane either on τ1 or on any four-cycle

intersecting the K3 or T 4 fibre (i.e. τ2 in our case). In this way there is no open string

localised on τ1, and so we do not expect any τ1-dependent open string loop correction

to K.

However, closed string loops might still introduce a dependence on the fibre mod-

ulus since they correspond to loops of bulk Kaluza-Klein modes which cannot be

avoided by construction. Hence it is crucial to study the behaviour of these gs effects

and their relative strength with respect to poly-instanton corrections. Following [27],

the dependence of these corrections on the Kähler moduli can be estimated by using

the one-loop Coleman-Weinberg potential [130]:

δV(gs) ≃ Λ4 STr(M0) + Λ2 STr(M2) , (5.42)

where the first contribution vanishes since supersymmetry implies STr(M0) = 0. The

cut-off Λ can be taken as the scale at which the 4D effective field theory description
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ceases to be valid. Given the hierarchy of scales described in [46] this should beM6D
KK ,

the scale above which the theory becomes 6D:

Λ ≡M6D
KK ≃ Ms

t
1/2
1

≃
√
τ1
V Mp. (5.43)

The supertrace can instead be approximated as STr(M2) ≃ m2
3/2 ≃ (W0Mp/V)2, and

so the expression (5.42) takes the form:

δV(gs) ≃ (gsCloop)
2W 2

0

τ1
V4

, (5.44)

where Cloop is an unknown function of the complex structure moduli which we had to

introduce by hand since our argument does not allow us to constrain the dependence

of the one-loop potential on the U -moduli 3. However, this is not a problem since the

complex structure moduli are flux-stabilised at tree-level, and so we can consider Cloop

just as a constant parameter. This parameter is squared due to the extended no-scale

structure [27] which implies the vanishing of the leading contribution proportional to

Cloop (this corresponds to the vanishing of the O(Λ4) term in the Coleman-Weinberg

potential).

Therefore the loop-corrected potential for the canonically normalised inflaton be-

comes:

V =
Fpoly

〈V〉3+p

[
1− e

−c
(

e
2√
3
φ̂
−1

)(
1 + c

(
e

2φ̂√
3 − 1

))]
+
Floop

〈V〉4 e
2√
3
φ̂
, (5.45)

where we recall that c = 2π〈τ1〉, and we have defined:

Floop =
c

2π
(gsCloopW0)

2 . (5.46)

As can be seen from Figure 5.1, the effect of the one-loop correction is to lift the

inflationary region and to generate an inflection point at φ̂ = φ̂ip where ∂2V/∂φ̂2 = 0.

The position of the inflection point as a function of the ratio

R ≡ Floop/Fpoly (5.47)

can be approximated by 4:

eκψ̂ip ≃ κ3〈V〉1−p
R

, (5.48)

3The factor of gs can be derived by demanding that the one-loop corrected K scales as g2s in
string frame.

4We again use ψ̂ instead of φ̂ for simplicity. Recall that at leading order the two quantities
coincide (see Eq. (5.28)).
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Φ
ï

V

Figure 5.1: Sketch of the inflationary potential for an illustrative choice of the un-
derlying parameters. In blue: the potential considering only the contribution from
poly-instantons; in magenta: the potential including loop corrections.

showing correctly that φ̂ip gets larger for smaller values of R, i.e. when the loops get

weaker than the poly-instanton effects. The position of the inflection point is also

dependent on the value of the overall volume via the parameter p, showing that the

loop corrections get volume suppressed for p < 1. We shall focus on models where

p . 1 since even though values of p much smaller than unity would render the loop

effects unimportant, they would also make the inflaton heavier and bring 〈τ1〉 in a

regime where we no longer trust the effective field theory.

For φ̂ > φ̂ip the slow-roll parameter η becomes positive while ǫ stays negligibly

small. Hence if inflation started at φ̂∗ > φ̂ip, we would obtain a spectral index ns > 1

which is incompatible with observations. We need therefore to focus on cases where

the ratio R is small enough to have the inflection point lying outside the inflationary

region, i.e. φ̂ip > φ̂∗. In this way, we can realise inflation with a potential generated

by the poly-instantons in a region in which loop effects are negligible.

In Figure 5.2 we plot the slow-roll parameters and the spectral index for different

indicative values of R. Given that the numerical study of the potential generated by

poly-instanton effects gives φ̂∗ ≃ 0.9 for Ne ≃ 54, Figure 5.2 reveals that the effect of

loop corrections is negligible for R . 10−3 (corresponding to φ̂ip & φ̂∗).

From the definitions of Fpoly, Eq. (5.19), and Floop, Eq. (5.46), it follows that R
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Figure 5.2: Slow-roll parameters and spectral index for different indicative values of
R setting p = 1: blue R = 10−3, magenta R = 10−2, yellow R = 10−1, green R = 0.

is naturally very small, being proportional to the small parameter (gsCloop)
2 ≪ 1:

R ≡ Floop

Fpoly
= (gsCloop)

2

(
W0 c

8πf p+1
2 r1 e−1

)
≪ 1 , (5.49)

since we expect all the parameters in the second parenthesis to be O(1 − 10). Thus

this analysis shows that the loop corrections to the potential are a subleading effect

that does not affect the inflationary dynamics.

We now present three illustrative parameter fits which we found numerically. All

of them satisfy all our phenomenological and theoretical constraints and give rise to

a viable inflationary model. Table 5.1 displays the underlying parameters, Table 5.2

the compactification properties, and Table 5.3 the inflationary footprints.

W0 A B a b C1 n ξ gs α β

P1 14 11 8 2π/4 2π/5 4 −2.308 1.5 0.15
√
1.5

√
1.5

P2 6 12 6 2π/4 2π/5 3 −1.198 1.5 0.15
√
1.5

√
1.5

P3 5 30 10 2π/4 2π/5 9 −3.090 1.5 0.2 0.717 1

Table 5.1: Sampling of points in parameter space.

〈τ3〉 〈V〉 〈τ1〉 p Z r1 R/C2
loop

P1 4.57 1480 1.07 1 5.95 0.58 0.017
P2 4.68 1300 1.00 0.9 3.21 0.60 0.013
P3 5.70 1419 1.07 0.8 4.69 3.42 0.035

Table 5.2: Minima for the Kähler moduli generated for the microscopic parameters
of Table 5.1.
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Ne ns r ACOBE Minf(GeV)
P1 54.2 0.959 9.56× 10−6 2.63× 10−7 1.81× 1015

P2 54.2 0.959 9.56× 10−6 2.26× 10−7 1.75× 1015

P3 54.2 0.959 9.56× 10−6 2.11× 10−7 1.72× 1015

Table 5.3: Inflationary observables for the fits of Table 5.1.

Comparing the results of Tables 5.1, 5.2 and 5.3 we see that it is possible to

generate inflation at the right scale for natural values of the microscopic parameters,

with the fibre modulus stabilised in the geometric regime. Furthermore we see in

Table 5.2 that the values of the ratio R turn out to be always smaller than 10−3 for

Cloop ∼ 0.1, justifying the fact that we neglected string loop effects.

We stress that this was not possible in the model of [104, 105] even if the infla-

tionary potential was still generated by non-perturbative effects, and so had a shape

very similar to (5.27). The reason is that in [104,105] the parameter κ scales with the

volume as κ ∼ V1/2, so it is large for large values of the volume. Instead, in our case

it results much smaller since it scales with the volume as κ ∼ lnV. This is due to

the different topological origin of the inflaton which in [104,105] was a blow-up mode

whereas, in our case it is a fibre modulus. The fact that κ is smaller in our set-up,

with respect to the model of [104, 105], has a two-fold implication:

• Our potential is steeper than the one of [104, 105] resulting in a larger value of

the tensor-to-scalar ratio r ∼ 10−5 compared to the value r ∼ 10−10 of [104,105];

• Looking at the dependence of the slow-roll parameters (5.30) and (5.31) on κ,

we realise that larger values of κ require larger values of φ̂ in order to satisfy the

slow-roll conditions. Hence the inflationary region in our case is much closer to

the minimum than in [104, 105]. This is the reason why, contrary to [104, 105],

our model is not affected by the η-problem since we can avoid to experience

regions in field space where string loop corrections dominate.

In this set-up, our numerical analysis confirms that the potential gives rise to negligi-

ble tensor contributions to the CMB and to a spectral index for scalar perturbations

that is compatible with current observations. Notice that the fibre inflation model

of [106] has also an inflationary potential with a shape very similar to (5.27). However

in [106] the parameter κ is smaller and volume-independent: its value is κ = 1/
√
3.

This gives a steeper potential with respect to our case, which is able to give rise to

observable tensor modes.
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5.4 Discussion

In this Chapter we derived a new model of inflation driven by a Kähler modulus within

the context of type IIB Calabi-Yau flux compactifications. This class of inflationary

models features an interesting solution to the η-problem since they are characterised

by the presence of several directions which are naturally flat. In fact, due to the no-

scale structure of the Kähler potential, all the h(1,1) directions in moduli space are flat

at tree-level. Then the next-to-leading order effect, that breaks the no-scale structure,

is an α′ correction which lifts only the volume mode. Hence all the other (h1,1 − 1)

directions in moduli space are flatter than the volume mode which sets the Hubble

scale H . This implies that all these scalar fields are natural inflaton candidates since

they turn out to be lighter than H . Moreover, the expansion of the pre-factor eK

of the F-term scalar potential generates higher-dimensional operators which depend

only on the volume mode, and so do not introduce any dangerously large correction

to the inflaton mass.

