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Neue Inflationsszenarien mit dynamischen D7-Branes

Die vorliegende Arbeit beschéftigt sich mit der Frage, ob der Positionsmodulus einer D7-
Brane in Typ IIB Stringkompaktifizierungen ein geeigneter Inflatonkandidat sein kann.
Es werden zwei sehr verschiedene Szenarien analysiert: Das erste der beiden identifiziert
den Abstand zweier D7-Branes mit dem Inflaton. Ein Branefluss induziert eine D-Term-
Energie, welche zu Inflation fiihrt. Die Branes ndhern sich an, bis eine Tachyonkondensa-
tion die Inflationsphase beendet. Dies ist also eine stringtheoretische Variante von D-Term
Hybrid Inflation. Die Rolle des Inflatons im zweiten Modell spielt der Positionsmodulus
einer einzelnen D7-Brane. Wéahrend der Inflationsphase durchschreitet dieser eine grofse
Distanz in Planck-Einheiten. Eine Monodromie im Feldraum macht dies mdoglich. Die
Branebewegung bedingt eine sich verindernde F-Term-Energie, welche zu (chaotischer)
Inflation fihrt. Die vorliegende Arbeit analysiert jeweils das Zusammenspiel der beiden
Szenarien mit Kéahlermodulistabilisierung. Da das Fixieren dieser Moduli auf Termen
hoherer Ordnung im skalaren Potential beruht, sind die Modulimassen typischerweise rel-
ativ klein. In den vorliegenden Modellen kann dennoch gezeigt werden, dass das Inflaton-
potential mit der Kéhlermodulistabilisierung kompatibel ist. Zuletzt erlautert die Arbeit,
dass beide Modelle mit den aktuellen kosmologischen Beobachtungen in Ubereinstimmung
gebracht werden konnen, wéihrend die Implikationen fiir das Verhéltnis der tensoriellen
zu den skalaren Perturbationen in der kosmischen Mikrowellenhintergrundstrahlung sehr
verschieden sind.

New Inflationary Scenarios from D7-Brane Dynamics

We analyze whether a D7-brane position modulus in Type IIB string compactifications can
be a suitable inflaton candidate. To this end, we study two rather different scenarios: In
the first, the inflaton is associated with the distance of two D7-branes. Inflation is driven
by a brane-flux-induced D-term energy and proceeds as the branes approach each other. It
ends in a tachyonic instability. This model thus represents a string-theoretic version of D-
term hybrid inflation. In the second model, the inflaton is the position modulus of a single
D7-brane. During inflation this modulus traverses a large distance in Planck units. This is
possible due to a monodromy in field space. The brane displacement leads to a continuously
changing F-term energy which drives (chaotic) inflation. We explicitly analyze the intricate
interplay of each scenario with moduli stabilization. In particular, since K&hler moduli are
fixed by higher-order terms in the scalar potential, their masses are typically relatively
small. We demonstrate that, nonetheless, in our models the inflaton potential does not
upset Kéhler moduli stabilization. Finally, we show that both models can be in agreement
with the most recent cosmological observations, while their implications for the size of the
tensor-to-scalar ratio are very different.
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1. Introduction

Understanding the laws of nature at ever increasing energies is one of the main objectives in
theoretical and experimental investigations of fundamental physics. It is a path alongside
which we expect to find crucial hints towards the underlying principles of matter and
its interactions. Walking that path, we have learned about four fundamental forces in
nature. Three of those have a common description in the framework of renormalizable
quantum field theories: The standard model of particle physics very successfully describes
the strong, weak, and electromagnetic interactions of particles. Including gravity in this
picture leads to an effective theory which, at least naively, becomes non-perturbative at
a certain high scale, the Planck scale M,. However, the correct description of physical
processes at Planck-scale energies is yet to be discovered. It seems that this theory either
involves new degrees of freedom such that it is rendered perturbative, or it is of a truly
non-perturbative nature, in which case new techniques need to be developed to treat this
theory. In our investigations we will explore the first, in some sense more conservative, of
these two possibilities.

A promising and widely discussed candidate for a fundamental theory which contains
gravity and which remains perturbative even at and beyond the Planck scale is string the-
ory |1-4]. It posits that the fundamental objects in nature are one-dimensional, with a
characteristic length /4 and associated mass scale My = 1/{,, above which the extended
nature of these objects becomes relevant. The idea is that this ‘string scale’ is some-
what below M, such that the string captures the degrees of freedom for processes which
involve Planck-scale energies. Below M; the theory (ideally) gives rise to the standard
model coupled to gravity, supplemented by (non-renormalizable) interaction terms which
are suppressed by some power of the energy scale involved in a given process, divided by
the string scale. The latter terms quickly become irrelevant at low energies.

Given that modern collider experiments operate at energies very far below M,, one
might wonder how phenomenological a discussion about processes at the Planck scale can
be. It turns out that the theory of ‘primordial inflation’ is in fact sensitive to Planck-scale
physics: Primordial inflation [5-9] describes a period of accelerated expansion in the early
universe which nicely explains some puzzles of the standard Big Bang theory, such as the
horizon and flatness problems. In its simplest field-theoretic realization, the accelerated
expansion is driven by the potential energy density of a scalar field, the ‘inflaton’ ¢, whose
vacuum expectation value slowly evolves in time. As gravity is only an effective theory,
valid below (at most) M,, we expect terms e.g. of the form ~ Oglp]/A? to appear in
the effective Lagrangian. Here, Og[y] is some dimension-six operator which is introduced
by integrating out modes with masses at some scale A, which is at most M,. Operators
of this kind are thus determined by ‘UV completions’ of quantum gravity, such as string
theory. Inflationary phenomenology is affected (or sometimes even governed) by such non-
renormalizable interaction terms. Therefore, inflation provides a window to physics at the
string and even the Planck scale. In this thesis we will assume that string theory offers the
correct UV completion of quantum gravity and explore this window and its consequences
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for consistent string-derived models of inflation.

Even irrespective of primordial inflation, higher-dimensional operators play a crucial role
in the phenomenological discussion of effective theories derived from string theory. This
very fact makes it highly non-trivial to construct string-theoretic models of inflation. In the
following let us give some details of how this comes about. String theory is the quantum
theory of spatially one-dimensional objects which move in spacetime. It is defined in terms
of a two-dimensional quantum field theory on the string ‘worldsheet’; i.e. on the surface
which is swept out by the string as it evolves in time. The theory is highly symmetric. In
fact, it is invariant under the group of superconformal transformations in two dimensions,
which is infinite-dimensional. This leads to a very constrained setting. In particular, a
consistent perturbative definition of the quantum theory demands ten spacetime dimen-
sions. The spectrum of string theory contains massless states which transform in various
representations of the ten-dimensional Lorentz algebra. One finds a graviton, several gauge
field quanta, and scalars.

There are two expansion parameters in string theory. First, one can expand the action
describing the string motion in powers of the curvature of the ten-dimensional spacetime.
Second, in analogy to ordinary quantum field theory, the diagrams for string scattering
can be organized in terms of a loop expansion, i.e. in powers of the ‘string coupling’ g,.
At leading order in these two expansions one can now compute scattering amplitudes
for the lowest string excitations and match them to scattering amplitudes of (massless)
states in a ten-dimensional supergravity theoryﬂ The latter thus gives the correct effective
ten-dimensional field theory description of string theory in the limit of low energies, i.e.
neglecting the extended nature of strings.

To make contact with observations, six of the ten dimensions need to be ‘compactified’.
This means finding solutions to the equations of motion of the ten-dimensional theory
which are such that, of the ten dimensions of the string theory target spacetime only four
are large. The remaining six describe an internal compact space with a small characteristic
length scale, compatible with the non-observation of extra dimensions. Having found such
a solution, one can ‘dimensionally reduce’ the ten-dimensional theory to obtain an effective
four-dimensional description. While the choice of a solution adds a huge amount of ambi-
guity and complication to the subject, the requirement of being left with a supersymmetric
four-dimensional theory gives a lot of structure to the compact six-dimensional space. In
the simplest cases, this space is a Calabi-Yau manifold [10].

These compactification manifolds are by no means rigid: The metric of the ten-dimen-
sional theory is dynamical and, upon dimensional reduction, gives rise e.g. to scalar fields in
the four-dimensional theory which parametrize deformations of the compact space. Deriv-
ing these four-dimensional effective (massless) degrees of freedom from the ten-dimensional
theory is particularly well-studied for Calabi-Yau manifolds [11].

A common feature of these deformation modes is the fact that, naively, their potential in
the four-dimensional theory is exactly flat (they are ‘moduli’). The presence of such fields
is observationally excluded. The flatness of the moduli potential can be partially lifted by
considering so-called fluxes, i.e. non-trivial field configurations of p-form gauge potentials
along the compact dimensions [12|. This is particularly well understood in four-dimensional
theories arising from a specific 10d theory called ‘Type IIB string theory’, which is why

'In fact, there exist several consistent string theories in ten dimensions which thus give rise to different
effective supergravity theories. They are connected by a web of dualities.



we will mainly be concerned with this class of 4d theories. However, turning on fluxes
is not enough to stabilize all moduli in the tree-level effective action. In particular, so-
called ‘Kéhler moduli’ still correspond to flat directions in the effective potential. They
are associated with metric fluctuations which describe, for example, deformations of the
overall volume of the internal manifold. In order to stabilize these K&hler moduli one needs
to consider higher-order effects (e.g. loop corrections or instantons) in the four-dimensional
effective action [13H16]. The latter arise, for example, from integrating out massive string
modes. As the masses of these states depend on the details of the compactification, these
higher-order effects will typically involve many of the moduli, not only on the Ké&hler
moduli [17]18].

In string inflation scenarios one of these moduli fields will be associated with the inflaton.
Consequently, the inflaton is likely to enter the higher-order terms which stabilize Kéahler
moduli. We have argued that precisely such inflaton-dependent higher-order terms play a
pivotal role in inflationary phenomenology. As an important result, one cannot in general
disentangle the quest of finding viable inflation scenarios in string theory from moduli
stabilization. Rather, in any successful inflation scenario one needs a very precise idea of
how the Kéhler moduli obtain a mass. Otherwise, an a priori good-looking scenario might
be ruined completely if one takes into account the moduli dynamics. This is the intimate
link between string compactifications with moduli stabilization and inflation, on which this
thesis is based.

Since there are quite a number of different scalar fields which arise in the 4d effective
action of a string compactification (the deformation modes of the compact space being
only a subset), many different string inflation models have been discussed in the past. For
a recent review see [9]. They vary in the extent to which the issue of moduli stabilization
is addressed, as well as in their predictions regarding inflationary observables. Our interest
will be in string inflation scenarios in which the inflaton is associated with a deformation
modulus of a so-called D7-brane [19-29]. These proposals have certain advantages which
we will discuss in the further course of this thesis.

Dp-branes are hypersurfaces with p spatial dimensions which fill up the external space
and wrap some (p — 3)-dimensional submanifold in the compact space [30,31]. They are
associated with stable solutions to the equations of motion of Type II string theories. In
particular, moduli stabilization in the Type IIB theory generally requires D-branes to be
present [12]. In perturbative string theory D-branes arise as hypersurfaces to which the
endpoints of open strings are confined (i.e. open strings have Dirichlet boundary condi-
tions in the directions transverse to the D-branes). The quantum theory of open strings
contains fluctuations both along the brane and perpendicular to it. While the fluctuations
along the brane give rise to a gauge theory on the D-brane ‘worldvolume’, the perpendic-
ular fluctuations correspond to fluctuations of the brane position. Thus, a D-brane is a
dynamical object in its own right. In particular, the D-brane can move in the transverse
space, its location being described by the vacuum expectation values of scalar fields in the
four-dimensional theory.

A scalar field which describes the (relative) position of (two) D7-branes will be associated
with the inflaton in the following (see |32] for the first proposal of ‘brane inflation’). We will
thus analyze the (quantum-corrected) moduli space of D7-brane positions in the context of
inflation and moduli stabilization. In particular, since any four-dimensional supergravity
theory is characterized by a Kéhler potential and a superpotential (and a gauge kinetic
function), we will study those quantities as they arise from compactifying Type IIB string
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theory with D7-branes to four dimensions.

One interesting aspect of our investigations is the observation that a D7-brane po-
sition modulus can realize two vastly different classes of single-field slow-roll inflation,
namely large-field and small-field inflation. In the first class, the inflaton traverses a
super-planckian distance during inflation, A¢ > M,, while in the second class the field
excursion is sub-planckian, Ay < M,. As we will detail in the course of this thesis, these
two classes are very distinct regarding model building and predictions of some inflationary
observables. In particular, while our realization of small-field inflation can appear rather
naturally in a string compactification, the large-field version is highly ‘tuned’, i.e. various
terms in the effective theory need to cancel each other with high precision, which is non-
genericﬁ Despite the fact that such a fine-tuning is not desirable from a model building
point of view, the results of the recent BICEP2 experiment seem to force us to go in this
direction [33].

In order to convey the gist of our two inflation models, let us summarize the basic
mechanisms which underlie the two scenarios. For a suitable choice of fluxes (to stabilize
some of the moduli) and in the absence of any source of supersymmetry breaking, D7-
branes don’t feel any force and can be displaced arbitrarily in the compact space. A
potential for the D7-brane position moduli (i.e. the inflaton potential) can be introduced
in different ways: One option is to let two D7-branes attract each other. This is achieved
by considering supersymmetry-breaking flux on a pair of D7-branes which is, however,
chosen such that it does not individually stabilize the D7-brane positions at tree—levelﬁ In
this scenario the distance between the two branes is associated with the inflaton. The flux
induces a supersymmetry-breaking energy density on the branes which drives inflation.
Furthermore, it leads to a mass difference between bosonic and fermionic excitations of the
open strings whose endpoints lie on the two branes, such that the typical SUSY cancellation
of bosonic and fermionic loops in the computation of the effective potential no longer takes
place. Thus, being non-vanishing, these loop corrections induce an attractive potential for
the D7-brane pair, i.e. an inflaton potential. As soon as the branes approach a certain
critical distance, a tachyon appears in the spectrum of the open strings, which triggers
a phase transition towards the true vacuum, taking the potential to zero very quickly.
This scenario of ‘fluxbrane inflation’ [21] is therefore a stringy version of supersymmetric
‘hybrid inflation’ [34,35] and is of the small-field type. The size of the loop-induced inflaton-
dependent potential term relative to the constant energy density which drives inflation is
controlled by the supersymmetry-breaking parameter. For a pair of D7-branes the potential
can be flat enough to maintain an extended period of slow evolution of the inflaton [

Most notably, the inflaton potential in fluxbrane inflation is obtained via integrating out
massive string excitations. The inflaton-dependent term which arises in this manner will
also depend on Kéahler moduli which are not stabilized at tree-level. Thus, one might fear
that moduli and inflaton masses are always of the same magnitude in our model, which

2To the best of our understanding, the latter is true for all realizations of large-field inflation in string
theory which have been proposed so far.