An inflationary potential for these remaining flat directions can be generated at

subleading order either by non-perturbative corrections to the superpotential, as in

Kähler moduli inflation [104, 105], or by perturbative string loop corrections to the

Kähler potential, as in fibre inflation [106]. However, as noticed in [106], the model

of [104, 105] is plagued by the η-problem since loop corrections dominate over the

non-perturbative potential and spoil inflation.

In this Chapter we proposed a new way to generate an inflationary potential via

non-perturbative effects which does not lead to an η-problem. The new ingredient is

the inclusion of poly-instanton corrections to the superpotential [118] for Calabi-Yau

manifolds with a K3 or T 4 fibre over a P
1 base [46, 120]. The main difference with

the model of [104, 105] is the topological nature of the inflaton field. In our case it

is a fibre modulus, whereas in the case of [104, 105] it was a blow-up mode. Due to

this difference, our potential is not affected by the η-problem. In fact in our case the

inflationary region is much closer to the minimum where the string loop corrections are

subdominant for natural values of the underlying parameters. Moreover, the different

topology of the inflaton field is reflected also in a steeper potential with respect to

Kähler moduli inflation. We therefore obtain a larger value for the tensor-to-scalar

ratio r ∼ 10−5 compared to the value r ∼ 10−10 of [104, 105], even though it is still

beyond the observational reach.

This small value of r corresponds to a high inflationary scale, Minf ≃ 1015 GeV,

and a sub-Planckian motion of the inflaton in field space ∆φ ≃ 0.5Mp. Horizon exit
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takes place around Ne ≃ 54 e-folding before the end of inflation where the spectral

index assumes a value ns ≃ 0.96 in agreement with current observations. At the end

of inflation, the visible sector degrees of freedom get excited by the gravitational decay

of the inflaton field which leads to a reheating temperature of the order Trh ≃ 106

GeV.

Finally it is worth emphasising that our analysis of the effect of string loop correc-

tions on the inflationary potential relies on a low-energy estimate instead of a proper

computation of string scattering amplitudes. Due to the relatively simple dependence

of these loop corrections on the Kähler moduli, we believe the results we find here

are likely to capture their leading behaviour. However, it would be very interesting

to have more explicit calculations of gs corrections to the Kähler potential for general

Calabi-Yau manifolds.

Apart from inflation, we point out that our set-up possesses two crucial properties

that can be applied to build models for quintessence. The first is that loop corrections

to the potential can be controlled and the second is that the coupling of the inflaton

field to visible sector degrees of freedom is weaker than Planck strength. In this way

one could avoid the stringent bounds coming from fifth-force experiments. Hence it

would be interesting to investigate if this framework could also give rise to a successful

quintessence model. We tackle this issue in the next Chapter.
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Chapter 6

A Model of Quintessence

This Chapter is based on the paper [15].

Present cosmological observations indicate that our Universe is currently acceler-

ating. This accelerated expansion is driven by a mysterious form of energy density

with negative pressure, dubbed ‘dark energy’, that accounts for about 70% of the total

energy density of the Universe. The major part of the remaining 30% consists of cold

non-baryonic dark matter, whose microscopic origin is not known, although it might

be associated with new particles as supersymmetric partners, axions, string moduli

or hidden sector degrees of freedom. Finally, ordinary baryonic matter accounts for

only a few % of the total energy density.

The microscopic origin of dark energy is even less clear than that of dark matter.

Many proposals have been put forward for explaining present day acceleration (see

[131] for a review). We will focus here on quintessence models, in which the dynamics

of scalar fields drives the present cosmological acceleration, as opposed to the simplest

scenario in which the cosmological energy density is dominated today by a pure

cosmological constant.

Both of these proposals, a rolling quintessence field and a non-zero cosmological

constant, have their own virtues and shortcomings:

• Cosmological Constant Problem: If dark energy is given by a non-zero cosmo-

logical constant, in order to match the current cosmological observations, its

value needs to be of the order 〈V 〉 = Λ4 ∼ meV4 ∼ 10−120M4
P . Whereas, if

dark energy is provided by a quintessence model, in which a late-time accelera-

tion is characterised by a scalar φ with kinetic energy smaller than its potential

energy, the corresponding scalar mass has to be of the order m ∼ 10−33 eV. The
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two values of Λ and m are related to each other since:

m2 ∼ Vφφ ∼ V

φ2
.

V

M2
P

∼ 10−120M2
P ∼

(
10−33 eV

)2
. (6.1)

The condition φ &MP follows from the Friedmann equation 3M2
PH

2 = (φ̇2/2+

V ) ≃ V and the equation of motion for φ, 0 = φ̈ + 3Hφ̇+ Vφ ≃ 3Hφ̇ + Vφ. In

fact, for φ̇2 . V , we have:

φ ∼ V

Vφ
∼ V

Hφ̇
&MP . (6.2)

The required smallness of these quantities (Λ or m, depending on the scenario

under consideration) represents one of the biggest mysteries of modern physics

since a näıve estimate of the vacuum energy would yield a result many orders

of magnitude larger than the observed one: 〈V 〉 ∼M4
P for non-supersymmetric

theories and 〈V 〉 ∼ TeV4 ∼ 10−60M4
P for theories with TeV-scale supersymme-

try. In the quintessence case, one assumes that the vacuum energy is exactly

zero and then explains how to obtain such a small mass for the rolling scalar.

Indeed, scalar masses are notoriously hard to keep from getting large contribu-

tions when integrating out ultra-violet physics running in the loops. This is the

issue of technical naturalness, which plays a crucial rôle in the determination of

the Higgs mass and the solution of the famous η-problem in slow-roll inflation.

• Coincidence Problem: Observations indicate that the energy densities of dark

matter and dark energy are of the same order of magnitude at present cosmo-

logical epochs. The reason why different forms of matter have similar properties

today is a puzzle which goes under the name of ‘coincidence problem’. Dark

energy models based on a non-zero, pure cosmological constant have little to

say about it, but quintessence models can in principle provide an answer to this

problem. The idea is to consider ‘tracking’ solutions, in which the non-trivial

dynamics of the scalar field leads its energy density to mimic radiation during

the radiation-dominated era. The transition between radiation to matter dom-

ination then triggers quintessence towards assuming characteristics that match

the observed behavior of dark energy.

• Fifth-force constraints : Despite providing a potential understanding of the

present ratios of energy densities via tracking solutions, quintessence models are

generically plagued by the problem of long-range unobserved fifth-forces which

would be mediated by such a light scalar field [132]. The present mass bounds
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for scalars with Planck strength couplings to matter are m & O(meV) [11].

Furthermore, a rolling scalar would lead to a time variation of the constants

of Nature, while these do not appear to drastically change between Big Bang

Nucleosynthesis (BBN) and the present epoch. A possible solution to this prob-

lem involves protecting the quintessence field with a shift-symmetry [133]. This

allows it to evade the constraints from fifth-force experiments and renders the

quintessence potential stable against radiative corrections from UV physics.

For models without this symmetry, in which the quintessence field is a scalar,

it is harder to satisfy these constraints and explicit computation of couplings

between the quintessence field and the visible sector matter is required.

Most of the attempts to realise quintessence within string theory rely on axions and

shift symmetries [134–137]. In this Chapter we shall take a different approach and

build the first string model where the quintessence field is a scalar parameterising

the size of an internal cycle. We shall focus on LARGE Volume Scenarios (LVS)

which emerge naturally in type IIB flux compactifications. The set-up of this model

represents an interesting variation of the one derived in the previous Chapter [14] for

inflationary purposes. In fact, as in [14], we focus on the string embedding [46] of the

Supersymmetric Large Extra Dimension (SLED) proposal [138–140]. The field which

was playing the rôle of the inflaton in [14] will now behave as quintessence.

In our model, quintessence is driven by a closed string modulus with a naturally

small massm protected against loop corrections. The mechanism for obtaining such a

light scalar whose mass is radiatively stable is similar to the one of [141] and we shall

outline it in Section 6.1. Contrary to the model of [141] where the quintessence field

was the overall volume mode, in our case quintessence is driven by a fibre modulus

that at leading order neither develops a potential nor couples to Standard Model

(SM) matter. The potential for the quintessence field arises only at subleading order

by means of non-perturbative and string loop effects, that also induce suppressed,

weaker-than-Planckian couplings with ordinary matter. Thus, the model is able to

avoid fifth-force constraints. An intuitive explanation for this non-standard behaviour

for the quintessence scalar will be given in Section 6.1, while in Sections 6.2 and 6.3

we will develop our arguments at a more technical level.

The dynamics of the quintessence-dark matter system will then be analysed in

Section 6.4 starting from the standard decoupled case and then moving to the more

complicated coupled case where we shall also explain how our stringy set-up can

allow for unsuppressed couplings of the quintessence field with dark matter degrees

113



of freedom. Hence we will suggest a realisation of a coupled quintessence-dark matter

model inspired by string theory. Finally we will conclude in Section 6.5.

6.1 Quintessence from anisotropic compactifications

This Section constitutes a qualitatively discussion of the ideas behind the construction

of our quintessence model. The technical elements of the set-up will be analysed in

the next sections.

6.1.1 SLED in a nutshell

Supersymmetric Large Extra Dimension (SLED) scenario (see [142] for a review) in

its original form is a brane-world model with two large extra dimensions, in which

supersymmetry is preserved in the bulk and non-linearly realised on the Standard

Model brane. In these models the solutions to the hierarchy and cosmological con-

stant problems are closely tied. The hierarchy problem is solved by having a low

fundamental gravity scale (around the TeV), which can be achieved by having large

extra dimensions. The observed value of the cosmological constant is then associated

with the low supersymmetry breaking scale in the bulk, which is also a consequence of

having large extra dimensions. This can be seen explicitly from considerations based

on dimensional reduction which yield the following relation between the fundamental

(4 + d)-dimensional gravity scale M∗ and the gravitino mass m3/2:

m3/2 ∼
(
M∗
MP

)2

MP . (6.3)

Setting M∗ ∼ O(TeV) ∼ 10−15MP , the gravitino mass turns out to be very small, of

the order of the dark energy scale m3/2 ∼ Λ1/4 ∼ O(meV) ∼ 10−30MP . This implies

that the bulk is nearly supersymmetric, given that supersymmetry is broken only at

the dark energy scale. Quantum corrections to the vacuum energy from loops of bulk

fields scale as:

Vloop ∼ Str(M2) Λ2
UV ∼ m2

3/2M
2
KK , (6.4)

where Str(M2) ∼ m2
3/2 and the cut-off is taken to be the scale at which a pure 4D

description ceases to be valid: ΛUV ∼ MKK. Given that the Kaluza-Klein scale is

given by:

MKK ∼
(
m3/2

MP

)1/2+1/d

MP , (6.5)
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this is of the same order of m3/2 for d = 2. This is also the case that for TeV-scale

fundamental gravity leads to micron-sized extra dimensions which are at the edge of

detectability in experiments that look for deviations from Newton’s law. Hence in

the case of two large extra dimensions, the loop generated potential (6.4) gives the

correct observed order of magnitude of the cosmological constant since it scales as

Vloop ∼ m4
3/2 ∼ 10−120MP . Notice that for energies above the cut-offMKK, the theory

is effectively 6D and supersymmetric, and so the contributions to the vacuum energy

from loops of bosons and fermions cancel among each other.

In order to have a viable solution of the cosmological constant problem, one has

to make sure that (6.4) is the leading order contribution to the vacuum energy. In

general, one would expect larger contributions coming directly from the tension of

the Standard Model brane, of the order T ∼ O(TeV)4, and from the tree-level part

of the bulk potential corresponding to the curvature of the extra dimensions induced

by the presence of the TeV brane. This is a delicate issue (see e.g. [143]): recent

progresses seem to suggest that consistent scenarios can be built along these lines by

means of suitable couplings between bulk fields and the SM brane [144]. Since the

rest of our discussion does not rely specifically on these details, we will not dwell on

this issue any further.

The SLED framework opens the possibility to obtain a natural model of quintessence.

In fact in 6D SLED models, the radion mode r develops a potential via loops of bulk

fields which scale as (6.4), and so give it a mass of the order [141]:

m2
r ∼

Vloop
M2

P

∼
m4

3/2

M2
P

∼
(
10−33 eV

)2
. (6.6)

This is the perfect scale for quintessence, since it is the typical mass scale expected

for a quintessential scalar; for the arguments we outlined above, this small mass is

technically natural since it is radiatively stable thanks to the unbroken supersymmetry

in the bulk.

In the quintessence model based on the 6D SLED scenario the radion mode,

being a scalar with Planck strength coupling to ordinary matter, would mediate long

range fifth-forces. Its cosmological evolution would also lead to a time dependence

of Newton’s constant. The authors of [141] propose to cure this problem exploiting

the fact that the couplings of the radion to matter are field dependent, approaching

small values for appropriate cosmological evolutions of the radion field. The strongest

constraint comes from the requirement that the Newton’s constant does not change

that much from BBN until today.
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We argue that an automatic solution to the fifth-force problem emerges when em-

bedding this quintessence scenario in the highly anisotropic string compactifications

of [46].

6.1.2 Stringy SLED

A recent paper [46] discusses how to embed these 6D SLED scenarios within type

IIB flux compactifications. The simplest Calabi-Yau three-fold that allows such a

derivation has a fibered structure with a 4D K3 or T 4 fibre over a 2D P
1 base.

This structure allows to take a very anisotropic limit where the base is exponentially

larger than the fibre, resulting in an intermediate 6D effective field theory when

compactifying 10D type IIB string theory down to 4D. The authors of [46] show

how to stabilise the geometric moduli in such a way to obtain the above mentioned

anisotropic limit within the framework of the LARGE Volume Scenario (LVS) [29].

In this explicit string embedding the 6D effective field theory is far richer than the

one considered in [141], due to the presence of additional closed string moduli on top

of the radion (that in the IIB embedding corresponds to the volume mode).

The minimal scenario we consider in this work involves three Kähler moduli, which

parameterise the size in string units of internal four-cycles, and a fibered Calabi-Yau

volume of the form [120]:

V = tb τf − τ 3/2s . (6.7)

The fields defining the volume have the following roles and geometrical interpretation:

• τs is a del Pezzo divisor supporting non-perturbative effects of the form Wnp =

Ae−aTs , where τs = Re(Ts) and A and a are τs-independent constants. These

effects fix τs at ‘small’ values but still in a geometric regime above the string

scale: 〈τs〉 ∼ O(10).

• The overall volume mode V ≃ tbτf is a modulus fixed at exponentially large

values, 〈V〉 ∼ e1/gs ≫ 1 for weak string coupling gs . 0.1, by the interplay of

non-perturbative effects and α′ corrections to the Kähler potential [29]. The

size of the 2D P
1 base is given by tb whereas the volume of the 4D K3 or T 4

fibre is given by τf . The value of V plays a crucial role in determining the scales

and coupling strengths of our model, explaining in a natural way why the size

of dark energy is so small.

• The fibre modulus τf plays the role of the quintessence field. It develops a

potential only at subleading order due to poly-instanton corrections to the
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superpotential generated by an E3-instanton wrapping this non-rigid divisor:

Wnp = Ae−a(Ts+Ce
−2πTf ), where again τf = Re(Tf) and C is a τf -independent

constant. These tiny effects fix the fibre modulus ‘small’, i.e. at the same

order of magnitude of τs: 〈τf〉 ∼ 〈τs〉. This gives rise to a very anisotropic

compactification with tb exponentially larger than
√
τf .

None of these three four-cycles can support the visible sector where supersymmetry

is non-linearly realised via a proper configuration of branes wrapped around internal

divisors.1 In fact, the Standard Model cannot be localised neither on τs nor on τf

due to the tension between chirality and the generation of non-perturbative effects

[57]. Furthermore the four-cycle containing the base, τb ≃ tb
√
τf , would give rise

to an exponentially small gauge coupling g−2 ≃ τb ≫ 1. Thus we need to add a

fourth Kähler modulus for the Standard Model, τSM. This divisor has to be fixed

at small values in order to get a correct value of the gauge coupling. This can be

done by exploiting D-terms and string loop corrections to the Kähler potential [145].

Therefore τSM has the same features as τs apart from the fact that one cycle is

fixed perturbatively whereas the other non-perturbatively. Hence we shall restrict

ourselves to the simplest case with three moduli, having in mind that the modulus τs

can represent a generic rigid and ‘small’ divisor which can be either τSM or the one

supporting the non-perturbative effects.

The structure of the scalar potential for the bulk fields (trading tb for V) is the

following:

V = Vnp (V, τs) + Vα′ (V, τs) + Vpoly (V, τs, τf) + Vloop (V, τs, τf) , (6.8)

where the leading order effects are given by the non-perturbative and α′ potentials,

Vnp and Vα′, which depend only on V and τs and scale as:

Vlead = Vnp (V, τs) + Vα′ (V, τs) ∼ O
(
m3

3/2MP

)
. (6.9)

Vlead is the familiar LVS potential and it determines the properties of the volume and

the modulus τs at leading order in an inverse volume expansion. This implies that

the basic features of SM physics, like gauge and Yukawa couplings, are determined

at leading order by the VEV of τs. The fibre modulus τf develops a potential only at

1We need to focus on a non-linear realisation of supersymmetry where the low-energy effective
field theory contains just the Standard Model without any superpartner since models with TeV-
scale strings predict m3/2 ∼ meV, and so gravity mediation would give rise to soft terms of this
unacceptably small order of magnitude.
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subleading order due to poly-instanton effects and loops of closed strings propagating

in the bulk. The subleading potential scales as (6.4) 2:

Vsub = Vpoly (V, τs, τf) + Vloop (V, τs, τf) ∼ O
(
m4

3/2

)
. (6.10)

The potential (6.9) gives rise to a SUSY breaking AdS vacuum, which needs to be

uplifted to a dS solution. This can be accomplished by means of one of the many

mechanisms known in the literature (tension of anti branes at the tip of warped throats

[28], D-terms from magnetised branes [146] or dilaton-dependent non-perturbative

effects [147]). The leading order contribution to the vacuum energy would then be

given by the subleading potential (6.10) which now naturally gives rise to the observed

size of dark energy, since it scales as the bulk loop potential of 6D SLED models (see

(6.4)).