3This means, in particular, that an appearance of the D7-brane modulus in the superpotential is
avoided.

4The fact that this does not generically work for branes of all dimensions was one of the reasons for
proposing the fluxbrane inflation scenario in [21]. In particular, in popular scenarios where D3-brane
positions play the role of the inflaton [36H38|, the maximum field displacement which can be attained in a
compact space is not sufficient to obtain a potential suitable for slow-roll inflation.
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would, at best, imply a departure from the single-field slow-roll regime. This is, however,
not the case. We will show that it is possible to parametrically separate the scale of
moduli and inflaton masses in fluxbrane inflation [23,29]. This works due to the existence
of an operator which manifestly does not contain the inflaton and which, under certain
conditions, is parametrically dominant amongst the various higher-order terms.

In our second model, the inflaton is associated with a position modulus of a single D7-
brane. The inflaton potential is induced at tree-level via a suitable choice of fluxes, which
results in a small (tuned) dependence of the superpotential on the D7-brane modulus. This
leads to a monodromy (i.e. a multi-covering) in the moduli space of the D7-brane position,
which enlarges the a priori sub-planckian field range such that large-field inflation can
be accommodated. Our scenario is along the lines of earlier axion monodromy inflation
proposals [39,140], however, with the crucial advantage of being formulated within the
context of spontaneously-broken supergravity. This allows us to explicitly address certain
control issues. The resulting potential in our ‘D7-brane chaotic inflation’ model [28] is
of the type known from the chaotic inflation scenario [41], entailing the corresponding
phenomenological implications such as a large tensor-to-scalar ratio.

Also in this second case we have to worry about the interplay between inflation and
moduli stabilization. At first sight, the situation is even worse in D7-brane chaotic inflation,
as the inflaton potential is a tree-level (rather than a loop) effect in this model. However,
this is precisely why the aforementioned tuning is needed: It suppresses the inflaton mass
scale below the scale at which moduli are stabilized. Consequently, also this large-field
realization of inflation, using a single D7-brane, works in a parametrically controlled way.

In the rest of this introduction we will provide some more details of the theory of inflation
and string theory, focusing on the material which is useful to follow the thesis. In section[I.3]
we will give a summary of our most important findings.

1.1. Field-Theoretic Models of Inflation — A Window to UV
Physics

Primordial inflation [5-9] has become an important cornerstone of the standard theory for
the cosmological evolution. It resolves several puzzles of Big Bang cosmology. In its sim-
plest field-theoretic realization the accelerated expansion of our universe, associated with
this period of primordial inflation, is driven by the potential energy density of a slowly
rolling scalar field, the inflaton ¢. This vacuum energy mimics, to a first approximation,
a cosmological constant, which is known to lead to an exponential expansion. The slow
motion of the inflaton field in its non-trivial potential leads to a slow time evolution of
the energy density. Eventually, as soon as the time variation becomes too big, the energy
density of the scalar field looses its interpretation as a cosmological constant and, con-
sequently, the period of accelerated expansion ends. Quantum fluctuations of the metric
and the inflaton field during inflation [42H46] are a source of temperature anisotropies in
the cosmic microwave background (CMB) radiation and provide the seeds for structure
formation, in astonishing agreement with measurements [47,/48].

In this section we highlight two important facts: First, since we are able to observe
anisotropies of potentially primordial origin, e.g. the CMB temperature fluctuations, on
a range of different scales, we can significantly constrain the time evolution of the energy
density during some part of the inflationary epoch. This means that we can constrain some
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part of the potential for the inflaton. Having string theory in mind, we thus constrain the
potential for the string modulus which we want to associate to the inflaton. Second, the
fact that the evolution of the energy density is very slow means that the inflaton needs
to have a very flat potential in the effective theory. Since scalar fields typically obtain
large masses via quantum corrections, the latter is unnatural, unless some symmetries are
involved. We will discuss two classes of models, large-field and small-field inflation, and
detail how symmetries can be used to protect the inflaton from large mass terms in the
effective action. In particular, we discuss the importance of higher-dimensional operators
in the two classes.

1.1.1. Slow-Roll Inflation

The need for an epoch of primordial inflation is most easily motivated via the horizon
problem, which we will therefore very briefly review, following mostly [9,/49-51]. Recall
that the universe on large scales is to a good approximation spatially homogeneous and
isotropic, and can thus be described by the Friedmann-Robertson-Walker metri(ﬂ

ds? = —dt* + a(t)? < - 7’2d92> : (1.1)

1 — kr2

where a(t) is the ‘scale factor’ and k = 0,+1 is the curvature signature. The energy-
momentum tensor describing the content of the universe is assumed to be well-approximated
by the energy-momentum tensor of a perfect fluid. The latter is fully characterized by the
energy density p and the pressure p and takes the form T} = diag(—p, p, p, p) in the fluid’s
rest frame. Energy density and pressure are related to the scale factor by the first law of
thermodynamics

d(pa®) = —pd(a®). (1.2)

During matter domination (p = 0) this implies p ~ a3, while radiation domination
(tracelessness of the energy-momentum tensor, i.e. p = p/3) gives p ~ a~%. The time
evolution of a(t) is governed by Friedmann’s equations which are obtained from Einstein’s
field equations using the ansatz (|1.1))

H? = <a>2 =£- k (1.3)

== —=(p+3p). (1.4)
Here we have set the reduced Planck mass to one, M, := (87G)~Y/2 = 1. For radiation
and matter domination Friedmann’s equations imply a(t) ~ t" for some 0 < n < 1. Thus,
the universe expands and was dominated by radiation at some early epoch. Importantly,
a — 0 at early times, which corresponds to a singularity in spacetime.
The ‘particle horizon’ is the comoving distance a photon has traveled since the singularity
at t =ty (we choose ty = 0 by convention). It is given by

toay “dlna
AT = — . 1.5
g /0 a(t)) /0 oH (1.5)

SWe will use units in which A= ¢ = 1.
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From the above it is clear that aH decreases during radiation and matter domination,
such that the ‘Hubble radius’ (aH)~! increases. In particular, one can evaluate the co-
moving distance a photon has traveled between the initial singularity at ¢ = 0 and the
time of recombination, where the universe became transparent and the cosmic microwave
background (CMB) was formed. This quantity can be compared to the distance a photon
has travelled between CMB formation and today. The latter turns out to be much bigger,
leading to the implication that, if the above picture was correct, CMB photons coming
from different directions in the sky and being observed by us today would never have been
in causal contact in the history of the universe. But how can we then explain correlations
in the photon abundance (i.e. correlations of temperature fluctuations in the CMB) across
the whole sky? This puzzle is the horizon problem.

It is resolved by postulating an epoch of accelerated expansion, i.e. an epoch of decreasing
Hubble radius, in the early universe. This changes the above conclusions. In particular,
AT evaluated between the onset of inflation and recombination can be bigger than AT
evaluated between recombination and today. This solves the horizon problem. Also note
that, due to the fact that the horizon decreased during inflation, a fixed comoving distance
can be larger than the Hubble radius at recombination, but has been ‘inside the horizon’
(i.e. smaller than aH) at some earlier stage of the cosmological evolution. This will become
important later.

An accelerated expansion is most easily realized in a universe whose energy density
is dominated by a cosmological constant, in which case the energy-momentum tensor is
Ty ~ Aguy. This leads to a constant Hubble rate, H = const., and an exponentially
growing scale factor, a(t) ~ eft.

However, inflation has to end at some point. Thus, a cosmological constant cannot be
the final answer. Rather, in single-field slow-roll inflation one postulates that a scalar field,
the inflaton, provides the energy density which drives inflation. The equation of motion
for a scalar field ¢ with potential V' (y) reads

¢+ 3Hp =V (1.6)

Here we have neglected spatial variations of . Although generically present, they are
inflated away quickly. In order to see under which conditions the scalar field can drive an
accelerated expansion we rewrite ¢ > 0 in terms of H

€:=——5 <L (1.7)

Combining Friedmann’s equations with the equation of motion for the inflaton, using
p=?/2+V(p), yields H = —(?/2. Here we have neglected the curvature contribution,
which quickly becomes irrelevant during inflation. We thus find

1 ¢?
Inflation proceeds as long as ([1.8)) is satisfied. Combining (|1.8]) with (|1.3) gives
3H? ~ V(p). (1.9)

In order to express ¢ in ([1.8]) one can use the equation of motion for the inflaton, neglecting
. Smallness of ¢ is usually assumed in slow-roll inflation, though strictly speaking it is not
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necessary for driving an accelerated expansion (see e.g. [5253|). However, for non-negligible
¢ inflation typically does not last long enough to explain e.g. the observed correlation of
temperature fluctuations in the CMB. Using ((1.6) we find

1 /V\?
= — | — 1 1.1
€ 2(V> < 1, (1.10)

while smallness of ¢ translates to

<1 (1.11)

Vl/
= |

These two conditions are often called ‘slow-roll conditions’.

Inflation now proceeds as follows: Suppose the inflaton potential has a flat region, such
that is satisfied. As long as the inflaton happens to be in that region the energy
density is approximately constant, leading to an approximately constant Hubble rate H
and to an approximately exponential increase of the scale factor. Subsequently, the inflaton
enters a region where its kinetic term becomes sizable and thus, inflation ends. To solve
the horizon problem the required number of ‘e-foldings’ is given by [4§]

N :=In (‘“‘d> ~ 50 to 60. (1.12)

Obeginning

In fact, it logarithmically depends on the scale of inflation and on the details of reheating,
but the numbers quoted above correspond to the commonly used values and are valid for
a broad range of inflation models. In this thesis we will use N = 60 throughout. Using

_a_

da ~ — \/ﬂdgo, which is true for approximately constant H, we find

PN d(,D
©0 \/%7

where ¢ denotes the field value at which inflation ends and ¢ denotes the field value N
e-folds before the end of inflation.

N ~ (1.13)

1.1.2. Quantum Fluctuations during Slow-Roll Inflation

Amazingly, besides providing a way to resolve the horizon problem and other issues re-
lated to the Big Bang scenario, inflation can extremely accurately describe the spectrum
of temperature fluctuations in the CMB [42-46] as measured e.g. by the Planck collabora-
tion [48]. In fact, in the inflationary scenario these temperature variations can be traced
back to quantum fluctuations of the metric and the inflaton itself, which are stretched to
cosmological scales during inflation.

The treatment of quantum fluctuations of metric and inflaton is somewhat involved. One
reason for this is the link between the two via Einstein’s field equations. Let us nevertheless
try to develop some intuition for the underlying physics.

Fluctuations of the metric divide into scalar dg;; ~ d;; and tensor fluctuations dg;; ~
hij, ht = 0, where 4, j label the spatial components of the metric. Focusing on the scalar
perturbations, one may use diffeomorphism invariance to remove the inflaton fluctuations,
dp = 0, and write down the action for the ‘comoving curvature perturbation’ R, where
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0gij ~ a(t)QRéij. This is done by plugging the ansatz for dg;; into the action containing
the Einstein-Hilbert term and the inflaton. Canonically normalizing the fluctuations, v =
av/2€R, and going to Fourier space, one recovers the Mukhanov-Sasaki equations for the
Fourier modes vy, associated with the comoving wavenumber k. For pure de Sittetﬁ they
read
vy + <k‘2 - 7_22> vy =0, 7= faLH = conformal time. (1.14)

The primes denote derivatives with respect to conformal time 7. In approximate de Sitter
the situation is more complicated. However, our discussion of the de Sitter case will suffice
to illustrate the most important features. Deviations from this idealized situation are
expected to be suppressed by the slow-roll parameters.

On ‘subhorizon’ scales, k > aH, equation describes a simple harmonic oscillator.
This is intuitive: small-wavelength modes cannot detect whether the space is Minkowski
or de Sitter. The properly normalized ‘positive frequency’ modes are given, as usual, by

1
V2k

On the other hand, on ‘superhorizon’ scales, k < aH, we find a growing solution v =
C(k)/T. Note that for the Fourier modes of R this implies that they are ‘frozen’ (i.e.
constant) on superhorizon scales.

Upon quantizing the fluctuations, an ambiguity concerning the choice of a vacuum arises
due to the fact that the ‘frequency’ (k:2 — T%) in is time-dependent. This ambiguity
is resolved by observing that, at sufficiently early times, all relevant scales were inside
the horizon and the corresponding frequencies were approximately constant. The mode
functions which approach in the far past, 7 — —o0o, are defined to be positive
frequency modes (i.e. multiplying annihilation operators). This corresponds to the choice
of a Minkowski vacuum in the far past, where all relevant scales were inside the horizon
(these are the ‘Bunch-Davies’ initial conditions).

As long as a given scale is inside the horizon it will fluctuate according to . When
it gets stretched outside the horizon it will follow the growing solution. To determine the
normalization C'(k) we can, to a first approximation, match the two solutions at horizon
crossing, k = aH. This gives C(k) = 1/v/2k3 and thus |v|? = (aH)?/(2k*) on superhori-
zon scales. For the Fourier modes of the field R this implies that

v = etk (1.15)

1 H?
Pr(k) = [Rp]* = —=— 1.16

R(K) = [Ril” = 175 7 (1.16)
on superhorizon scales. The above quantifies the power of zero-point fluctuations of a mode

with wavenumber k. The ‘dimensionless power spectrum’ is defined via

I 1 (H\?