A key difference between our scenarios and SLED constructions is the fact that

the volume mode can no longer be used as the quintessence field, since it develops

a potential at order m3
3/2MP , and so the corresponding mode is too heavy to drive

quintessence:

m2
V ∼ Vlead

M2
P

∼ m2
3/2

(
m3/2

MP

)
∼
(
10−18 eV

)2
. (6.11)

On the other hand the fibre modulus τf does not appear in the expression (6.9) for

Vlead, and so its mass has the perfect quintessential value which can be estimated from

the subleading potential (6.10):

m2
τf

∼ Vsub
M2

P

∼ m2
3/2

(
m3/2

MP

)2

∼
(
10−33 eV

)2
. (6.12)

This expression is similar to (6.6) which gives the mass of the radion mode of standard

6D SLED models. Consequently the natural explanation of why the quintessence field

is light and radiatively stable is, in practice, the same in both scenarios.

The main advantage of the string embedding of SLED is that the different topo-

logical origin for the quintessence field, and the structure of the scalar potential allow

it to evade fifth-force constraints. The radion mode in the SLED proposal couples

to ordinary matter with Planck strength, 1/MP . Instead, as discussed also in [46],

the fibre modulus has a weaker-than-Planckian coupling of the order ǫ/MP where

ǫ ∼ m3/2/MP ≪ 1. For this reason, this set-up is ideal for building a quintessence

2We do not include the contribution coming from loops of open string fields since by construction
no D7-brane stack wraps either the fibre or the base divisor. Hence open strings are localised far
away in the Calabi-Yau, and so do not develop any potential for τ1. If that were the case, the
internal manifold would have a isotropic shape since τ1 would also be fixed at exponentially large

values: 〈τ1〉 ≃ g
4/3
s 〈V〉2/3 ≫ 1.
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model since the rolling field can safely evade all the current bounds from fifth-force

experiments.

The intuitive reason of the weakness of the fibre modulus coupling to ordinary

matter is the fact that the leading order potential Vlead does not depend on τf (see

(6.9)), and so there is no leading order mixing between τf and the volume mode V.
The mixing between τf and V arises only at subleading order at the level of Vsub (see

(6.10)). Therefore the order of magnitude of this small mixing, ǫ≪ 1, is weighted by

the ratio between Vsub and Vlead:

ǫ ∼ Vsub
Vlead

∼ O
(
m3/2

MP

)
. (6.13)

Given that the volume mode couples to ordinary matter as 1/MP and the coupling

of the fibre modulus to SM particles is induced by the mixing between τf and V, the
coupling of the fibre modulus has to be suppressed with respect to the one of the

volume mode by the small mixing parameter ǫ, explaining the weaker-than-Planckian

nature of this interaction. In other words, the weakness of this coupling is reflecting

the fact that τf is a flat direction at leading order and does not couple with ordinary

matter at that level. On the other hand, there is the possibility that the quintessence

field couples with Planckian strength to massive degrees of freedom like stable 6D

Kaluza-Klein states. This enables the current setup to provide a stringy realisation

of an interacting dark energy-dark matter system, if dark matter is made up of these

Kaluza-Klein states.

We shall make this analysis more precise in Section 6.3 where we will compute the

moduli couplings to Standard Model particles. These are extracted from the moduli

dependence of the kinetic and mass terms of gauge bosons and fermions, using the

canonical normalisation carried out in Appendix A.2.

After this outline of the general properties of this quintessence scenario, we next

develop the technical details.

6.2 Explicit form of the quintessence potential

In this Section we develop our set-up by discussing the features of the potential that

drives quintessence. As explained in Section 6.1, we work within the framework of

the LARGE Volume Scenario of type IIB string theory [29] where the volume is fixed

at exponentially large values by combining α′ corrections to the Kähler potential K

and non-perturbative contributions to the superpotential W .
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We consider compactifications where the volume of the Calabi-Yau manifold has

a fibered structure and is given by Eq. (6.7). We have seen in Chapter 5 that with

this choice of internal manifold, the standard LVS framework stabilises only two of

the three Kähler moduli. The remaining flat direction, which can be identified with

the fibre modulus τf , is lifted either by string loop corrections to K [27, 45] or by

poly-instanton effects [14, 46]. Here we focus our attention on the latter possibility,

and investigate if the resulting potential for the fibre modulus τf allows us to provide

a string theory realisation of quintessence. The analysis closely follows that of the

previous Chapter, in which we studied the same scalar potential in the context of

an inflationary model. For this reason, we will omit the full derivation of the scalar

potential here, referring the reader to Chapter 5 for more details.

Let us briefly recall the qualitative aspects of the compactification that leads to

the string realisation of the 6D SLED scenario [14]. We assume the following brane

set-up: the cycle τs is wrapped by a stack of magnetised D7-branes where appro-

priate gauge fluxes give rise to two different gauge groups that separately undergo

gaugino condensation. This gives rise to a race-track superpotential. Due to the

existence of a Euclidean D3-instanton wrapping the fibre τf , this racetrack superpo-

tential acquires further corrections. Following [118, 119], the gauge kinetic functions

of the two condensing gauge groups receive non-perturbative corrections, resulting

in a poly-instanton corrected superpotential of the form of Eq. (5.5). The Kähler

potential is assumed to include the leading α′ corrections that are crucial for LVS

compactifications, Eq. (2.71).

The scalar potential can be show to factorize into:

V = VO(V−3) (τs,V) + VO(V−3−p) (τf , τs,V) , (6.14)

where the first term scales with the volume as V−3, while the other as V−3−p, with

p a positive order one parameter. If V is large, the second piece is suppressed with

respect to the first one: the previous equation reproduces the split between leading

and subleading potentials we discussed in Section 6.1. The leading contribution to

the scalar potential, VO(V−3), is the standard LVS potential that stabilises the blow-up

modulus τs and the volume mode V at 〈τs〉 ∼ 1/gs and 〈V〉 ∼ e1/gs .

The subleading VO(V−3−p) term depends on all three directions of Kähler moduli

space and takes the form of Eq. (5.8). Given that the mass spectrum in the Kähler

moduli sector exhibits the following hierarchy m2
s ∼ V−2 ≫ m2

V ∼ V−3 ≫ m2
f ∼

V−3−p with p ∼ O(1) [14], one can set τs and V to their minima and so reduce the
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analysis of quintessence to the study of a single field dynamics for τf moving in the

potential VO(V−3−p) (τf , 〈τs〉, 〈V〉).
Following this procedure and performing the canonical normalisation of the fibre

modulus (see Appendix A.2), the poly-instanton generated potential is written as:

Vpoly =
Fpoly

〈V〉3+p

[
1− e

−c
(

e
2√
3
φ̂
−1

)(
1 + c

(
e

2φ̂√
3 − 1

))]
, (6.15)

where φ̂ is the field parametrising the shift of the canonically normalised fibre modulus

from its minimum: φ̂ ≡ φ − 〈φ〉 =
√
3/2 ln(1 + τ̂f/〈τf〉). The constant c is given by

c = 2π〈τf〉 = pb〈τs〉+ 1. Fpoly is given in terms of the underlying parameters as:

Fpoly =

(
3αW0

√
〈τs〉f1

Z

)p+1

4 e−1W0(C1Z − nBb). (6.16)

Equation (6.15) provides a first, extremely flat contribution to the quintessence po-

tential we will be working with. Note that, as explained in Section 6.1, we included

in Eq. (6.15) an uplifting term, Vup = Fpoly/〈V〉3+p so to set the minimum of the

quintessence potential to zero.

As pointed out in [14], there will be further contributions to the fibre modulus

potential, in particular UV physics will add new φ dependent terms to the potential.

These are the loop contributions that also featured in the study of the inflationary

applications in this setup and that we have to take into account here too, since they

can influence the dynamics of the quintessence field. These contributions can be esti-

mated via the Coleman-Weinberg potential and are due to subleading gs corrections

to the Kähler potential. Supersymmetry reduces their size and following the estimate

performed in [14] we obtain:

Vloop ≃ Floop

〈V〉4 e
2√
3
φ̂
, where Floop =

c

2π
(gsCloopW0)

2 . (6.17)

The full potential for the fibre modulus that here corresponds to the quintessence

field is then given by:

Vfibre = Vpoly + Vloop, (6.18)

which we plot in Figure 6.1. Given that the gravitino mass is m3/2 ∼ MP/V, this
potential for p ∼ O(1) scales as Vfibre ∼ (MP/V)4 ∼ m4

3/2, reproducing the behaviour

described in Section 6.1.

For the study of the dynamics of the quintessence field it is convenient to divide

the potential into three distinct regions:
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III III

Figure 6.1: Quintessence potential for the fibre modulus. The dotted line repre-
sents the poly-instanton generated potential, the dashed line the loop potential from
UV physics and the full line the total potential for the canonically normalised fibre
modulus.

1. The region I corresponds to the vicinity of the minimum where the potential is

very steep;

2. The region II is the poly-instanton dominated part of the potential;

3. In region III the loop corrections are the dominant contribution to Vfibre.

Notice that, as outlined in Section 6.1, we have obtained an extremely flat quintessen-

tial potential (above all in region II) in which supersymmetry in the extra-dimensions

allows to tame the dangerous corrections that would spoil its flatness. The aim of

Section 6.4 is to investigate whether the dynamics of the fibre modulus rolling down

regions II and III gives a good description of the observed late time acceleration of

Universe.

Let us conclude this Section by determining the relevant scales in our set-up.