A% = ——=Prlk)=—(—) . 1.17
%= paPel) =5 (51 (117)

In these expressions it is understood that the right-hand side is to be evaluated at horizon
crossing, i.e. k = aH (this is where we matched the sub- and superhorizon solutions

SStrictly speaking, the relation v = av/2eR is ill-defined in pure de Sitter space, as e = 0. For
performing the following calculations one usually assumes € = const. During slow-roll inflation, € will be
non-vanishing and approximately constant, with deviations suppressed by the slow-roll parameters.
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of the Mukhanov-Sasaki equation). Importantly, is independent of k£ in pure de
Sitter space. By contrast, for primordial inflation (which represents a small deviation from
de Sitter) (1.17) will depend on k, i.e. the power spectrum is ‘scale-dependent’. Since
the departure from de Sitter is small, suppressed by the slow-roll parameters, inflation
produces a nearly scale-invariant spectrum.

A similar computation can be performed for tensor fluctuations of the metric. One again
finds the Mukhanov-Sasaki equation for the canonically normalized field, only this time
the process of canonically normalizing does not involve €. Therefore, the power spectrum
of tensor perturbations does not involve € and is given by

2
AZ = pHQ. (1.18)
Thus, this quantity is directly related to the scale of inflation.

Upon reheating the above fluctuations become density variations in the primordial
plasma. Driven by gravitational pull and radiation repulsion they start oscillating co-
herently as soon as the scale associated with a given fluctuation re-enters the horizon. At
recombination a snapshot of these fluctuations is imprinted in the CMB radiation, which
can be measured today. In particular, modern experiments like the Planck satellite [48]
are able to resolve a range of different scales in the CMB, i.e. we can probe a range of
different wavenumbers k. This constrains the shape of the inflaton potential. For example,
measurements of the amplitude of scalar perturbations determine [48]|

V12rn2Ag = ,/QK =51-1074 (1.19)
€

at the pivot scale ky, = 0.002 Mpc~.
To first order, the deviation from scale invariance of the scalar power spectrum is con-
veniently parametrized by the spectral tilt

o dlnA%2

T (1.20)

Ng —

In the limit of small € we find dIn k = Hd¢. Using furthermore (|1.9)) and (|1.6)) (with ¢ ~ 0)

we obtain dlnk = —\/%dgo, and thus

ns — 1 = —6e 4 2n. (1.21)

As expected, the departure from scale invariance is quantified in terms of the slow-roll
parameters. The spectral tilt is measured to be ng = 0.9603 £ 0.0073 at k. [48].
Another important quantity is the tensor-to-scalar ratio
A2
2
ri=—— = l6e. (1.22)
AR
Until recently, for this quantity only upper bounds existed, the latest one being r < 0.11
[48]. This situation has changed: In [33] it is claimed that r = 0.215:0f has been detected.

If confirmed, this would determine the scale of inflation to be roughly the GUT scale,
V1/4 ~2.10'6 GeV. At the moment, the validity of this result is still debated.

10
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Interestingly, in view of (1.13)) there is a close relationship between the field range Ay,
which is traversed by the inflaton during AN e-folds, and the tensor-to-scalar ratio. As-
suming approximately constant r it reads

.
1Ay| = \/;\AN\. (1.23)

In particular, assuming r ~ 0.2 to be roughly constant during the phenomenologically
required 50 to 60 e-folds, this implies Ay > 1 [54./55]. On the other hand, the scales that
we can presently resolve in the CMB correspond to less than about 10 e-folds. Therefore,
the BICEP2 result [33] does not immediately imply that the field excursion of the inflaton
was super-planckian.

1.1.3. Models of Slow-Roll Inflation in Effective Field Theory

Models of slow-roll inflation can be classified according to the distance in field space which
is traversed by the inflaton during the last N = 60 e-folds of inflation. By obvious use of
nomenclature they are called ‘large-field’ (A¢ > 1) and ‘small-field’ (Ag < 1) models. Let
us highlight some of the important features of these classes in turn.

In terms of bottom-up model building it is very easy to write down a potential for a
large-field model of inflation. A simple

V(p) = m*p? (1.24)

is in reasonable agreement with the observational constraints for a properly chosen m |41HZ|
More precisely, the measured value of n, fixes p% ~ 200 via E| Furthermore,
determines m ~ 0.5-107°. Crucially, the tensor-to-scalar ratio is large, r ~ 0.16, consistent
with the BICEP2 result.

So far this potential looks very promising. One general challenge in the bottom-up
construction of inflationary scenarios is, however, that it is non-generic to have light scalars
in an effective theory. Rather, starting in the UV and integrating out heavy degrees of
freedom, scalars will typically obtain large masses. For example, if the UV theory contains
the marginal coupling A\p?x? to some heavy scalar Y with mass M, the inflaton mass m?
will receive quantum corrections proportional to AM?2. Thus, retaining m ~ 0.5 - 107°
under the inclusion of quantum corrections implies a tuningﬂ What is more, generically
all higher-dimensional operators ~ Og4[¢]/M%* will be introduced in the effective theory.
Since M < M, they will dominate the potential for ¢ > 1 and generically ruin the large-
field inflation model. As an example, consider the marginal operator k¢* which, even if
not present at tree-level, will be introduced via a y-loop with a coupling strength x ~ A2.
For A not too small this operator will dominate over in the regime of large field
values, ¢ > 1.

One way to proceed from here is to assume that the UV theory features a symmetry
which forbids (or limits the size of) the dangerous higher-dimensional operators. Possible

"There is some ongoing discussion how to reconcile the BICEP2 measurement with the Planck bound
r < 0.11, one option being to allow for a sizable running of the spectral index, which weakens the Planck
bound [48]. However, such a large running cannot be provided by the simple quadratic potential .

8By choice, the origin ¢ = 0 corresponds to the minimum of the potential.

9Clearly, if one has reasons to assume A < 1 (or even A\ = 0) for all couplings of this type, tuning
might not be necessary.

11
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candidates for such symmetries are supersymmetry [56] or a shift symmetry. Supersym-
metry is well-known to control the size of loop corrections to scalar masses, e.g. in the
context of the standard model Higgs particle. However, supersymmetry will be broken by
the positive vacuum energy density during inflation, leading to a cutoff which is generically
A ~ H and therefore to a Hubble-scale inflaton mass, inconsistent with . A shift
symmetry, i.e. invariance of the UV theory under ¢ — ¢ + const., is more promising in
this respect. It forbids all dangerous higher-dimensional operators and leads to an exactly
flat potential for the inflaton. If the shift symmetry is broken only by a small effect, then
all quantum corrections breaking the shift symmetry will be suppressed by the parameter
controlling the size of this small effect. For instance, if the breaking is due to a mass term
, quantum corrections to the inflaton potential will be suppressed by m divided by
some high scale (e.g. the Planck scale if one considers a graviton loop). In this sense, the
above model of chaotic inflation can be ‘technically natural’ [57].

An important caveat to this is a folk theorem which states that global symmetries are not
consistent in a quantum theory of gravity (for a recent discussion see [58]). While there is
no rigorous proof of this theorem, it is certainly true that no continuous global symmetries
are encountered in presently known string compactifications. By this folk theorem, any
global shift symmetry is expected to be broken by Planck-suppressed operators, which
threatens the discussed large-field inflation model. We thus learn that bottom-up model
building clearly has limitations. In this thesis we therefore follow a different strategy:
We start with string theory as a candidate theory for a UV completion of gravity and
derive the effective theory for the inflaton. This approach automatically warrants the UV
compatibility of the inflation model.

Examples of shift symmetries do arise in string theory, the most prominent ones being
axionic shift symmetries which descend from higher-dimensional gauge invariance. These
shift symmetries are typically gauged and always broken by non-perturbative effects. For
example, the axionic coupling ¢FF induces a periodic potential ~ cos(a/f) for the ax-
ion a via gauge instanton effects. This potential can lead to natural inflation [59] if the
suppression scale f of the higher-dimensional operator (commonly called the ‘axion decay
constant’) is much larger than the Planck scale, f > 1. Note that in the limit f — oo the
axion decouples from the gauge sector and the shift symmetry becomes global, which is
forbidden by the folk theorem. Accordingly, this limit should not be available in string the-
ory. Indeed, all attempts to realize f > 1 in weakly-coupled string theory failed so far [60],
which is why there is no successful embedding of natural inflation, using one axion, in
string theorym These arguments do not rule out large-field inflation in string theory. For
example, models where the inflaton dynamics is mainly due to a tree-level breaking term,
as in , can still work.

In conclusion, we have seen that consistency with the UV completion severely constrains
inflationary models. In particular, an inflaton potential which is written down naively
might seem promising at first sight and can even be technically natural, but may be
incompatible with a UV theory of quantum gravity. In string theory, the question of
UV compatibility of inflationary models can in principle be addressed explicitly, which
motivates the investigations performed in this thesis.

Let us now discuss ‘small-field inflation’, where A¢ < 1 during the whole N = 60 e-folds
of inflation. We will see that, by contrast to the large-field case, in small-field inflation

0Generating an effectively large axion decay constant using multiple axions has been discussed in [61)62].

12
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only a finite number of higher-dimensional operators needs to be controlled. An inflaton
potential which is suitable for inflation with sub-planckian field excursion is given by (see
e.g. |59))

V(p) = Vol —ap®+...), (1.25)

where the ellipses denote terms of higher order in ¢. Here, the origin ¢ = 0 is chosen such

that it corresponds to a local maximum of the potential. Inflation works for o < 1. In this
. . . ~ 1— s o _ 1

limit, € < || and thus (1.21]) determines o ~ === ~ 0.01. Furthermore, N = 5~ In ((f—;)
and

2(1 — ny)? -
S C ol ) 5(p0 = on)? =6 (po — pn)?- 107" (1.26)

(6 (1—2”S)N . 1)

for N = 60. Here we have assumed that at g higher-order terms in ((1.25) become
important and slow-roll ends. The only free model parameter is pg. The value ¢y is then

determined in terms of ¢y and N. Since o ~ 0.01, we have N ~ 50 - In (%). Thus,

N = 60 can be achieved for sub-planckian field excursions. The overall scale Vj is set by
(1.19).

From this simple but sufficiently generic example we can learn a couple of lessons: First,
since in the above model the inflaton rolls a sub-planckian distance in field space, |¢@o —
©n| < 1, we can safely neglect almost all higher-dimensional operators in , something
which was not possible in the large-field model discussed before. Second, as expected from
, the tensor-to-scalar ratio is tiny. The situation is actually particularly extreme in
the above model, since r is monotonically increasing during inflation. A naive Lyth-bound
estimate, using AN = 60, would give r ~ 2 - (¢ — ¢n)? - 1073, which is larger than the
actual value. A string-inspired scenario where the Lyth bound in this strong form is evaded
by a non-monotonic evolution of r will be discussed in chapter [2| (see also [24]). Third,
in order for the model to be viable we needed a small dimensionless coefficient in front
of the inflaton-dependent term in the potential, something which we have no reason to
believe it appears generically. Instead, similar to the large-field case, one would naively
expect mass corrections of Planck-scale size, which would be disastrous for the inflation
model. Supersymmetry helps, but again we expect Am? ~ H? because supersymmetry
is broken spontaneously during inflation. This mass is too large to be consistent with
by a factor of a hundred. One can, nevertheless, obtain a viable model of inflation
using supersymmetry, by explicitly computing all operators which contribute inflaton mass
corrections and subsequently invoking explicit tuning. The most prominent string inflation
scenario where this strategy has been employed is the KKLMMT scenario |38|. Crucially,
such a strategy can only be successful with knowledge about the UV completion, which
again motivates the discussion of inflation in string theory. The other option is to resort to
shift symmetries in order to protect the inflaton mass. As we have already mentioned, such
shift symmetries are broken, e.g. by non-perturbative effects, and the size of the breaking
terms determines whether or not an inflationary model is viable. In chapter [2| we will
discuss the example of hybrid natural inflation, a scenario in which a shift symmetry and
supersymmetry are employed to built a model in which the inflaton naturally remains light.

13
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1.2. String Theory and its Low-Energy Description

In this section we provide some relevant string theory background which is needed to follow
the discussion in the later chapters. A more detailed treatment can be found in [1-4].

1.2.1. Ten-Dimensional Effective Actions from String Theory

String theory is the presently best understood candidate theory for describing the UV
behavior of the standard model, including gravity. It posits that the fundamental degrees
of freedom at and above the string scale M are the ones of vibrating closed (and sometimes
open) strings, rather than point particles. The string scale Mj is set by the tension of the
strings.

The classical dynamics of a bosonic string moving in a d-dimensional spacetime is gov-
erned by the Polyakov action [63,64]

1
S = / 2ov/=gg*P 0. XMz XN sy, (1.27)
w

4o

where the string tension 7 is defined in terms of the ‘Regge slope’ o/ as T := 1/(2wa’). The
string sweeps out a ‘worldsheet” W as it moves in time. Coordinates on the worldsheet are
denoted by o = (7,0), and the XM(g), M =0,...,d — 1, describe the embedding of the
worldsheet in the d-dimensional ‘target spacetime’. In the latter is a Minkowski space
with metric na7n. In the above Polyakov formulation the metric on the worldsheet g,z is an
independent quantity which is introduced in order to simplify the treatment of the action.
Equation thus describes a field theory coupled to gravity on the two-dimensional
worldsheet. The extra redundancies associated with the worldsheet metric g,z, namely
the freedom to choose coordinates on the worldsheet and invariance under Weyl rescalings,
Jap — 62‘”((’)9&5, can be partially removed by the gauge choice gog = 1,3. What is left
are diffeomorphisms on the worldsheet which can be undone by a Weyl rescaling. These
are conformal transformations. Crucially, preserving conformal invariance at the quantum
level requires d = 26 [65].

The action has d-dimensional Poincaré invariance as an internal symmetry. Upon
quantization the massless states of the theory described by can be organized into
representations of this internal symmetry group. In particular, one finds a ‘graviton’ Gy
(i.e. a rank-two symmetric tensor), an antisymmetric tensor By, and the ‘dilaton’ ®.

One can consider non-trivial backgrounds for these massless excitations, in which case
the action of the string moving in such a background becomes a non-linear sigma-model

1
4o

S = /W 20/ =g ({ GG (X) + eaﬂBMN(X)} D XM XN + o/cb(X)R(g)) ,

(1.28)
where R(g) is the two-dimensional Ricci scalar. The above describes an interacting the-
ory of scalars which generally cannot be solved exactly. One can, however, expand the
background fields appearing in in fluctuations about a classical solution X(])V" , which
describes a string sitting at a fixed point. The coupling constants multiplying the interac-
tion terms in this expansion are then given by derivatives of the background fields. They
can be organized in powers of %

Besides requiring d = 26, preserving conformal invariance at the quantum level imposes
additional constraints on the background fields in terms of equations of motion in the

, where R is some typical length scale of the target space.
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target spacetime, which can be analyzed order by order in @. At leading order, these

equations of motion can be shown to arise from an action

1

S=—
2%3

/M d1XV/—Ge™2® (R + 4(09)% - %\Hgﬁ - 2@;;,2@ + (’)(o/)) , o (1.29)

where Hj := dBs, |H3|>v/—Gd?X = Hs A xHj3, and d = 26 for the bosonic string. The
constant 5(21 (which is proportional to Newton’s constant in d-dimensions) can be expressed
in terms of o/, but its precise form is irrelevant for us. Crucially, (1.29)) involves the d-
dimensional Einstein-Hilbert action in a non-canonical frame, the ‘string frame’. Thus, at
leading order in o, bosonic string theory gives a particular 26-dimensional effective field
theory, containing gravity.

Bosonic string theory has several drawbacks. For instance, it contains tachyons and has
no fermionic excitations. Both problems are absent in superstring theory, i.e. a theory
which is based on a two-dimensional supersymmetric worldsheet action and which thus
contains fields which transform in the spinor representation in two dimensions. In contrast
to the bosonic string, superstring theory is consistently defined in d = 10 target space-
time dimensions. Furthermore, one finds that there exists not only one consistent theory.
Rather, one is free to make several choices, e.g. choose different periodicity conditions for
the worldsheet fermions, which give rise to five different string theories in ten dimensions,
with associated ten-dimensional effective supergravity actions.

For simplicity, in the following we consider only one of these five theories, namely ‘Type
IIB’ string theory. From the perspective of moduli stabilization, to be discussed later, it
is the one which is best understood. The bosonic field content in Type IIB string theory
comprises, in addition to the fields Gasn, By, and @, the p-form potentials C), p = 0,2, 4.
Denoting their field strengths by Fj,11 := dC), it is convenient to define the axio-dilaton
7:=Cy+ie ®, and G3 := 3 — 7Hs. Furthermore, Fg) = Fy — %C’g N Hsg + %Bg A F3. The
effective action for the bosonic fields then reads

1 dr AxdT G A *ég F5 AN *Fg,
SiB =5 dX\/-GgRp — — —
79620 S ( EE T 9Im(r)2  2Im(r) 4 )
1 Ci N Gs /\ég
1.30
8&0/ iIm(r) (1.30)

where 2x%, = (27)7(a’)*. Note that the self-duality constraint F5 = %% has to be imposed
at the level of the equations of motion. The action has been written in a frame
where the Einstein-Hilbert term is canonical (i.e. in the ten-dimensional ‘Einstein frame’),
which is achieved via a Weyl rescaling Gy n g == e ®2G N,

Just as the one-form potential in electromagnetism is sourced by the electron, there
exist sources for the (), gauge potentials appearing in , so-called ‘D-branes’. In
perturbative string theory they arise as subspaces on which open strings can end (i.e.
the open strings have Dirichlet boundary conditions in the directions transverse to the
D-brane). Fluctuations of the open strings transverse to the D-brane can be interpreted
as fluctuations of the D-brane itself, whereas fluctuations along the D-brane directions
correspond, in the effective theory, to gauge fields living on the D-brane worldvolume.
The effective action for the massless excitations associated with a Dp-brane with p spatial
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dimensions is given by [66|

Spp = Tp/ dPHige® \/* det (Gap + Bap + 27 Fop) + ,up/ Z Cy N eBat2ma’
Dp Dp q

(1.31)
where Fy is the field strength two-form of the D-brane gauge theory, and the D-brane
charge 1, equals its tension T, (a D-brane is a BPS object [67,/68]) which is given by
tp =T, := (2m)7P(a/)~P+1)/2_ The second term in captures the coupling of the D-
brane to the C; gauge potentials, in analogy to the coupling of the electron to a background
one-form gauge potential. The ‘induced metric’ on the D-brane worldvolume is given by
the pullback y N

abzaa)gaa;gbG’MN, a,b=0,...,p, (1.32)
where G/ is the ten-dimensional string frame metric and the XM (¢) describe the em-
bedding of the D-brane in the target spacetime. The latter fields thus encode the position
of the D-brane. They will be associated with the inflaton in the string inflation scenarios
discussed in this thesis. Finally, B, is the pullback of Bj;y to the worldvolume of the
Dp-brane. In Type IIB string theory, only Dp-branes with odd p correspond to stable
solutions of the equations of motion.

1.2.2. Four-Dimensional Effective Actions from String Compactifications

The action (possibly supplemented by ) will be the starting point of our further
investigations. The first task is to find classical solutions to the equations of motion derived
from . Following our reasoning from the previous subsection, these solutions are then
backgrounds for a worldsheet theory without quantum anomalies, at least at leading order
in /. In order to make contact with phenomenology one typically looks for solutions of
the type

Mig = My x X3, (1.33)

where M, describes the four-dimensional spacetime we observe and X3 is some compact
six-dimensional internal space, small enough such that its existence has escaped experi-
ments so farE If one has obtained a solution to the equations of motion, obeying ,
the theory is then said to be ‘compactified’ on X3s.

Having found a solution one can perform a ‘dimensional (Kaluza-Klein) reduction’ |69,
70|, i.e. one expands the ten-dimensional fields in terms of eigenfunctions on the internal
space with respect to the differential operator appearing in the equations of motion. The
coefficients in this expansion depend on the non-compact dimensions and thus correspond
to fields in a four-dimensional effective theory. At leading order one takes into account
only the massless fields in four dimensions, neglecting all higher modes with masses at the
KK scale.

The ten-dimensional effective theory, whose action for the bosonic fields is given by
1.30]), enjoys N = 2 supersymmetry. Generic solutions to the equations of motion, obeying
1.33]), will lead to four-dimensional effective theories with no supersymmetry. However, for

1 Often, a direct product of the form (I.33) is not general enough for phenomenological purposes. In ‘flux
compactifications’, to be discussed momentarily, one typically considers warped products of a maximally
symmetric four-dimensional spacetime with some internal six-dimensional space [12].

16



1.2. String Theory and its Low-Energy Description

many purposes it is adequate to focus on compactifications which preserve some amount of
supersymmetry in four dimensions.lE In the case of trivial vacuum expectation values for
the fields C), and By, and for constant @, those solutions are ‘Calabi-Yau’ spaces [10], i.e.
complex three-dimensional Kdhler manifolds with vanishing first Chern class. This implies
in particular that the Ricci tensor vanishes (for suitably chosen coordinates), which means
that these spaces are solutions to the vacuum equations of motion.

Moduli in String Compactifications

A common feature of such supersymmetric compactifications is that they come with many
‘moduli’, i.e. four-dimensional scalar fields with exactly flat potential. They arise upon
dimensionally reducing the massless ten-dimensional fields to four dimensions. The equa-
tions of motion for the massless fields in ten dimensions imply that the eigenfunctions
multiplying the massless four-dimensional fields in the KK expansion are harmonic forms
of the Calabi-Yau space. The number of different harmonic (p, ¢)-forms on a compact
complex manifold X3 is given by the dimension hP4(X3) of the corresponding Dolbeault
cohomology group HP4(X3). Thus, the massless spectrum of the four-dimensional effec-
tive theory is determined by purely topological data of the Calabi-Yau. For instance, the
ten-dimensional field Cy can be expanded as Cy = ¢j(z)@’ + CL(z) Aw;+ ..., where &,
I=1,...,h*?*(X3), is a basis of H*»?(X3). Furthermore, wj, I=1,...,h%(X3), is a basis
of HY1(X3), and = denotes the coordinates along the non-compact directions. Importantly,
on a Calabi-Yau manifold one has

h0,0 =1
[ — ol =0
h2’0 =0 hl’l — h2’2 hO,Q =0
B30 — 1 B2l — pl2 pl2 = p21 93 =1 (1.34)
h3’1 =0 h2’2 — hl’l h1’3 =0
W32 = 0 h%3 =0
h3,3 =1

That is, only A% (X3) = h%2(X3) and h?!(X3) = h12(X3) are not determined.

The fact that the Calabi-Yau vacuum solutions do not provide a potential for the four-
dimensional moduli fields represents a serious drawback. We will discuss how this is re-
solved in more detail in the following subsection [1.2.3] Here we just note that, according
to [12], at least some of the moduli can be ‘stabilized’ (i.e. they become massive) if one
turns on a non-trivial field configuration (‘fluxes’) for F3 and Hs. Consistency (that is,
charge cancellation in the internal compact space) then typically requires to include lo-
calized sources with negative tension. One is thus led to consider Type IIB ‘orientifold’
compactifications |[71H73|. These are Type IIB theories where states which are not invariant
under a certain geometric involution, combined with worldsheet parity inversion, are pro-
jected out. They contain the desired localized sources in terms of D-branes and ‘O-planes’.
As described before, D-branes are dynamical (positive-tension) objects and therefore come
with their own moduli fields. On the other hand, O-planes are by definition the fixed-point

12For example, supersymmetry makes the treatment of the four-dimensional effective actions tractable.
Furthermore, we will see in chapter [2| that supersymmetry controls the size of shift-symmetry-breaking
quantum corrections in hybrid natural inflation, whose stringy embedding (fluxbrane inflation) will be
discussed in a large part of this thesis.
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1. Introduction

loci of the geometric involution and merely a tool to describe the effect of the orientifold
quotient. They can be assigned a charge and tension (which turns out to be negative), but
they are not associated with dynamical physical objects. We will only consider orientifold
compactifications in the following.

Crucially, under the orientifold action the cohomology groups decompose into orientifold-
odd and -even parts, HP4(X3) = HY?(X3) @ H”?(X3). The transformation property
of a given field then determines whether its expansion is along elements of Hf_’q(Xg) or
Hf’q(Xg).

Geometric Moduli in Orientifold Compactifications

Recall that in the original Kaluza-Klein proposal, i.e. the reduction of a five-dimensional
gravity theory on a circle to four dimensions, there appeared a massless scalar field in
the four-dimensional action which was associated with the component of the metric along
the circle, i.e. to its ‘volume’. A similar situation is encountered in the more complicated
case discussed here: Deformations of the metric on the internal space which preserve the
vanishing of the Ricci scalar (i.e. which preserve supersymmetry of the four-dimensional
theory) will correspond to massless fields (moduli) in the four-dimensional effective action.
Identifying them is the question of identifying the moduli space of Calabi-Yau manifolds
[11]. In order to achieve this, recall that on a Calabi-Yau manifold there exist two specific
(p, q)-forms of paramount importance: The K&hler form J is a real (1, 1)-form and measures
sizes of p = 2,4, 6-dimensional subspaces (p-cycles). For instance, the overall volume of
the internal space is given by V = [ X5 J A J A JJ?l On the other hand, the holomorphic
(3,0)-form Q specifies the ‘complex structure’ (i.e. a choice of complex coordinates) on the
manifold. The geometric moduli in the effective four-dimensional theory now correspond
to deformations of Kéhler form and complex structure.
The Kéhler form, being invariant under the orientifold involution, is expanded in a basis
of Hi'(X3),
J=t(x)wr, T=1,...,h0"(X3), (1.35)

which is normalized such that the (real) t/ measure the sizes of a basis of integral two-
cycles. Deformations of the Kéhler form correspond to a ‘motion’ of J in H2(X3), i.e. to a
variation of the four-dimensional moduli #/. Clearly, there are h}i_’l(Xg) independent such
deformations.

It turns out that there are two different possible choices for the orientifold involution,
both of which lead to consistent theories. The latter involve either O7- and O3-planes (and
the corresponding D7- and D3-branes), or O5- and O9-planes (and the corresponding D5-
and D9-branes). Specifying to orientifold involutions of the first type, the holomorphic
three-form 3 is odd under the involution [71HE| Variations of the complex structure thus
correspond to variations of the (3,0)-form Q3 in H?(X3). Infinitesimally, these variations
are elements of HE’I(X;),). In analogy to the ¢/, the four-dimensional (complex) fields z;,
which parametrize the complex structure (and its deformations), arise by integrating 3
over a basis of three-cycles ¥;,

ziw/ Qs, i=1,...,h""(X3). (1.36)
b

i

130ur conventions for measuring lengths are summarized in appendix
The Kihler form J is invariant under the involution in both cases.
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1.2. String Theory and its Low-Energy Description

Much more can be said, e.g. concerning the choice of the basis ;. However, the above
suffices to give some intuition, which is all we need in the following. For more details we
refer the interested reader to the literature |11].

In summary, the four-dimensional effective theory will contain the moduli fields which
arise from reducing the 2- and 4-form potentials appearing in along corresponding
2- and 4-cycles. It will further contain the axio-dilaton 7 and the geometric moduli ¢/ and
Zi.

Kahler and Superpotential for the Effective Theory

As the effective theory is supersymmetric, we will be able to phrase it in terms of properly
chosen complex (super-)fields ¢,. Furthermore, its Lagrangian can be specified in terms of
a Kéahler potential K (which is a real function of the complex fields) and the holomorphic
superpotential W [56L74]. In the absence of gauge interactions it is given by

L =K 50"¢" 007 — Vi, (1.37)

where K of = 8a83K is the Kéhler metric and
Vi = e (KO‘BDQWD/;W . 3]W!2) DW= (9 + Ko)W (1.38)

is the scalar F'-term potential.

The task is now to derive K and W from . As an example, consider the axio-dilaton
7. If we assume a constant profile for that field along the internal space, the integration
over X3 can be performed, giving only a factor of the overall volume which will be absorbed
in the definition of the four-dimensional Planck mass. The kinetic term for 7 is thus easily
seen to descend from a Kéhler potential

K > —In(—i(r —7)). (1.39)

For the other fields appearing in the four-dimensional action the derivation of the Kéahler
potential is somewhat harder. We only quote the results [11,[71]:

K=-2InV—In(—i(r—7)) —In <—i /X Q3 /\93> : (1.40)

Here, the volume V = %H 17t t7t5 is to be read as a function of the ‘complexified four-

cycle volumes’

1
T = 5HUKt°’tK +icr + ..., (1.41)

where K1y is the triple self-intersection matrix of the Calabi-Yau four-cycles and the
ellipses denote terms which depend on the fluxes and which are not of relevance for us. In
particular, the latter are absent for hEI(ng) = 0. As the name suggests, 77 := %/ﬁ]JKtJtK
measures the volume of the four-cycle which is Poincaré-dual to wy. Without additional
ingredients, the superpotential for these fields vanishes identically.