As we explained, observations constrain the dark-energy scale to be of the order

ρDE ∼ 10−120M4
P . In order to use the fibre modulus as a dynamical model of dark-

energy, this maps into the following condition on the amplitude of the potential:

Fpoly

〈V〉3+p ∼ 10−121. (6.19)
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This scale can be achieved by considering compactifications with very large volumes,

as originally noted in [46], in particular for p ∼ O(1) this yields:

〈V〉 ∼ 1030 (6.20)

in string units. We stress that in our scenario the VEV of the volume depends

exponentially on the microscopic parameters of the model (see eq. (5.10)), and such

large values are easy to obtain (for example by lowering the string coupling to gs ∼
0.01). So, once the minimum of the quintessence potential is set to zero, the tiny

height of the potential, Eq. (6.19), is obtained straightforwardly! Notice that values

of the volume of the order V ∼ 1030 correspond to a string scale of the order the TeV-

scale, Ms ∼ MP/
√
V ∼ O (TeV), and a gravitino mass of the order the cosmological

constant scale, m3/2 ∼MP/V ∼ O (meV), according to the discussion of Section 6.1.

Such a low-value of the fundamental gravity scale poses a severe problem for obtaining

the original period of inflation since both the amount of density perturbations and the

resulting reheating temperature would be far too low. For example, the inflationary

model developed in Chapter 5 requires values of the volume of the order V ∼ 103

corresponding to a GUT-scaleMs. The general idea that we have in mind to overcome

this problem is to use the volume mode as the inflaton following the work of [112].

Thus the volume can take smaller values in the early Universe, and then roll to values

of the order V ∼ 1030 after the end of inflation, where the only field left over to roll

down its minimum is the fibre modulus τf which drives quintessence.

A very large volume, apart from dynamically describing the smallness of the ob-

served size of dark energy, has also the virtue of suppressing fifth-force couplings

between the quintessence field and SM matter, and enlarging the very flat region II

in the potential Vfibre. In the next Sections, we will discuss these features in detail.

6.3 Quintessence coupling to matter

The first step in the computation of the quintessence couplings to ordinary matter

is the moduli canonical normalisation, which we perform in detail in Appendix A.2.

The expression of the original moduli τf , V, and τs in terms of the corresponding

canonically normalised fields φ, χV and χs can be obtained explicitly at leading order

in an inverse volume expansion. Considering all the moduli in the vicinity of their

minima, the canonical normalisation of the Standard Model modulus represented by

τs, takes the form (see Eq. (A.20)):

δτs
〈τs〉

∼ O
(
V−p) δφ+O(1) δχV +O

(√
V
)
δχs , (6.21)
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where φ is the quintessence field, while χV and χs are two heavy fields corresponding

respectively to the volume mode and the small rigid divisor τs. The exact coefficients

of (6.21) are be computed in Appendix A.2. What is crucial in the previous expression

is that the canonically normalised quintessence field φ provides only a suppressed

contribution to δτs, essentially determined by the ratio of the leading and subleading

scalar potentials of Eqs. (6.9) and (6.10). Since τs controls the properties of SM

physics, this implies that the coupling of the quintessence field to Standard Model

particles is very suppressed.

Before proving this explicitly, let us discuss a technical issue: during the quintessence

dynamics the two heavy fields χV and χs sit at their minima, but the rolling scalar

φ can be far away from its minimum. Hence the fibre modulus has to be canoni-

cally normalised not just close to its minimum but for an arbitrary point in moduli

space. This is a complicated computation whose result has already been qualitatively

discussed in [148] where the authors used the poly-instanton effects for deriving a

model of modulated reheating. The final upshot is that in regions far away from the

minimum for large values of τf , the poly-instantons get more suppressed, and so the

mixing with the other moduli also gets more suppressed. Thus the coupling of the

fibre modulus to ordinary matter gets weaker in regions far from the minimum. In

fact, if τf is far from its minimum then:

e−2πτf = e−2π〈τf 〉e−2πτ̂f ∼ V−pe−2πτ̂f , (6.22)

and so the mixing term in (6.21) would be even more suppressed than V−p.

6.3.1 Coupling to gauge bosons

We start by estimating the couplings to gauge bosons following [46]. Recalling that

τs is the Standard Model cycle, the gauge kinetic terms are given by:

Lgauge = − τs
MP

FµνF
µν . (6.23)

After expanding τs around the minimum (τs = 〈τs〉+δτs) and performing the canonical

normalisation of the field strength tensor, we find that the interaction term is:

L ⊃ δτs
4MP 〈τs〉

GµνG
µν . (6.24)

From Eq. (6.21) it follows that

δτs
〈τs〉

∼ O
(
V−p) δφ , (6.25)
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and so we find

L ⊃ O
(

1

MP Vp
)
δφGµνG

µν . (6.26)

We conclude that the coupling between the fibre modulus and the SM gauge bosons

is weaker-than-Planckian for p ∼ O(1), in accordance with [46], and therefore poses

no issues with the constraints from fifth-force experiments.

6.3.2 Coupling to fermions

Let us now turn our attention to the coupling between the quintessence field and

the Standard Model fermions, which we denote as Ci. The relevant part of the

supergravity Lagrangian for the computation of this coupling is:

L ⊃ K̃ijCiiγ
µ∂µCj + K̃HH∂

µH∂µH + eK/2λijCiCjH, (6.27)

where K̃ij and K̃HH are generic functions of the moduli fields. Very little can be said

about this theory without specifying K̃ij and K̃HH , and so we follow the work of [55],

where the leading modular dependence of these two functions has been estimated

through simple scaling arguments which we reviewed in Chapter 2. We simplify the

set-up further by considering diagonal Kähler metrics and Yukawa couplings:

L ⊃ K̃iiCiiγ
µ∂µCi + K̃HH∂

µH∂µH + eK/2λCiCiH. (6.28)

Following [55] we take:

K̃ii ∼ K̃HH ∼ τ
1/3
s

V2/3
. (6.29)

Expanding τs and V around their VEVs as τs = 〈τs〉+ δτs and V = 〈V〉+ δV we can

write the Kähler metrics as:

K̃ii ∼ K̃HH ∼ K̃0

(
1 +

δτs
3〈τs〉

− 2δV
3〈V〉

)
where K̃0 ≡

〈τs〉1/3
〈V〉2/3 . (6.30)

This allows us to define the canonically normalised fields ci =
√
K̃0Ci and h =

√
K̃0H

and rewrite the Lagrangian as:

L ⊃
(
1 +

δτs
3〈τs〉

− 2δV
3〈V〉

)
ciiγ

µ∂µci + ∂µh∂µh+
λ

VK̃3/2
0

cicih. (6.31)

Setting h = 〈h〉, expanding 1/V ∼ 1/〈V〉(1−δV/〈V〉) and defining the fermionic mass

as mc ≡ λ〈h〉
〈τs〉1/2K̃3/2

0

this becomes:

L ⊃ ci(iγ
µ∂µ +mc)ci +

(
δτs
3〈τs〉

− 2δV
3〈V〉

)
ci(iγ

µ∂µ +mc)ci −mccici

(
δτs
3〈τs〉

+
δV
3〈V〉

)
.

(6.32)
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Note that the first term is the standard Lagrangian for a free fermion of mass mc,

the second term vanishes once we impose the equations of motion and the third term

encodes the interaction between moduli and Standard Model fermions. Expressing

the moduli in terms of the canonically normalised fields near the minimum, we find

that the dominant term in the interaction with the quintessence field comes from

the expression (6.21) for δτs term, since to leading order δV does not depend on the

canonically normalised fibre modulus. This implies that the leading contribution to

the dimensionless coupling between ordinary fermions and the quintessence field is:

λφcc ∼ O
(

mc

MPVp
)
, (6.33)

which is weaker-than-Planckian for p ∼ O(1) like the coupling to Standard Model

gauge bosons.

The fact that the couplings to gauge bosons and fermions are suppressed by a scale

higher than the Planck mass means that the current model is able to comfortably

accommodate the constraints from fifth-force experiments, see e.g. [11], and provide

a controlled stringy description of quintessence.

6.4 Dynamics of the quintessence-dark matter sys-

tem

In this Section we study the dynamics of the quintessence-dark matter system by

following the autonomous phase plane analysis originally developed in [149]. We

start by analysing a model in which we neglect any direct coupling between the two

dominant components of the energy density. Then we look at the case where there

is a direct, Planck strength coupling between dark matter and dark energy, while at

the same time dark energy couples extremely weakly to ordinary matter. In this way,

we will outline a proposal of how to realise a coupled quintessence scenario within a

string inspired framework.

We consider a flat FRW Universe filled with quintessence as described by the

fibre modulus and a pressureless dark matter component. The time evolution of the

system is determined by the Raychaudhuri equation, the continuity equation for the

dark matter component, the Klein-Gordon equation for a homogeneous scalar field
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and the Friedmann constraint:

Ḣ = − 1

2M2
P

(
ρDM + φ̇2

)
, (6.34)

ρ̇DM = −3HρDM +Q, (6.35)

φ̈+ 3Hφ̇+
dV

dφ
=
Q

φ̇
, (6.36)

ΩDM + ΩDE = 1, (6.37)

where Ω ≡ ρ
3H2M2

P
and Q parameterises the direct interaction between the dark matter

and the quintessence components. Using N = ln a as the time variable and defining

x ≡ φ′

MP

√
6
, y2 ≡ V

3M2
PH

2
, (6.38)

the equations of motion can be cast in the following form:

x′(N) = −3x− ∂V/∂φ

V

√
3

2
y2 +

3

2
x(2x2 + (1− x2 − y2)) +

Q

6H3M2
Px
, (6.39)

y′(N) =
∂V/∂φ

V

√
3

2
xy +

3

2
y(2x2 + (1− x2 − y2)), (6.40)

H ′(N) = −3H

2
(2x2 + (1− x2 − y2)), (6.41)

φ′(N) =
√
6x. (6.42)

In what follows we will both search analytically for instantaneous fixed points of the

system and study the phase space trajectories numerically.