In the above we have completely neglected D-brane moduli. For our purposes, the most
relevant of those are D7-brane position moduli. They will be identified with the inflaton
in our string inflation scenarios. The low-energy effective theory for these moduli has been
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1. Introduction

discussed in |72,/73|. In their presence, the Kéhler variable 7 needs to be redefined (and
is then commonly called S), and the D7-brane position moduli enter the Kahler potential
together with the redefined axio-dilaton in the schematic form

K> —In(—i(S - 5) — kp7(2,%;¢,©)) . (1.42)

Here, kp7 is the Kéhler potential for the D7-brane position moduli ¢. It depends on the
complex structure moduli.

1.2.3. Moduli Stabilization

The presence of moduli in the four-dimensional effective theory has profound phenomeno-
logical consequences. For example, after inflation some significant amount of energy may
be contained in the moduli sector, which can then decay into ‘dark radiation’ candidates
and as such be observed in principle. Therefore, understanding how and at which scale
moduli obtain masses is crucial for providing a description of the cosmological history.

In the context of Type IIB string theory it was found [12| that turning on F3 and Hj
‘fluxes’, i.e. allowing those field strengths to have components along non-trivial three-forms
on the internal space, will generically lead to a potential for the complex structure moduli
and the axio-dilaton. The Dirac quantization condition [75| requires these fluxes to be
quantized according to [ F3 = (2m)2a’m, [ Hs = (27)%a/n, where m,n € Z. Without
extra ingredients, only AdS vacua are possible |76], which is undesirableﬁ One way of
directly obtaining Minkowski (or de Sitter) vacua is to include localized sources e.g. in the
form of D7- and D3-branes and their orientifold planes. The compact spaces which arise as
solutions to the equations of motion in these theories can be of the ‘conformal Calabi-Yau’
type, which means that they describe warped products of maximally symmetric external
spaces with internal Calabi-Yau manifolds. The warping effect is small in the limit of large
volume (in units of v/o/) of the internal manifold [12|. This allows us, in the large-volume
(dilute-flux) limit, to use all the concepts discussed so far, which is the reason why moduli
stabilization is best studied in Type IIB compactifications.

In the four-dimensional supergravity action the flux effect is captured by a non-trivial
superpotential [79|

W = Gs A Qg, (1.43)
X3
which is independent of the Kidhler moduli to all orders in perturbation theory [80}81]. To
analyze the effect of let us write the scalar F-term potential in the following way

Vi = X (KTITJDTIWDTJW —3|W?
+ K"D,WD,W + K"D;WD;W), (1.44)

where i, j label the complex structure moduli. Crucially, as V? is a homogeneous function
of degree 3 in the T7, the first line in ([1.44)) identically vanishes. This is famously called
‘no-scale structure’ [8283]. It leaves us with the potential

Ve =" (K"D,WD.W + K"D;WD,;W) . (1.45)

5In such ‘pure-flux compactifications’ (see e.g. [77] and the nice discussion in |78]) the AdS scale is
generically at the KK scale, which makes it hard to ‘uplift’ to the phenomenologically required quasi-
Minkowski vacuum in a controlled fashion, using quantum corrections.
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1.3. D7-Brane Inflation: Summary of Results

It can be shown that if there exists a point in moduli space where
DW =D, W =0, Vi (1.46)

this point will be a minimum of the potential . Thus, can stabilize the complex
structure moduli and the axio-dilaton supersymmetrically, i.e. at vanishing F-terms.

Since the complex structure moduli and the axio-dilaton are now massive by the above
mechanism, they can be integrated out. After having integrated out these fields, the
superpotential is a constant, W,. Below the stabilization scale we are then left with an
effective theory which only contains the Kéhler moduli T7. Crucially, as reviewed above,
they don’t have a potential at tree-level. The Kahler moduli receive their masses only
through higher-order corrections to the scalar potential |13-16] which are suppressed by
the string coupling gs or some inverse power of Re(77) with respect to the natural size
of the tree-level terms (1.45) away from the minimum. Therefore, these corrections are
parametrically small in the limit of large volumes and small string coupling. Accordingly,
their effect on the stabilization of the complex structure moduli and the axio-dilaton is
small. This justifies the procedure of integrating out the latter.

The form of the higher-order corrections to the potential which stabilize the T; will be
given in chapter [4 which also contains a detailed description of a particular K&hler moduli
stabilization mechanism. One characteristic feature of these higher-order corrections is
that they generally mix moduli. For example, loop corrections to the Ké&hler potential
are known to depend on complex structure moduli, the axio-dilaton, Kédhler moduli, and
open-string moduli [17,[18|, and therefore involve potential inflaton candidatesm They
precisely represent the shift-symmetry-breaking quantum corrections discussed at the end
of section [1.1] which are relevant for inflation phenomenology. What is more, since the
tree-level vacuum energy density vanishes due to , the higher-order corrections set
the scale of the true vacuum energy density, i.e. the Hubble scale (e.g. Vj in ) We
have thus learned two lessons: First, a study of inflationary scenarios in string theory
must, at the same time, be a study of (Kéhler) moduli stabilization. Second, it is clear
that potentials like (with constant Vj) do not arise trivially in in this context.

1.3. D7-Brane Inflation: Summary of Results

In this section we introduce the two inflation models which we analyze in this thesis and
summarize the main results. Since moduli stabilization is such a crucial issue in string
inflation, we work in the context of Type IIB string compactifications where this matter is
best understood. It turns out that, amongst the various moduli fields which arise in these
compactifications, D7-brane position moduli are promising inflaton candidates which can
realize small-field as well as large-field inflation in string theory.

1.3.1. Hybrid Inflation and String-Theoretic Constraints

String-derived inflation models are typically of the small-field type. This can easily be seen
in the case of D-brane inflation [32}/36], i.e. in models where the inflaton is associated with
the position modulus of a D-brane: Schematically, the four-dimensional Lagrangian which

16Recall that we are going to identify an open-string modulus, more precisely the position modulus of
a D7-brane, with the inflaton.
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1. Introduction

contains the Einstein-Hilbert term and the kinetic term for a D-brane position modulus
takes the form

L~—§ (9;21>R +97Y g‘“’@,ﬁ&,f) . (1.47)

This form arises by assuming a constant dilaton profile and performing the integration over
the internal dimensions in and (starting in the ten-dimensional string frame).
The quantity V is the volume of the compact space, measured in the ten-dimensional string
frame in units of the ten-dimensional string length ¢; = 27v/o/. Furthermore, VH measures
the volume of the subspace of the internal manifold which is wrapped by the D-brane.
Finally, 7 denotes the position of the D-brane in one (arbitrary) transverse direction. The
kinetic term for 7 in arises from the pullback of the metric to the worldvolume of the
brane . In order to obtain a canonical Einstein-Hilbert term in four dimensions we
rescale g, = % guv- This gives a kinetic term ~ gsw (07)? for the brane position modulus
and thus the corresponding canonically normalized field is defined as

i g T
o~ 953, (1.48)

If we now assume that the internal manifold has only one typical length scale R, this entails
Pmax. ~ R for the maximal value of # and hence

¢max. ~\ gstJ- (149)

In the weak-coupling and large-volume limit this is smaller than unity for p < 7, implying
a sub-planckian field rangem

Such sub-planckian field spaces occur more generally in the case of axionsB Wilson lines,
and also in the case of most Kéhler moduli[P’] We will make this more explicit in chapter
where we also take care of numerical factors. In view of these numerous examples of small
field spaces, we will focus on small-field inflation in this section.

As we have motivated in section[1.1.3] realizing small-field inflation requires either some
non-generic structure in the UV theory, such as a shift symmetry, or some sort of tuning
(see e.g. |38]). While the latter is certainly a viable possibility to consider, we attempt to
derive non-fine-tuned inflation models with shift symmetries from string theory.

The presence of a shift symmetry guarantees the leading-order flatness of the potential.
The shift symmetry is broken (cf. section by non-perturbative effects and, possibly,
by explicit breaking terms in the theory, such as a mass term or interactions with other
fields. A breaking only by non-perturbative effects does not lead to a viable inflation
model due to the smallness of the axion decay constant in string theory (cf. the discussion
in section and the computation of axion decay constants in section . On the
other hand, a breaking via a coupling of the inflaton ¢ to another field y, e.g. of the form

1"D&-branes can naively realize a super-planckian field range. However, they do not occur in Type IIB
string compactifications.

18This is precisely the statement that no super-planckian axion decay constants are obtained in weakly-
coupled string theory [60].

19 An exception occurs for some bulk moduli such as the breathing mode of the compact space which,
however, does not enjoy a shift symmetry. Nevertheless, owing to the non-generic structure of the Kéahler
moduli Kahler potential, there exist proposals for large-field and small-field inflation using K&hler moduli
as the inflaton [841[85].
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1.3. D7-Brane Inflation: Summary of Results

Ap?x?, can lead to a viable inflation model in the context of ‘hybrid inflation’ [34,35]. The
leading-order potential for this class of models is given by

Ve, x) = Ao* % + 6(x* — x3)%, (1.50)

which includes a tachyonic mass term for the field x, plus an effective y-mass whose size
depends on the vev of ¢. During inflation ¢ is non-zero, such that xy = 0, and inflation is
driven by the vacuum energy mxé. A loop-induced potential for ¢, generated by its coupling
to x, leads to a slow decrease in ¢, such that, at some point, x obtains a tachyonic mass
and inflation ends in a waterfall instability.

In chapter [2| we review from [86-88| how this hybrid inflation scenario is technically
natural when put into a supersymmetric context. Furthermore, we elaborate on a particular
virtue of this model: Since the evolution of the slow-roll parameter € is generically non-
monotonic in hybrid natural inflation, the tensor-to-scalar ratio can be considerably larger
than the naive Lyth-bound expectation ([1.23)) suggests. For this to happen, € has to be
relatively large during the initial few observable e-foldings of inflation, implying a relatively
large r. Subsequent to this initial stage of inflation, the bulk of the N = 60 e-folds is
accumulated in a phase of small e. We quantify the maximal possible size of the tensor-
to-scalar ratio as » < 7.6 - 107# in such a scenario. The main obstructions are the limited
size of the axion decay constant as well as the observational bound on the running of the
spectral index, dng/dInk. As an additional result, we report that a curvaton-dominated
regime is not possible in hybrid natural inflation.

1.3.2. Introduction to Fluxbrane Inflation

In chapter [3] we attempt to realize the appealing field theory model of hybrid inflation
in string theory. To this end, we identify the relative position modulus of a pair of non-
supersymmetric D7-branes (i.e. D7-branes which break relative supersymmetry) with the
inflaton. The waterfall field y corresponds to a recombination mode of this D7-brane pair.
To intuitively understand the relative supersymmetry breaking, recall that the super-
symmetry algebra includes the generators of translations. A D-brane breaks translational
invariance in its transverse directions. Comnsequently, in ten-dimensional flat space some
amount (more precisely: half) of the previously present supersymmetry will be broken by a
D—branem In case two (or more) D-branes are present, depending on their dimensionality
and relative angles, supersymmetry is generically broken completely. If this is true, sta-
bility of the vacuum (which is usually ensured by supersymmetry) is not granted anymore
and there can be unstable directions along which a tachyon condensation process takes the
system to its true minimum. For two non-supersymmetric D-branes a tachyon arises from
the zero mode of the open string which stretches between the branes. The mass-squared
of this zero mode depends on the brane distance, i.e. on the inflaton in our model, and can
be either positive or negative. This is precisely the structure encountered in .
‘Relative fluxes’ on the D-branes (i.e. fluxes for a certain linear combination of the U(1)
gauge theories living on the two branes) have the same effect as relative angles: Just like
a magnetic field obstructs the motion of an electron, fluxes break translational invariance

20This is also true in compactifications on Calabi-Yau orientifolds with D-branes and O-planes which
give rise to A/ = 1 theories in four dimensions, in contrast to A/ = 2 for the Calabi-Yau case without
branes [89).
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along the D-brane directions due to the coupling of the open-string endpoints to the gauge

field
/ dXM Ay, (1.51)
ow

where OW is the boundary of the worldsheet. Consequently, brane fluxes generally also
break supersymmetry. In fact, fluxes (rather than the relative orientation of D-branes) are
the appropriate language in Type IIB compactifications [89].

Turning on a flux F := By + 2w’ F; for the ‘relative’ U(1) theory of two D7-branes (cf.
chapter |3|) leads, amongst others, to the coupling

BT | cynFAF (1.52)

2 Jor
from the Chern-Simons term in (1.30). Expanding C4 = C$ A wy + cq@® + ... (cf. sec-
tion [1.2.2) and F = Fint. + Fext. We find the four-dimensional coupling

~ (o CQa A -Fext.a (153)
My

with the charge ¢, ~ fz wWa A Fint., where X is the internal four-cycle wrapped by the
D7-brane. The presence of such a term implies the gauging of the shift symmetry of the
axion dual to C§ which, by the self-duality constraint Fy = xF}, iS ¢q = Im(T,,) (see e.g.
the nice account in [90,91]). Thus, under a gauge transformation the superfield T, shifts
according to T, — Ty + iqa€, where € is the gauge parameter [91]. This gauged isometry
in the Kéhler moduli space leads to the appearance of a D-term potential

2
Vp = gYTM (g0, K + qI|X1|2)2 (1.54)
in the effective action |56|, where gyy is the gauge coupling.

In the above expression the yj are scalar fields with charges g; under the gauge field.
Microscopically, they arise from the zero modes of open strings stretched between the
branes. A field x; with ¢; < 0 corresponds to the waterfall field in the fluxbrane inflation
model. It couples supersymmetrically to the modulus measuring the brane separation,
i.e. the inflaton, via a superpotential term W ~ vApxrxs [92]. Owing to the resulting
effective supersymmetric mass term, the vev of x s vanishes during inflation, which means
that the D-term potential contributes a positive energy density

1 [ JAF
£ :=qu0r, K = M‘fz YR (1.55)

Vb = g%M£27

2
which drives inflation. Here, J is the K&hler form and V is the volume of the Calabi-Yau,
both given in the ten-dimensional Einstein frame. Upon tachyon condensation, the field

X J obtains a non-trivial vev and the potential is taken to zero quickly. This is the idea of
D-term hybrid inflation [93}/94], put in a stringy context.

Relation to other Brane Inflation Proposals

Compared to other brane inflation scenarios, inflation with fluxed D7-branes (‘fluxbrane
inflation’) has some crucial advantages: The first explicit brane inflation proposal [36] used

24



1.3. D7-Brane Inflation: Summary of Results

a brane-antibrane pair whose distance played the role of the inflaton. The potential for such
a pair of branes follows from a Coulomb law in the transverse 9 — p dimensions and thus
reads ~ —\/Tg}g;lvn (A — Bgs/f7_p). Again, the factor lA)H comes from the integration
over the brane-parallel internal directions, and A and B are some positive O(1) numbers.
Canonically normalizing 7 according to gives

A\ 9—p
B (R
—n~ <r> . (1.56)

Thus, to obtain |n| < 1 one has to realize 7 > R, which is impossible physically. What
is more, the presence of the antibrane generally breaks supersymmetry at the string scale,
which hinders putting the model in a supersymmetric language

The latter issue is avoided if one considers p = 3 and replaces the antibrane by a D7-
brane with flux [17,37,95-109]. Like in our fluxbrane inflation proposal, this flux leads
to a D-term energy density which drives inflation. Thus, much in the spirit of the above
discussion, the D3/D7 inflation model in principle allows for a description in terms of
D-term hybrid inflation. However, since the flux on the D7-brane merely corresponds to
dissolved D3-branes (and, most importantly, is quantized), the same negative conclusion
regarding the field range (equation ) applies to this model.

In [38] the issue of the small field range in brane-antibrane inflation was evaded by
considering warped geometries. Opposed to the spirit of using shift symmetries, in this
model a sufficiently flat potential is obtained by explicit tuning of parameters of the warped
geometry. This significantly departs from the original hybrid inflation idea.

Fluxbrane inflation is proposed to save the idea of hybrid inflation in string theory@
The scenario is conceptually similar to the D3/D7 model, featuring a potential

Vi) = gué” (1 +aln (‘p)> . (1.57)

2 ©0

The second term arises as a Coleman-Weinberg loop correction to the effective potential
[125]. Consequently, « is essentially given by the gauge coupling, a ~ ¢3,,/167%. For
the gauge theory living on the D7-branes, g2,; = 2m/Vp7 (cf. ), where Vp7 is the
volume of the internal four-cycle 3 wrapped by the D7-brane. It is thus immediately clear,
using (1.48)), that || < 1 cannot be achieved generically for a D3-brane moving in the
background of a D7-brane, while it is easily realized for a pair of D7—branes.|§|

As we will detail in chapter [3] a further considerable virtue of the fluxbrane inflation
model concerns the tension of cosmic strings, produced in the phase transition at the end
of the inflationary epoch. In the standard D-term inflation model [93,/94], « is given by

211t is argued that the use of a supergravity description may still be possible if the antibranes are put
in a warped region of the internal manifold, such that their contribution to the energy density is highly
redshifted |13].

227 closely related idea is that of Wilson line inflation [110,[111] and inflation from branes at angles
[112H122| (see |123l|124] for related earlier proposals). These two scenarios can be viewed as T-dual Type
ITA versions of the fluxbrane inflation model. We believe that investigating inflation models in the IIB
context can be more fruitful, since moduli stabilization is better understood in these models.

Z31n fact, for D7-branes the moment of 60 e-folds before reheating corresponds to a brane distance which
is below the string length. One might thus fear that the Coleman-Weinberg intuition fails in this regime.
However, we showed in |21] that this is, in fact, not the case and the potential remains valid.
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o = g%\/167%. Thus, using the phenomenological constraints (L.13) and (T.19), the D-
term & is generically fixed at a value corresponding to a cosmic string tension which is too
large to be consistent with observations@ This conclusion equally applies to the stringy
embedding in terms of D3/D7 inflation. On the other hand, in fluxbrane inflation

e ey ?

The first term measures the induced (quantized) D3 charge on the D7-brane. Its presence
would lead to the same negative conclusion regarding the size of the cosmic string tension.
However, in fluxbrane inflation we can choose a flux satisfying fz F ANF =0 and suppress
the term [, J A F below its natural value. This solves the cosmic string problem of D3/D7
inflation.

Requiring the fluxbrane inflation model to reproduce the correct amplitude of curvature
perturbations fixes the overall volume at V ~ 1.7-10%. The cosmic string bound is satisfied
owing to a mild hierarchy in the compact space, such that fz JAF/+/Vpr is slightly smaller
than unityﬁ For o« < 1, potentials of the form fix ng = 1 — 1/N, which is slightly
too large to be consistent with the most recent measurements |48]. However, since we
expect alterations of the model as soon as moduli stabilization is taken into account, we
do not worry too much about this slight discrepancy.

1.3.3. Moduli Stabilization in Fluxbrane Inflation

All of the above assumes that all moduli, in particular the Kahler moduli entering &, gym
and «, are stabilized. This clearly needs some justification. In fact, while the leading-order
F-term potential for the Kdhler moduli vanishes (cf. ), the D-term potential
generically causes a runaway of the overall volume to infinity. Thus, taken on its own,
the leading-order analysis of chapter [3]is too naive. Rather, the fluxbrane inflation model
needs to be combined with a viable Kéahler moduli stabilization scenario and suitability of
the potential for supporting inflation should be checked after moduli stabilization. This
is done in chapter {4} using the established Large Volume Scenario |15]. In particular, we
demonstrate consistency with the phenomenological requirements derived in chapter
The Large Volume Scenario uses a combination of a/-corrections to the Kahler poten-

tial?] [127]

3 ¢(3)x(Xs)
K=-21 =2t 1.
n (V + 293/2 S 22m)? (1.59)
and non-perturbative D3-instanton corrections to the superpotential
W=Wy+> Ape >, (1.60)

p

24This can be avoided if the trilinear superpotential coupling \ is extremely small, such that the inflaton
rolls a small distance during the last N = 60 e-folds of inflation, i.e. on = o [126]. However, in D3/D7
inflation as well as fluxbrane inflation an underlying A/ = 2 supersymmetry relates A to gym, excluding
this particular parameter regime.

25 An alternative strategy is to appeal to a partial cancellation of terms appearing in fz JAF. We will
discuss this possibility in chapter

26Unfortunately, the symbol ¢ is used for the D-term as well as the quantity defined in (1.59). In order
not to cause confusion by differing from the notation used in the papers on which this thesis is based, we
continue using £ for both quantities. It will be clear from the context what is meant in each case.
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1.3. D7-Brane Inflation: Summary of Results

to stabilize Kéhler moduli. Here, x(X3) is the Euler characteristic of the Calabi-Yau,
¢(3) ~ 1.20 is the Riemann zeta-function, and A, are some prefactors which depend on
the complex structure moduli and which are assumed to be constant. In its simplest version
the Large Volume Scenario is implemented on a Calabi-Yau manifold which has two Kéahler
moduli, one corresponding to a large four-cycle which sets the size of the manifold, and
one corresponding to a ‘diagonal’ small blow-up cycle. The volume is then given by

V= b75/2 — 22, where 7 :=Re(T}), 1o <. (1.61)

Taking into account only the non-perturbative effects associated with the small cycle and
plugging the two expressions ((1.59) and ([1.60) into the standard formula for the F-term
potential ([1.38]) yields (after integrating out the axion Im(7%))

VR Wolre Wl

Vi ~« v 2 + W (1.62)
This potential stabilizes the field 75 at the mass scale ‘LVO', while 7, is stabilized at [Wol

3/2
(after canonical normalization). In the resulting AdS minimum all three terms in
are, to a good approximation, of equal size, which means that the scale of the vacuum
energy density is ~ —|Wy|?/V3. The volume is exponentially large, V ~ |[Wy|e? ™. A more
detailed account of the Large Volume Scenario can be found in appendix [B]

There are several issues which prohibit combining this simplest scenario with fluxbrane
inflation. First, it is obvious that, at large volume and O(1) values for the superpoten-
tial |Wp|, the D-term potential Vp ~ V=2 is completely dominant, leading to a runaway
behavior of the potential to infinite volume. This can be avoided only by making |W|
parametrically large, such that at least |Wy| ~ VV. Such a scaling, however, implies that
at large volume the gravitino mass m3/; becomes parametrically larger than the Kaluza-
Klein scale mygyk, meaning that there is no regime in which the leading-order supergravity
description, taking into account only the zero modes of the string excitations, is valid. Sec-
ond, using only one large Kéhler modulus we cannot suppress « in below its natural
size: The compact space is characterized by only one typical length and all quantities scale
in the expected way with this length.

These issues can be resolved in models with more than two K&hler moduli. Consequently,
in chapter we consider a model with four Kédhler moduli of hierarchically different SiZGSE
Since the corrections (1.59) and (1.60)) involve only the overall volume and the volume of
the small blow-up cycle, further higher-order effects need to be taken into account in
order to stabilize all Kahler moduli. We consider string loop corrections to the Kahler
potential [18,|128H131]

e o
v iy’
. KK,W [28] - .. .

with some constants C; in addition to (1.59) and ([1.60). They arise from Kaluza-

Klein and winding excitations of strings propagating on two-cycles. Consequently, these
corrections involve not only the overall volume, but also some different combinations of

K (4) ~ 9s (1.63)

27Tt turns out that the minimal extension to a model with three Kihler moduli does not work.

28In general the CZ-KK’W will depend on open-string moduli such as the D7-brane positions. We will
ignore this for the moment, assuming that the dependence is very weak or even absent, but come back to
this important issue in the next subsection.
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Kaéahler moduli and are thus suitable for stabilization of all moduli. Importantly, while
the first term in dominates over the corrections in , its effect in the F-term
potential is ~ |Wp|?/V1%3 and thus subleading with respect to the terms in (1.62). This
is the ‘extended no-scale structure’ [128,/130,|131]. We will have more to say about this
structure in the following subsection.

Our model now works as follows: The potential stabilizes the overall volume and
Ts in an AdS minimum. This minimum then needs to be uplifted to a Minkowski minimum,
which can in principle be achieved via some anti-D3-branes in a warped throat [13], or via
another D—term.@ The latter possibility turns out not to work trivially in the concrete
model we consider, which is why we resort to an uplift through antibranes. The inflationary
uplift to de Sitter is provided by the D-term , which depends not only on the overall
volume, but also on other combinations of Kahler moduli (e.g. through fz JAF). Assuming
a stabilized overall volume, this will drive these other combinations of Kéahler moduli
towards a minimum in which the D-term potential vanishes. At some point, however,
the string loop corrections will become relevant and balance the D-term. This will
stabilize all Kéhler moduli in a minimum with non-vanishing D-term. Neglecting the Wy
dependence, the balancing happens to occur at the natural size of the LVS F-terms ,
ie. at ~ V73

In our model we choose F to be Poincaré-dual to an actual (physical) two-cycle of the
internal manifold. It turns out that for |[Wp| = 1 the balancing of the D-term against
loop corrections would imply a shrinking of this two-cycle below the string scale, which
potentially spoils the supergravity approximation. While this issue can be avoided for a
more general flux choice (see the discussion below), in chapter |4 we choose to increase the
value of the tree-level superpotential to |Wy| ~ 2 - 10? in order to maintain perturbative
control. This entails V ~ 3.5 - 107, while the string coupling remains small, g, ~ 3 - 1072.

1.3.4. Towards a Consistent Model of Fluxbrane Inflation

In the above analysis we completely neglected a possible open-string dependence in the
F-term potential. In particular, we assumed the factors C’iK KW as well as the tree-level
superpotential Wy to be independent of the D7-brane moduli. Furthermore, in the F-
term potential we did not take into account the tree-level open-string Kéhler potential.
This is clearly an oversimplification: In all three places the inflaton generically shows up,
threatening the nice properties of our inflation scenario. In chapter 5| we approach these
issues, aiming towards a consistent overall picture of fluxbrane inflation.

For a generic leading-order Kéhler potential K ~ c¢ for the canonically normalized D7-
brane position modulus ¢ the F-term potential is too steep to support inflation (see the
discussion in chapter . This is the ‘supergravity n-problem’ [139]. As briefly mentioned
before, in fluxbrane inflation we appeal to a shift symmetry to ensure the flatness of the
inflaton potential. That is, we assume that the Kéhler potential in fact reads

K> —In(—i(S—5) —kpr(z,z;c—0)). (1.64)

This would imply invariance of the Kéahler potential under ¢ — ¢+ 6, § € R, and the
inflaton would be identified as ¢ ~ Re(c).