6.4.1 Decoupled quintessence and dark matter

We first analyse the case where a direct coupling between dark matter and dark

energy is negligible, which corresponds to setting Q = 0.

The system possesses two non trivial instantaneous fixed points, x′(N) = y′(N) =

0, whose properties are listed in Table 6.1. These correspond to motion in the

two distinct regions of the potential: point A corresponds to motion in the poly-

instanton dominated part of the potential (labelled II in Figure 6.1) whereas point

B describes motion in the region where the loop potential dominates (labelled region

III in Figure 6.1). Note that the flatness of the poly-instanton potential implies that

δ ≡ V ′
poly/Vpoly ∼ 0, and so the behavior of the fibre modulus approaches that of a

pure cosmological constant.

From the definitions of Eq. (6.38), one sees that x(N) (y(N)) is the ratio of the

scalar field’s kinetic (potential) energy to the total energy. We illustrate the behaviour
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Point (xc, yc) Stability Ωφ ωφ
A (δ,

√
1− δ2) stable node 1 −1

B (2/
√
18,
√

14/18) stable node 1 −5/9

Table 6.1: Fixed points for the quintessence dark-matter system.

of the system in Figure 6.2 for different sets of initial conditions. The region above

the parabola corresponds to accelerating solutions and the dots represent the two

instantaneous fixed points described in Table 6.1.
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Figure 6.2: Phase plane evolution of the quintessence dark-matter system. Left: the
fibre modulus starts in the loop dominated region of the potential; right: the fibre
modulus starts in the poly-instanton dominated region of the potential.

We see that if the fibre modulus starts its evolution in the part of the potential

that is dominated by the loop effects, the system will evolve towards the fixed point B.
This fixed point corresponds to an accelerated expansion solution, where the energy

density is dominated by the scalar field, as preferred by current cosmological data.

However the equation of state parameter, which is generically given by:

ωφ =
x− y

x+ y
, (6.43)

is different from −1 for the fixed point B. Thus, given the current observational

constraints, this fixed point is not a viable candidate for dark energy. As the fibre

modulus rolls down the loop generated potential it eventually enters a region in field

space where the loop potential is suppressed relative to the poly-instanton generated

potential. In this region the relevant fixed point to which the system will converge

is A, which corresponds to slow roll dynamics in the poly-instanton dominated part

of the potential. The fixed point A describes a flat Universe filled with a negative

pressure fluid with ω = −1. Even though such trajectories display the same asymp-

totic behaviour in the future as the observed Universe, a numerical analysis of the
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system suggests they never go through a phase in which the conditions ΩDE ∼ 0.7

and ωφ ∼ −1 are simultaneously verified. It then follows that trajectories that start

with the quintessence field deep in the loop dominated region of potential do not

provide a viable description of the late time Universe. On the other hand, if the ini-

tial conditions are such that the fibre modulus starts its evolution in a region of the

potential where the loop effects are negligible, it will evolve towards the fixed point

A without going through B first. As can be seen in Figure 6.2, these trajectories

can go through the region of phase space where the energy density and the equa-

tion of state parameter of the quintessence field are in agreement with observational

data. We then conclude that there are phase space trajectories for which the system

evolves to a state where it provides a viable description of an accelerated expanding

Universe, namely the ones corresponding to initial field values in the poly-instanton

plateau. It is worth noting that from the discussion in Section 6.2 the width of the

poly-instanton plateau is determined by the ratio Vpoly/Vloop ∼ V1−p which can easily

be ≫ 1 given the large volumes required for quintessence phenomenology, V ∼ 1030.

There is therefore an appreciable range of initial conditions for the fibre modulus that

yields a viable quintessential behaviour.

When looking at the late time composition of the Universe one is confronted with

the coincidence problem: why is the dark energy density comparable to the dark

matter density today? Dynamical models of dark energy often address this issue by

allowing for scaling solutions: fixed points where the ratio of dark energy to dark

matter density is constant. The existence of these scaling solutions is determined by

the steepness of the dark-energy potential (V ′/V ) and by the equation of state for

the matter component. In a Universe with pressureless cold dark matter and the

fibre modulus playing the role of quintessence, there are no such fixed points as both

regions of the quintessence potential are too shallow to support them. Therefore we

are led to the conclusion that even though our model provides a realistic description

of the current state of the Universe, it does not allow for a dynamical explanation of

the coincidence problem: we just happen to be around at a time when ΩDE and ΩDM

are of the same order and the Universe will eventually evolve to a state where it is

filled with quintessence.

In these considerations about the distant future evolution of the system we have

so far ignored the presence of the minimum of the potential, region I in Figure 6.1,

to the left of the poly-instanton plateau. Its presence implies that in the very distant

future the fibre modulus will eventually fall into its minimum, after which will follow
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a phase of oscillatory dynamics, in a process similar to post-inflationary reheating,

albeit at a much lower energy scales.

6.4.2 Coupled quintessence and dark matter

We now analyse how a coupled quintessence-dark matter system affects the dynamics

of the Universe [150]. Possible Planck suppressed couplings between dark energy and

dark matter are allowed in our set-up if dark matter is constituted by bulk KK modes

or moduli fields. In these highly anisotropic compactifications there are two kinds of

KK modes: 6D KK modes and 10D KK modes. The 10D KK modes decay whereas

the 6D KK modes are so long lived that can be considered as almost stable with

respect to the age of the Universe [46]. Higher 6D KK states can also be produced

from the thermal bath but they quickly decay to lower 6D KK states, which are then

long-lived. There are also two light moduli which are stable with respect to the age

of the Universe. One is the volume mode which is very light, with a mass of the order

meV. Hence this modulus can be produced in the thermal bath or by simple scalar

oscillation and so suffers from the cosmological moduli problem (CMP). The other

light modulus is the fibre divisor which drives quintessence.

We then observe that in our scenario dark matter can be realised in terms of a

mix of bulk 6D KK modes and the volume modulus, once the CMP associated with

the latter is solved. The quintessence field would then indeed couple to dark matter,

for example 6D KK modes, with Planck suppressed trilinear couplings of the form:

ψ

MP

∂φ∂φ , (6.44)

where φ is the quintessence field and ψ the 6D KK mode.

After this qualitative discussion to motivate the coupling of dark energy to dark

matter in our set-up, we can write the dark matter energy density as a function of

the fibre modulus as:

ρDM = ρ0f(φ), (6.45)

where ρ0 obeys the normal conservation equation:

ρ̇0 = −3Hρ0, (6.46)

and f(φ) parameterises the interaction between dark matter and the quintessence

field. The conservation equation for dark matter is then given by:

ρ̇DM = −3HρDM +
∂f

∂φ

φ̇

f(φ)
ρDM . (6.47)
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By comparing Eqs. (6.35) and (6.47) we define Q ≡ −∂f
∂φ

φ̇
f(φ)

ρDM . In order to look

for fixed points analytically, one must be able to write ∂f
f(φ)∂φ

in terms of x(N), y(N)

and other dimensionless parameters. One simple case might be:

f(φ) = eαφ/MP , (6.48)

since this form for the coupling function implies that:

∂f

∂φ

φ̇

f(φ)
ρDM =

α

MP
φ̇ρDM , (6.49)

allowing for an analytical study of the phase plane dynamics of the system. This is

exactly what one expects to find if the dark matter mass is a function of the fibre

modulus τf ,

mDM ∼ τmf ∼ e2mφ/
√
3 (6.50)

where in the last step we have written τf in terms of the canonically normalised field

φ.

It then follows that Q = −α
√
6xHρDM and Eq. (6.39) becomes:

x′(N) = −3x− ∂V/∂φ

V

√
3

2
y2+

3

2
x(2x2+(1−x2−y2))−α

√
3/2(1−x2−y2). (6.51)

The phase space for models with this form of the direct coupling Q has been

studied in detail in [151], where a phenomenologically interesting fixed point located

at (xc, yc) = (
√
6

2b
,
√
9+6αb√

6b
) was found. Note that we have defined λ ≡ −MP

∂V
V ∂φ

and

b ≡ λ+ α. Following [151] we find that this fixed point exists if:

b2 ≥ 3

2
and − 3

2
≤ αb ≤ b2 − 3 (6.52)

and is stable if:

b2 ≥ 3

2
and

(
−3

2
< αb < −Bsgn(b) or −B−sgn(b) < αb < b2 − 3

)
,

(6.53)

where

B± =
2b[±(b2 − 3/2)3/2 − b(b2 − 39/8)]

4b2 + 3/4
. (6.54)

As in the decoupled case, we proceed by considering two different regimes, depend-

ing on which term in the potential dominates. For each case we shall then investigate

whether the above conditions are met. In the regime in which the poly-instanton ef-

fects dominate over the loop potential (region II of Figure 6.1), λ ∼ 0 to a very good

accuracy. One sees that it is impossible to satisfy the existence conditions given by
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Eq. (6.52). We then conclude that the poly-instanton potential is unable to support

an interacting tracking solution. However if one looks at the regime where the loop

generated potential dominates (region III of Figure 6.1), one has λ = −2/
√
3 and one

sees that there are values of α for which a stable accelerating tracking solution exists.