Such a structure of the Kéhler potential is indeed expected to arise in the vicinity of
the ‘large complex structure’ point of the Calabi-Yau manifold. To get some intuition for

2For some proposals of D-term uplifting see [91}[1321{138] and also the discussion in [23].
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1.3. D7-Brane Inflation: Summary of Results

this statement, note that there exist various dualities which map different string theories
onto another. For example, Type ITA string theory compactified on a circle with length L
(measured in units of the string length in the ten-dimensional string frame) is the same as
Type IIB string theory compactified on a circle with length 1/ L. This is called ‘T-duality’.
A T-duality transformation exchanges Dirichlet and Neumann boundary conditions and
therefore changes the dimensionality of a D-brane. Starting with Type IIB with D7-branes
and performing three T-dualities, two on circles along the D7-brane directions and one on
a circle transverse to the D7-branes, the D7-brane distance will be mapped to a Wilson
line on D6-branes in Type IIA string theory. This Wilson line descends from a gauge field
component along the internal dimensions of the D6-branes and enjoys a perturbative shift
symmetry to all orders in o’ as a consequence of the higher-dimensional gauge invariance.
This shift symmetry thus holds as long as the o’-expansion is valid, which is the case at large
volume in the Type IIA theory. Under T-duality complex structure moduli are identified
with Kéhler modulim Thus, the large-volume limit in the IIA description corresponds to a
‘large complex structure’ limit in the IIB description, which is why we expect the structure
to be present in precisely this region of moduli space. We will give further evidence
for the shift symmetry in the D7-brane position moduli sector in section ﬂ

Let us now consider the superpotential. In the presence of fluxed D7-branes the leading-
order superpotential is extended to

W = Whuk + Whrane = G3 N\ Qs + FAQ3+ ..., (1.65)
X3 I's

where I's is a five-chain which is swept out as the D7-branes are deformed into each
other. The second term in this expression as well as further contributions, which were
discussed in |29, will generically introduce a dangerous brane-position dependence in the
superpotential. The brane-dependent term shown in can in fact be avoided if the flux
F is chosen to be of type (1, 1), which is consistent with the fluxbrane inflation proposal.
On the other hand, terms hidden in the ellipses in are generally non-vanishing even
in this case. To avoid an appearance of those terms a non-generic (bulk) flux choice is
necessary. The analysis is model-dependent and was performed for a compactification of
F-theory on K3 x K3 in [29]. We will not review this here, but give some more general
statements about the structure of the superpotential in section |5.1.2

Finally, let us discuss the quantities C’Z-K kW, Couplings of the inflaton ¢ e.g. to the
waterfall fields, as in , clearly break the shift symmetry. They induce an inflaton
dependence of the potential at one-loop. These higher-order terms arise from Kaluza-
Klein and winding-mode exchange between the branes and correspond precisely to the
Kahler potential corrections , used to stabilize Kahler moduli in chapter {4, Thus, the
CZ-K KW are generically functions of ¢. Consequently, one should ask two questions. First,
the extended no-scale structure, mentioned below , is known to hold for constant

CiK K;W This structure is essential to ensure the subleading nature of loop corrections with

30This can be understood intuitively on a rectangular torus with volume Elﬁz and complex structure
iﬁz/ﬁL T-duality along the circle with length L gives the dual theory on a torus with volume ﬁg/ﬁl,
which was the imaginary part of the complex structure in the original theory.

3'In inflation models with D3-branes no shift symmetry will be present generically. This is because
the moduli space of D3-brane positions is just the compactification Calabi-Yau which, if it has full SU(3)
holonomy, has no isometries. Only in special examples of compactifications on manifolds with reduced
holonomy there may arise shift-symmetric Kahler potentials for D3-brane moduli [98,102}{105].
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respect to . Will this structure persist, even if the C’Z-K KW depend on an additional
light degree of freedom, namely the brane position modulus? Second, even if the extended
no-scale structure continues to hold, we saw that the scale of the vacuum energy in the
scenario discussed in chapter [4] is set by the size of the loop corrections, naively implying
|n| ~ 1. Can this negative conclusion be avoided?lﬂ

The answer to the first question is “yes”. In section[5.2]we will demonstrate explicitly that
the extended no-scale structure continues to hold, even if the brane position modulus is
present as an additional light field in the effective theory. The answer to the second question
is also “yes”, but there are two sides to it: One might hope that in particular models the
functions C’iK KW are such that they feature a brane-independent part which is enhanced
with respect to the brane-dependent part e.g. by some power of the complex structure
moduli. This seems to be the case in toroidal models and is currently investigated [140].
However, expecting such a structure to arise more generally is likely to be too optimistic.
Rather, in chapter [5| we propose a slightly different variant of Kéhler moduli stabilization
in the Large Volume Scenario, which leads to a consistent fluxbrane inflation scenario
without making non-generic assumptions about the structure of the C’iK KW The idea is to
use additional fluxes on D-branes wrapping different four-cycles to stabilize ratios of four-
cycle volumes at leading order in a minimum of vanishing D-terms, as in [141]. The overall
volume is then stabilized in the usual Large Volume Scenario, leading to an AdS minimum
~ —|Wy|?/V3. This is then uplifted via non-vanishing D-terms first to Minkowski and
then to de Sitter. These uplift D-terms have to be tuned to small values in order not to
destabilize the LVS minimum. This is an explicit tuning in the Kéhler moduli sector. As
explained in chapter [ this tuning is part of the tuning of the cosmological constant in
the D-term uplifting proposalﬁ Therefore, the fluxbrane inflation scenario arises quite
naturally in string compactifications with D-term uplifting.

It turns out that in most of the parameter space the dominant contribution to the
inflaton potential arises from (periodic) corrections to the F-term potential induced by
loop corrections to the Kahler potential. While they dominate over the previously analyzed
corrections to the D-term potential, they are parametrically subleading with respect to
the higher-order terms which stabilize the volume moduli. Consequently, Kéahler moduli
stabilization is not upset during inflation.

We will demonstrate that the resulting inflaton potential is in agreement with the most
recent measurements of the spectral index ns and the amplitude of curvature perturbations.
It gives rise to N = 60 e-folds of inflation, the running of the spectral index is moderately
small n, < 1072, and the tensor-to-scalar ratio is tiny r < 2.6 - 1075.

32From a different perspective, one might naively wonder why this extended no-scale structure was no
issue in the field-theoretic analysis of hybrid natural inflation |86-88|. The reason is that the vacuum energy
density in these references arises from leading-order F-terms, such that loop corrections indeed only add
subleading terms. By contrast, in conventional Type IIB moduli stabilization the F-term vacuum energy
density vanishes at tree-level, due to the no-scale structure of the leading-order Kéhler potential. Thus,
even neglecting the problem of a potential destabilization in the Kéhler moduli space, the extended no-scale
structure is needed to ensure a suitable hierarchy between the various higher-order corrections, such that
the vacuum energy density and the inflaton-dependent term are parametrically separated and inflation is
possible.

33 Actually, implementing fluxbrane inflation in a model with D-term uplifting slightly worsens the
tuning needed to get the correct present-day cosmological constant. The reason is a small hierarchy
between the inflationary de Sitter energy density and the AdS energy density before uplifting. This small
hierarchy is needed to ensure stability of the uplift.
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1.3.5. Introduction to D7-Brane Chaotic Inflation

As explained in the beginning of this section, inflation in string theory is often of the
small-field type, simply because the moduli spaces of many inflaton candidates only allow
for sub-planckian field excursions. An exception occurs in the case of some bulk moduli:
The breathing mode of a Calabi-Yau can realize large-field inflation [85], however, with a
tiny tensor-to-scalar ratio r.

Nevertheless, even from moduli with an a priori sub-planckian field range one can some-
times construct large-field inflation models@ This can work e.g. by considering N > 1
axions, all with sub-planckian decay constants f, and associating the inflaton to a diagonal
direction in the combined axion moduli space. The resulting effective axion decay con-
stant /N f can be super-planckian [62,[156,157]. Embedding this in string theory seems
to require N as large as 10° [158], see however, [159)].

Instead of considering multiple fields one can also enlarge the field range by breaking the
periodicity of an axion to obtain a multi-covering of the field space [28}29,139,40,160-165],
a mechanism also analyzed in field theory [166-{172|. The model we proposed in [28] and
will discuss in chapter [6]is of this type. The idea is to again use the position modulus ¢ of
a D7-brane to embed inflation in string theory. Consequently, many of the investigations
performed so far have a direct use also in this realization of large-field inflation. The
central insights are the following: In analogy to the fluxbrane inflation scenario, the shift-
symmetric Kahler potential for the D7-brane position modulus, depending only on (¢ —
¢), will stabilize Im(c) via leading-order F-terms, but leave Re(c) as a flat (periodic)
direction. Turning on fluxes will generically break the shift symmetry and stabilize the full
complex field ¢. In fluxbrane inflation we therefore chose non-generic flux, such that the
superpotential was independent of c¢. By contrast, in ‘D7-brane chaotic inflation’ we want
this tree-level breaking of the shift symmetry to obtain a monodromy along Re(c), which
we identify with the inflaton. Thus, the superpotential will involve ¢. We parametrize this
dependence as

W =Wy+ ac+ gcz + Age 25, (1.66)

Due to the fact that the leading-order Ké&hler potential does not mix ¢ with Kéahler
moduli, only the term B
Vi D e K€D .W|? (1.67)

needs to be taken into account in addition to the generically subleading corrections .
In the minimum of the scalar potential, vanishes and the Kahler moduli are sta-
bilized in the Large Volume Scenario AdS minimum. This minimum is then uplifted to
Minkowski either via anti-D3-branes [13|, D-terms [23}91,|132-138], or some alternative
positive contribution to the energy density.

During inflation ¢ is displaced from its minimum, such that is non-vanishing.
Clearly, if non-vanishing, dominates over for a generic superpotential (the
terms in ([T.67)) scale as ~ V=2, while (1.62)) scales as V~3). Since is positive definite,
this would lead to a runaway behavior towards infinite volume. However, a viable inflation
model can be obtained if the superpotential depends only very weakly on ¢ (i.e. |a| and
|G| are small), which can be achieved via flux tuning. Owing to this tuning and the shift

34Gparked by the recently claimed detection of primordial tensor perturbations, a plethora of different
string embeddings of large-field inflation have been proposed [142-152|, some extending older ideas |61}
153H155].
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symmetry in the Kahler potential of the D7-brane position modulus, the scalar potential
is much steeper in the direction Im(c) than in Re(c). Thus, Im(c) is essentially fixed by
and the inflaton trajectory is mostly along the Re(c) direction. Due to the tuning
of @ and (8 the energy density during inflation associated with remains smaller than
the F-term contributions , such that the Large Volume Scenario is not upset. In
terms of explicit numbers, we show that the model works e.g. for |Wp| = 10, an overall
volume V = 103, and |3| = 0.5- 1072

The resulting potential in our model turns out to be quadratic, reminiscent of the chaotic
inflation example discussed in section [I.1.3] It thus entails a large tensor-to-scalar ratio,
r =~ 0.16.

Let us emphasize again that the three pillars on which the fluxbrane inflation scenario
is built are crucial ingredients also in the D7-brane chaotic inflation model: We have
discussed the relevance of the shift-symmetric Kéhler potential and the non-generic flux
choice already. The validity of the extended no-scale structure also in the presence of light
D7-brane moduli is crucial for the viability of the LVS in general, and therefore also in the
D7-brane inflation scenario.

Our model represents a very explicit proposal for how to realize large-field inflation
in spontaneously-broken supergravity, with constraints from moduli stabilization taken
into account. Previous to this proposal, no such model was available. For example, the
original scenarios [39,/40] need the presence of antibranes in order to obtain a non-flat
potential for the axion. Accordingly, supersymmetry is broken at the string scale and
the validity of the description in terms of an effective four-dimensional supersymmetric
action is questionable [173]. Consequently, the discussion of moduli stabilization is not
easily possible in these models. By contrast, compatibility with moduli stabilization can
be checked explicitly in D7-brane chaotic inflation and the amount of fine tuning needed
to ensure viability of the model can be quantified. Importantly, the required flux tuning
can in principle be discussed in explicit models, though this had to be left to future work.

1.3.6. D7-Brane Inflation in Light of the BICEP2 Results®|

Recently, the BICEP2 collaboration has reported the measurement of B-mode polarization
[33]. They claim that the measurement is well fit by a B-mode spectrum sourced by
primordial gravitational waves which are produced during an epoch of slow-roll inflation.
The corresponding amplitude of primordial tensor perturbations relative to the amplitude
of scalar perturbations is given by r = 0.2‘f8:8g.

B-modes are sourced by various effects (see e.g. |174H178]). For example, it was shown in
[179] that the conclusion of the BICEP2 team that r = 0 is ruled out with high significance
is altered if one includes cosmic strings in the model (see, however, |180|).|ﬂ We believe
that, while the attribution of the B-mode signal to primordial tensor modes is tempting, it
will take additional time and effort to prove this claim and reliably exclude other possible
sources.

The predicted value of the tensor-to-scalar ratio r in the two D7-brane inflation scenarios
outlined above is certainly one important feature which phenomenologically distinguishes
the models from each other. In particular, if the measurement in [33] and its attribution to

35This subsection is taken from the introduction of |29, which was written by the author of this thesis.
36 Another interesting issue has been raised in [181], where it was stated that ‘radio loops’ may dominate
over the primordial B-mode signal in some regions of the sky.
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primordial gravitational waves is correct, this would imply that models of small-field infla-
tion, such as fluxbrane inflation [21}23}29], are ruled out [54,55| (see, however, [182-188|
and references therein). On the other hand, in such a situation D7-brane chaotic infla-
tion |28 looks very promising: The leading-order inflaton potential in this model takes
a quadratic form, well-known since the early proposal of chaotic inflation [41]. Corre-
spondingly, the tensor-to-scalar ratio is large, » ~ 0.16, in reasonable agreement with the
BICEP2 results. Confirmation or rejection of the gravitational wave signal is thus cru-
cial to be able to tell whether D7-brane chaotic inflation in the form proposed in [28] is
phenomenologically viable.

1.3.7. Outline of this Thesis and Specification of Sources

The structure of this introduction also represents the order in which the various topics are
covered in this thesis. That is, we start in chapter 2] with an introduction to hybrid natural
inflation. We review that this model can be technically natural in field theory and discuss
its phenomenology with an eye on the stringy embedding in terms of fluxbrane inflation.
Furthermore, we analyze stringy constraints on the size of the axion decay constant in
specific examples. A particular focus will be on the maximal possible size of the tensor-to-
scalar ratio in such models. Section until section[2.4]is mainly copied from [24], which
is work done in collaboration with Arthur Hebecker and Alexander Westphal. The first
draft of section [2.2 until but not including section was written by A. Westphal, but
heavily edited by myself afterwards. The remaining sections, starting from section [2.2.1]
were written by myself.

In chapter |3] we then introduce in detail the fluxbrane inflation model as a stringy
implementation of hybrid natural inflation. Much of sections [3.1] and [3:2] and a small part
of the outlook is copied from |21]. This is work done in collaboration with Arthur Hebecker,
Dieter Liist, Stephan Steinfurt, and Timo Weigand, during the time when S. Steinfurt and
myself were diploma students [19}20]. Most of the borrowed content was written by myself,
however, with some parts by T. Weigand.