This region however is not very wide due to the requirement of stability. In fact we

find that it is roughly − 5
2
√
3
−0.55 < α < − 5

2
√
3
. We must note that this is not so much

a consequence of the shape of the potential as of the explicit form of Q we are assum-

ing. Furthermore, we see that in this narrow stability region 0.93 < ΩDE < 1, where

the lower bound corresponds to α = − 5
2
√
3
− 0.55 and the upper bound to α = − 5

2
√
3
.

It is worth noting that for α < 0 the dark matter mass goes like mDM ∝ 1/τmf .

The behavior described above is illustrated in Figure 6.3, where it is clear that

the presence of the interaction dramatically changes the trajectories in phase space.

One also sees that the coupled system (magenta) converges to a fixed point which is

different from the one of the decoupled case (blue lines).
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Figure 6.3: Phase plane evolution of the quintessence dark-matter system with inter-
action and Fpoly ≫ Floop. Left: zoom into the region close to fixed point B.

Once one considers the full potential, the fixed point described above is transient

since as the field rolls down the loop generated potential it eventually enters the poly-

instanton dominated region. So the phase-space trajectories start by converging to

the fixed point B before evolving to the cosmological constant fixed point A.

As in the non interacting case, the fibre modulus is able to provide suitable de-

scription of dark energy even though it does not address the coincidence problem.

The introduction of the non minimal interaction term extends the existence of viable

trajectories for cases when the field starts its evolution deep in the loop dominated

part of the potential.
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Figure 6.4: Phase plane evolution of the quintessence dark-matter system with inter-
action and Fpoly ∼ 103Floop. Left: zoom into the region close to fixed point B.

6.5 Discussion

In this Chapter we presented a new quintessence model embedded in string theory

where the mass of the rolling scalar field and its couplings to Standard Model degrees

of freedom are functions of the volume of the internal space. Considering large vol-

umes one can easily obtain a very light and weakly coupled scalar field suitable for

quintessential physics.

We focused on a type IIB Large Volume Scenario with a very anisotropic shape of

the extra dimensions since two of them are stabilised at values exponentially larger

than the other four [46]. This leads to a string derivation of SLED scenarios [138–140]

which have already turned out to be promising for obtaining models of quintessence

[141]. In these scenarios, if TeV-scale gravity provides the solution to the hierarchy

problem, the gravitino mass m3/2 turns out to be of the observed order of magnitude

of the cosmological constant: m3/2 ∼ Λ. Therefore, the current value of dark energy

Λ can be naturally reproduced if the quintessence field develops a potential at order

V ∼ m4
3/2.

This mechanism, which ties the solution of the hierarchy problem to the one of

the cosmological constant problem, relies on the existence of a compensation between

the SM brane tension and its back-reaction. This issue is vital for the success of the

current model and we have assumed it could be solved along the lines of [144].

In this Chapter, we showed that the fibre divisor τf indeed develops a potential at

order V ∼ m4
3/2 via tiny poly-instanton corrections to the superpotential and closed

string loop contributions to the Kähler potential. Furthermore, this field is radiatively

stable since the bulk is nearly supersymmetric.

We also showed that this quintessence model can evade the severe bounds coming

from fifth-force experiments even if we are dealing with a scalar. The reason is the fact
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that the rigid four-cycle supporting the Standard Model does not intersect the fibre

divisor, and so the quintessence scalar couples to ordinary matter only via its mixing

with the volume mode which, in turn, induces its mixing with the SM cycle. However

due to the fact that the fibre modulus is a flat direction at leading order which is

lifted only at subleading order, the mixing between τf and V is suppressed, resulting

in a weaker-than-Planckian coupling of the quintessence field to SM particles.

On the other hand, if dark matter is realised in terms of quasi-stable Kaluza-

Klein states, direct couplings between dark energy and dark matter are allowed,

leading to a scenario of coupled quintessence. We studied in detail the dynamics of

the quintessence scalar in our set-up, investigating the nature of fixed points and the

late time evolution of dark energy, showing that the main features of our scenario are

compatible with observations.

To conclude, the model analysed here explicitly shows that concrete string theory

constructions are able to lead to scalar theories of quintessence that, besides generat-

ing naturally flat scalar potentials, also provide couplings to Standard Model matter

that are weak enough to satisfy present constraints on fifth forces.
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Chapter 7

Conclusions and Outlook

In this Thesis we have studied some phenomenological aspects of Type IIB flux com-

pactifications.

In Chapter 1 we have given a brief overview of the present day knowledge of

physics both at high energies and on cosmological scales. We motivated the need to

go beyond the standard model both in particle physics and cosmology in order to

clarify some of the outstanding issues that remain unexplained both in the realm of

the very small and of the very large.

We introduced in Chapter 2 the physics and geometry of flux compactifications

which form the backbone of this Thesis. We sketched how the requirement of N = 1

supersymmetry in four dimensions forces us to compactify the ten dimensional type

IIB theory on Calabi-Yau orientifolds. Following the pioneering work of [25] we have

illustrated how fluxes in the compact space can be used to stabilise some of the

moduli. We have shown how the systematic inclusion of subleading corrections to

the action of the moduli fields [26,28,29] allows for the stabilisation of all the moduli

fields, which ultimately leads to reliable and quasi-realistic compactifications to four

dimensions. We have also looked at the issue of supersymmetry breaking in particular

the generation of soft terms in the visible sector due to the breaking of supersymmetry

in the hidden/moduli sector.

The original work developed for this Thesis is presented in Chapters 3-6.

In Chapter 3 we have studied how the redefinition of the Kähler moduli affects

the stabilisation mechanism and the breaking of supersymmetry. Redefinitions of the

blow-up moduli were shown not to affect the existence and position of the minimum

of the potential. The same cannot be said about redefinitions of the volume mode

in Swiss cheese type geometries since the new terms, generated by the redefinition of

the volume, dominate over the standard large volume scenario potential. We have
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also shown how the redefinition of the small modulus can lead to soft terms of the

order of the gravitino mass.

Chapter 4 dealt with the issue of moduli destabilisation by very dense objects and

in cosmological singularities. Even though this is a somewhat speculative topic, it

could potentially be very rewarding since destabilised moduli would provide a unique

window into the landscape. Through the study of the four dimensional field theory we

have found that even the densest known astrophysical objects are unable to have an

appreciable effect on the moduli potential and therefore do not destabilise the moduli

fields. The requirement of higher energy densities leads us to the study of systems

undergoing gravitational collapse such as the formation of black holes or positively

curved Universes. We found that the gravitational collapse in a closed FRW universe

would lead to super-inflationary decompactification of the internal space, and that

during the collapse of a black hole there would be a region outside the horizon that

would effectively be ten rather than four dimensional.

Chapter 5 and 6 deal with different phenomenological applications of the same

fibered compactification. The novel ingredients are poly-instanton corrections to the

superpotential. When combined with single instantonic contributions to the superpo-

tential and higher derivative contributions to the Kähler potential, the poly-instantons

allow to stabilise all the geometric moduli of the fibered compactification.

A model of inflation in the closed string sector was built in Chapter 5, with the

fibre modulus playing the role of inflaton. In this context the inflationary potential

is generated at subleading order by poly-instanton effects in the superpotential. We

have shown that this model can accommodate the current observational constraints,

provided the volume of the internal space is of the order of 103l6s . Furthermore we

have seen that the corrections to the inflaton’s potential coming from the UV physics

can be tamed leading to a robust model of stringy inflation.

Given the similarities between the physics of inflation and that of quintessence,

we have proposed in Chapter 6 a model of quintessence in a string theory. From

the inflationary study of Chapter 5 we knew that the fibre modulus with a poly-

instanton generated potential could provide a description of accelerated expansion

and by allowing the volume of the internal space to be of the order of 1030l6s we

can have this expansion happening at the scale of dark energy. This however is not

sufficient to have a controlled quintessence model, since light Planck coupled degrees

of freedom give rise to problematic fifth forces. We have shown how this issue is

addressed in our model, by having sub-Planckian couplings between the quintessence

field and the standard model degrees of freedom. We have studied the dynamics of
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the resulting system and shown that it can broadly describe the current state of the

Universe even though it is unable to address the ”Why now?” question.

Fortunately there is a lot more work to be done.

Some ideas for the immediate future include an improved study of the back hole

collapse dynamics, taking into consideration the dynamics of the metric. This will

allow to test the robustness of the simple case treated in Chapter 4 and look for

possible signals of decompactification.

In the context of the fibre inflation model discussed in Chapter 5 we have set

the axion associated with the fibre modulus to its minimum. Given that the mass

of this axion is comparable to that of the fibre modulus, an analysis of the fully

dynamic system would be interesting. This would work as a test of the robustness

of the results presented in Chapter 5 and would also allow us to look for different

inflationary signatures.

In the model of Chapter 5, as in most models of inflation in supergravity/string

theory, there is tension between the supersymmetry breaking scale and the infla-

tionary scale: it is in general hard to get inflation around the Unification scale and

supersymmetry around the TeV scale. Given that inflation in the Kähler moduli sec-

tor of type IIB string compactifications provides a very economical and elegant way

of embedding inflation in a controlled string theory setup, it would be interesting to

reconcile it with low energy supersymmetry. A possibility worth looking into would

be having the dynamical dilaton varying between the inflationary epoch and today.

I plan to address these issues in the near future.
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Appendix A

Canonical Normalisation

A.1 Swiss-cheese compactifications

The theory for the Kähler moduli sector is determined by the Lagrangian

L = Kij̄∂Ti∂T̄j − V (T, T̄ ) =
1

4

∂2K

∂τi∂τj
(∂τi∂τj + ∂bi∂bj)− V (τ, b) (A.1)

where we have used the fact that Kij̄ ≡ ∂2K/∂Ti∂T̄j and Ti = τi + ibi. We are

interested in finding the mass spectrum near the minimum of the large volume scenario

potential, so we expand τi = 〈τi〉+ δτi and bi = 〈bi〉+ δbi. The F-term potential can

then be expanded to quadratic order in the δ’s as

V (τ, b) = 〈V 〉+ 1

2

〈
∂2V

∂τi∂τj

〉
δτiδτj +

1

2

〈
∂2V

∂bi∂bj

〉
δbiδbj +

〈
∂2V

∂bi∂τj

〉
δbiδτj (A.2)

Defining the vector δψ ≡ (δτi, δbi)
T we can write the Lagrangian for the Kähler

moduli sector as

L =
1

2
∂δψTK∂δψ − 〈V 〉 − 1

2
δψTHδψ (A.3)

where we defined

K =

(
1
2
∂2K
∂τi∂τj

0

0 1
2
∂2K
∂τi∂τj

)
and H ≡

(
〈∂ττV 〉 〈∂τbV 〉
〈∂bτV 〉 〈∂bbV 〉

)
(A.4)

Further introducing the transformation matrix U such that

(UT )−1
KU−1 = I and m2 = diag(m2

i ) = UK−1
HU−1, (A.5)

we see that U is the matrix that diagonalises the mass matrix M
2 ≡ K

−1
H and that

δφ defined by Uδψ ≡ δφ are the canonically normalised degrees of freedom in the

vicinity of the minimum. The Lagrangian then takes the simple form

L =
1

2
∂δφT∂δφ− 〈V 〉 − 1

2
δφTm2δφ. (A.6)
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In order to get the mass of the Kähler moduli and their respective axions all one

needs to do is to specify the geometry of the compact space by writing the volume

as a function of the moduli and to compute the eigenvalues of M2. For the simplest

case of the two moduli Swiss cheese manifold presented above we find that

K
−1 =




4τ2b
3

4τbτs 0

4τbτs
8
3

√
τ 3b τs 0

0 0 8
3

√
τ 3b τs


 (A.7)

and that the Hessian matrix is given by

H =




9(1+2ǫ)νW 2
0

2τ
13/2
b

−3(1−5ǫ+4ǫ2)νasW 2
0

τ
11/2
b

0

−3(1−5ǫ+4ǫ2)νasW 2
0

τ
11/2
b

2(1−3ǫ+6ǫ2)νa2sW 2
0

τ
9/2
b

0

0 0 −2(−1+ǫ)νa2sW
2
0

τ
9/2
b



. (A.8)

In computing Eq. (A.8) we have re-instated the axion dependence in the second term

of the potential, Eq. (2.115) and set all the fields to their minima. We have defined

ǫ ≡ 1
4asτs

≪ 1 and ν ≡ 3ξ

4g
3/2
s

. We then find that the mass matrix can be written as an

expansion in V−1 and ǫ as

M
2 =

2νasW
2
0 τs

3τ
9/2
b




−9 + 63ǫ 6 (1− 5ǫ+ 16ǫ2) asτb 0

−6 (1− 5ǫ+ 4ǫ2)
√

τb
τs

4(1−3ǫ+6ǫ2)asτ3/2b√
τs

0

0 0 8(1− ǫ)ǫa2s

√
τ3b
ǫas




(A.9)

where we assume all fields are evaluated at the respective minima.

The eigenvalues are given by

m2
χs

=
8W 2

0 a
2
sν

3

√
〈τs〉

〈V〉2 , m2
θs =

8W 2
0 a

2
sν

3

√
〈τs〉

〈V〉2

m2
χb

=
27

4

W 2
0 ν

as〈τs〉〈τb〉9/2
, m2

θb
= 0

(A.10)

where ξ and θ denote the canonically normalised moduli and axions respectively.

These can be related to τ and b by explicitly constructing the matrix U with the

eigenvectors of M [129].

A.2 Fibered compactifications

In this section we compute the canonical normalisation for the fibered compactifica-

tions of Chapters 5 and 6.
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The Lagrangian for the quadratic field fluctuations around their minima, τi =

〈τi〉+ δτi, takes the form:

L = Kij∂µδτi∂
µδτi − 〈V 〉 − 1

2
Vijδτiδτj , (A.11)

where Kij is the Kähler matrix, and Vij the matrix of second derivatives of the

potential. The leading terms in the Kähler matrix Kij look like:

Kij ≃




3
8τ2f

− 1
4Vτf −3

√
τs

8Vτf
− 1

4Vτf
1

2V2 0

−3
√
τs

8Vτf 0 3
8V√

τs


 , (A.12)

where we used (τf ,V, τs) as coordinates of the Kähler moduli space. We write the

original moduli in terms of the canonically normalised fields around their minima as:



δτf
δV
δτs


 = C




δφ
δχV
δχs


 , (A.13)

where C is the matrix that diagonalises both the kinetic and the mass terms. It can

be written as:

C =
(
~v(1) ~v(2) ~v(3)

)
, (A.14)

where ~v(i) are the eigenvectors of the mass matrix Mik = 1
2
K−1
ij Vjk, normalised such

that CTikKkm Cmj = δij. The mass matrix reads explicitly:

Mij =
1

2




−4τf (f8+2f6τf+2f7τs)V
V3+p(3τs3/2−2V)

−4(f3+2f4)τf
√
τs

(3τs3/2−2V)V3
− 4(f4+2f5)τf

3τs2V2−2
√
τsV3

−2V(2(f6τf+f7τs)V+3f8(−τs3/2+V))
V3+p(3τs3/2−2V)

6f3τs2−2(3f3+2f4)
√
τsV

(3τs3/2−2V)V3

6f4(τs3/2−V)−4f5V
3τs2V2−2

√
τsV3

−4(3(f8+2f6τf )τsV+4f7
√
τsV2)

V3+p(9τs3/2−6V)
4(3f3τs3/2+4f4V)
3V3(−3τs3/2+2V)

− 4(3f4τs3/2+4f5V)
3V2(3τs5/2−2τsV)



.

(A.15)

The quantities fi are independent from the volume at leading order in an inverse

volume expansion (see [15] for more details). In writing the previous mass matrix,

we added to the leading part of the potential, Eq. (5.7), the subleading contribution

due to polyinstanton corrections, Eq. (5.8).

Notice that, as expected, the first column of the mass matrix is suppressed by

a factor 1/V3+p, since it is due to the subleading poly-instanton potential. In other

words, the first column of the matrix (A.15) would be zero in the absence of the

subleading poly-instanton contribution.

It is straightforward, but long, to extract the eigenvalues and the eigenvectors of

the mass matrix of Eq. (A.15), working at leading order in an expansion in inverse
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powers of the volume. The expressions of the eigenvectors turn out to be particularly

complicated. It is convenient to present them at leading order in an expansion in the

quantity τs, that we can assume to be small with respect to the other quantities. We

find:

C =




2τf√
3

√
2
3
τf 0

c0
Vp−1

√
3
2
V −τs3/4

√
3V

c1
Vp

√
6τs

2τs1/4
√
V√

3


 . (A.16)

The two last entries in the first column are suppressed by powers of the volume, and

are due to the effect of the poly-instanton corrections. The quantities c0 and c1 are

independent from the volume (at leading order in a inverse volume expansion) and

read:

c0 = − τ
p
2
−1

s

2eπW0
3−

3
2
+p(−2aAC1π + bB(c(−C1 + C2) + 2C1π))

(
W0

bB − aA

)1+p

,(A.17)

c1 =
4 τ

p
2
s 3−

3
2
+p(2aAC1π + bB(c(C1 − C2)− 2C1π))

(
W0

−aA+bB
)p

(aA− bB)eπ
. (A.18)

The lightest eigenvalue of the mass matrix scales as m2
φ ∝ 1/V3+p, and provides the

effective mass for the quintessence field in the poly-instanton dominated region of the

quintessence potential (region II of figure 6.1).

In this region, the volume and τs are stabilised at their minima since their mass

is very large. From Eqs (A.13) and (A.16), one obtains that the displacement of the

light field τf from its minimum can be expressed in terms of its canonical counterpart

as:

δτf ≃ 2√
3
τf δφ ⇒ τf ≃ e

2√
3
φ
, (A.19)

justifying the canonical normalisation we used in Eq. (6.15). The diagonalising matrix

(A.16), when compared with (A.13), also tells us that, within the approximations we

are using, we can write the modulus τs in terms of canonically normalised fields as:

δτs
〈τs〉

≃ c1
Vp δφ+

√
6 δχV +

2
√
V√

3〈τs〉3/4
δχs , (A.20)

reproducing the scalings of Eq. (6.21).
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