Moduli stabilization in the phenomenologically required regime is then discussed in chap-
ter 4l Most of this chapter is copied from |23, which is work done in collaboration with
Arthur Hebecker, Moritz Kiintzler, Dieter Liist, and Timo Weigand. A first discussion of
Kahler moduli stabilization in the fluxbrane inflation scenario is contained in the diploma
thesis of M. Kiintzler |22]. However, many relevant constraints were neglected in that anal-
ysis, such as the issue of a too large ratio ms /o /mkk and the tadpole constraint on the size
of Wy. Therefore, the discussion in chapter [4| completely differs from that diploma thesis.
The corresponding sections in [23] were written by myself, with some parts of section
edited by A. Hebecker. The appendices [A] [B] and [C] are slightly modified versions of the
respective appendices in [23|. Appendix [B| grew from an appendix contained in [22], but
was adapted to the discussion in [23| by myself.

The shift-symmetric structure of the Kéhler potential, the brane-(in)dependence of the
superpotential, the extended no-scale structure in the presence of light D7-brane position
moduli, as well as the phenomenology of the fluxbrane inflation model in the presence of
F-term corrections is analyzed in chapter[5] The structure of superpotential and Kéhler po-
tential was discussed in the diploma theses of Max Arends [25] and Konrad Heimpel [26].
Furthermore, the extended no-scale structure in fluxbrane inflation was analyzed in the
diploma thesis of Christoph Schick [27]. These analyses were extended by myself, in col-
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laboration with Arthur Hebecker, Dieter Liist, Christoph Mayrhofer, and Timo Weigand,
and published in [29]. A concise version of the discussion regarding the shift symmetry
and the superpotential was part of |28], which is work done in collaboration with Arthur
Hebecker and Lukas Witkowski. Section is an extended version of that part of [2§],
which was written by myself. Sections and are mainly copied from [29]|. Sections
and are based on [27], however, with significant changes starting below
until the end of section altering some conclusions of [27]. The parts in |29] which
correspond to the remaining sections in chapter |5 (starting from section were written
by myself.

Finally, the D7-brane chaotic inflation model is analyzed in chapter 6] Most of this chap-
ter is copied from [28|. All copied sections are written by myself, except for section
which was written by L. Witkowski. The illustrations of the D7-brane field space were also
done by L. Witkowski.
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2. Case Study: Hybrid Natural Inflation
and Tensor Modes

Before we enter the discussion of how to derive inflation scenarios from string theory,
we start in this chapter by taking a closer look at inflation in field theory. Clearly, our
analysis will not be completely disentangled from the rest of this thesis. In particular, we
take seriously the most severe constraints which arise in typical string inflation scenarios.
Namely, we work in the context of supergravity, where the structure of the scalar F-
term potential generically introduces a ‘supergravity n-problem’. Furthermore, we face the
fact that (as we discuss in more detail in section the field range of typical inflaton
candidates in string theory is bound to be sub-planckian, i.e. during the phenomenologically
required N = 60 e-foldings of inflation we have Ap < 1E] We will show that, under these
circumstances, hybrid natural inflation [86,87,/189H192| appears as an appealing inflation
scenario.

Interestingly, in hybrid natural inflation the tensor-to-scalar ratio r can be larger than
expected from a naive use of the Lyth bound [54,/55]. Thus, in the present chapter we
study hybrid natural inflation with a special focus on tensor modes.

Section until section [2.4]is mainly copied from [24], which is work done in collabo-
ration with Arthur Hebecker and Alexander Westphal. The first draft of section until
but not including section was written by A. Westphal, but heavily edited by myself
afterwards. The remaining sections, starting from section were written by myself.

2.1. Introducing Hybrid Natural Inflation

We start by making a case for hybrid natural inflation. Recall from the introduction the
standard form of the scalar F-term potential in supergravity,

Vi =" (K"D;WD;W — 3|W|?), D;W = (0; + K;)W, (2.1)

where W is the superpotential and K the Kihler potential of the 4d effective NV = 1
supergravity theory. During inflation supersymmetry is broken by F' —termsE] i.e. the first
term in is non-vanishing. This term sets (an upper limit on) the size of the constant
Vo in the small-field inflation potential V() = Vo(1+...) (cf. (1.25)). A minimal Kéhler
potential K ~ ®® (where ® denotes the chiral superfield which contains the (real) inflaton
¢) therefore entails a supergravity n-problem, i.e. n = O(1) [139], unless a non-generic
cancellation takes place: For example, if the inflationary energy density is provided by the

1This means, in particular, that we leave aside the possibility to enlarge the field range using e.g. a
monodromy. The latter is discussed in chapter

2There exist proposals of inflation driven by constant D-terms (‘FI-terms’) at vanishing F-term po-
tential, e.g. [93/94]. However, constant D-terms seem to be inconsistent in supergravity [581|81}/193H200].
In particular, in models derived from string theory the D-term potential is always moduli-dependent and
contributions of similar size (or larger) to the F-term potential are required to stabilize these moduli.
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F-term potential, the exponential in leads to V(¢) = Vo(1+c1p?+...), with n ~ 2¢;
some O(1) constant. Via the general link between D-terms and F-terms (see footnote [2)
the same negative conclusion applies if it is a D-term energy density which drives inflation.

Thus, if one does not want to give up the idea of non-fine-tuned (small-field) inflation,
these arguments lead us to consider non-minimal structures of the Kahler potential. Such
structures are encountered, for example, in the axion moduli space, where a shift symmetry
protects the axion field from appearing in the effective potential to all orders in perturbation
theory. In this case the Kéhler potential contains only the combination ® — ®, where the
axion is now associated with the real part of the scalar component of ® and thus drops
out. Non-perturbative effects will, nevertheless, introduce a (periodic) potential for the
axion which can be parametrized as

Vie) = Vo (1 — cos 9;) : (2.2)

and which is suitable for inflation [59], given a super-planckian axion decay constant, f > 1.
The resulting inflation model is, however, of the large-field type. Note that, besides the
fact that such large axion decay constants do not arise in weakly coupled string theory (see
again the discussion in section , it is questionable if they can be attained in quantum
gravity [201].

One can, nevertheless, use the shift symmetry for constructing small-field models of
inflation by introducing additional fields. Here, we focus on hybrid inflation [34,35]. In
this class of models the inflaton ¢ is coupled to an additional scalar x (the ‘waterfall field’),
whose mass depends on the vev of the inflaton. The tree-level potential in this model is
given by

V(p,x) = 2™ + k(x* — x3)?

= kxo + (A = 2mxg)x” + rx* (2.3)
Inflation proceeds at
2K 2
P> o= (2.4)

driven by the vacuum energy density of (2.3)) at x =0, i.e.

where H is the Hubble parameter. Once ¢ falls below the critical value ., the mass of x
turns tachyonic and inflation ends via a waterfall instability.

Clearly, the coupling of the inflaton to the waterfall fields in violates the shift
symmetry. Since during inflation x = 0, this coupling will not introduce a tree-level mass
for the inflaton. However, loop corrections will certainly lift the flat direction and introduce
a non-trivial potential for ¢. Being a scalar, the corrections will depend quadratically on
the scale of new physics A, i.e.

A
2 2
Am = Jga (2.6)
Using (22.4) and (2.5)) we easily rewrite
H?A?
Am? (2.7)

> 5 5
16772@?\,)((2)
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2.1. Introducing Hybrid Natural Inflation
where @y is the value of the inflaton at the beginning of the last NV e-foldings. Successful
(small-field) inflation requires Am2 ~ 7 - Vg ~ 0.02 - V5 and thus [86-38]

A
PNX0

<1 (2.8)

For ¢on,xo < 1 (which was our assumption in the present chapter) this is only possible
for new physics at A < 1, cutting off the quadratic divergence. Luckily, a supersymmetric
theory above the scale A is a sort of new physics which is tailor-made for this job.

Let us therefore return to and suppose that inflation is driven by an F-term energy
density. I.e. we assume that some F* # 0, where F? = eK/2Ki7W. (In Type IIB string
embeddings the label i typically denotes closed-string moduli such as K&hler moduli.)
Unless a non-generic cancellation in takes place we find

Vo ~ |FJ2. (2.9)

The constant V directly enters the formula for the soft masses [202] of the matter fields
which run in the loop, correcting the inflaton mass. Above the scale of these soft masses
the theory is supersymmetric, i.e. boson and fermion loops cancel each other, which is why
we can identify A2 ~ Vj. It is now obvious that, for A < 1, we automatically have

Am

~

2
® 7 1672

A% < V. (2.10)

This looks very promising and shows that hybrid natural inflation, i.e. inflation using a
shift-symmetric Kéhler potential and supersymmetry to protect the inflaton from a large
loop-induced mass, appears very naturally in field theory.

In summary, we explained that for small-field inflation models in the supergravity frame-
work a non-minimal Kéhler potential is needed in order to avoid the well-known n-problem.
A shift symmetry in the Kéhler potential is suitable for that purpose. For accommodating
small-field inflation additional degrees of freedom need to be considered, e.g. in the form
of a waterfall field which terminates inflation as soon as the vev of the inflaton falls below
a critical value. Shift-symmetry-breaking interactions of the inflaton with the waterfall
field then lead to loop corrections to the inflaton mass, which can be naturally small in
the context of spontaneously broken supergravity. In particular, the loop-induced inflaton
mass is suppressed with respect to the constant of the inflaton potential by a loop factor,
as in ([2.10).

All of the above analysis was performed with an eye on string theory, where the field
space of most inflaton candidates is bound to be sub-planckian. Furthermore, a supergrav-
ity description arises naturally in Calabi-Yau compactifications and shift symmetries are
certainly present for some fields in such constructions.

An important caveat is implied in the innocent-looking unless a non-generic cancellation
m takes place above : String theory features non-generic Kéhler potentials. As a
result, in Type IIB string compactifications a non-generic cancellation often does take place,
the prime example being the well-known ‘no-scale’ cancellation in the Kéhler moduli sector.
The above arguments thus do not trivially apply to that situation. In fact, a sizable part
of chapter [5]is devoted to discussing this more specific case. What saves the stringy hybrid
natural inflation model is the so-called ‘extended no-scale structure’ which suppresses loop
corrections beyond their expected size .
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2. Case Study: Hybrid Natural Inflation and Tensor Modes

2.1.1. Tensor Modes in Hybrid Natural Inflation

If the field excursion of the inflaton during inflation is smaller than the Planck mass, which
is the case in the hybrid natural inflation model discussed here, the amplitude of tensor
perturbations in the cosmic microwave background is tiny compared to the amplitude of
scalar perturbations. This conclusion is easily drawn by considering the Lyth bound [54,55]:
In slow-roll inflation the tensor-to-scalar ratio (i.e. the ratio of the gravitational-wave power
spectrum A%— ~ H? and the scalar power spectrum A% ~ H?/e) is proportional to the
first slow-roll parameter, r = Agr/ A% = 16¢. This can be rewritten in terms of the field
variation per e-fold as

o |de

3= lanl- (2.11)
Thus, if 7 is roughly constant or monotonically increasing during inflation, the size of tensor
modes produced within the initial, observable 10 e-folds of the cosmologically needed 60
e-folds of inflation is bounded by the total field excursion during these 60 e—foldsE| In
particular, for small-field inflation r is typically negligibly small.

In many small-field models, inflation ends because the evolution of the inflaton smoothly
changes from slow-roll to fast-roll. In this sense, a monotonically increasing € is a com-
mon feature. However, there are certainly exceptions: For example, if inflation ends in
a ‘waterfall’ classical instability of a second scalar field, as in hybrid inﬂationﬁ [341135], €
can decrease monotonically, allowing for a large tensor signal during the observable ~ 10
e-folds. This conclusion applies in particular to the hybrid natural inflation mode]lﬂ ana-
lyzed in the present chapter. In this model, loop corrections and non-perturbative effects
introduce a non-trivial inflaton dependence in the leading order flat potential . As the
inflaton typically parametrizes a periodic direction in field space (in fluxbrane inflation it
parametrizes a displacement of D7-branes in a compact space), the contributions to the
potential are typically periodic and are thus given, at leading order, by a cosine-shaped
potential. Consequently, a non-monotonic evolution of € occurs quite generically in hybrid
natural inflation. If, in such a model, the waterfall sets in close to the minimum of the
potential, € can be sizable during the observable e-folds of inflation, while the bulk of the
required 60 e-folds is accumulated at later stages, when € is very small. This quite naturally
provides us with a potentially detectable tensor signal, in spite of the small field range.

For avoiding the Lyth bound, it is essential that the waterfall sets in very close to the
minimum of the potential. From a purely field-theoretic perspective, this requires some

3The bound arising from a situation of monotonically increasing e during the last 60 e-folds of inflation is
considered in [55]. The original paper |54] only takes into account the field excursion during the observable
~ 10 e-folds.

4The production of gravitational waves in the context of supersymmetric hybrid inflation, incorporating
various corrections, was investigated in the minimal SUSY hybrid inflation program [203}[204] where it was
found that, in some regions of parameter space, this model can produce sizable gravity waves |205]. More
generally, large tensor signals in small-field inflation can be obtained whenever a sufficiently complicated
potential is tuned in order to achieve a non-monotonic evolution of € (see for example [206}207]). Other
suggestions for avoiding the Lyth bound and related constraints are discussed, e.g., in |174}/175,[177,|178],
208,209].

°The inflaton can be a pseudo-Nambu-Goldstone boson [86,[189-192] or a Wilson line [86,87]. The
proposed models go by various names, such as ‘little inflatons’ or ‘pseudonatural inflation’. Wilson line
inflation was put into a stringy context in [110]|. For other ideas of combining axions with hybrid inflation
see e.g. |210211].
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2.2. Phenomenology of Hybrid Natural Inflation

tuning of Lagrangian parameters or an appropriate model building effortﬁ From the point
of view of the stringy implementation we have in mind, namely fluxbrane inflation (to be
discussed in the subsequent chapters, see also |21},29]), things look different: The inflaton
in this model is associated with the distance of two D7-branes. The energy of this system
is minimized in a situation where the branes come very close to each other. It is precisely
in this regime of small distances where the tachyon appears. Namely, the critical field
value ¢., at which the waterfall stage sets in, is determined by the square root of the FI-
parameter /£, which is bound to be small, v/& < 1073. Finally, there is generically a
hierarchy between the maximal and the critical brane-to-brane distance (see in particular
section . Thus, the necessary prerequisites for avoiding the Lyth bound in hybrid
natural inflation (i.e. large variation of ¢/f during inflation and tachyon condensation
close to ¢/ f = 0) are naturally satisfied in the fluxbrane inflation model.

In the further course of this chapter we discuss the phenomenology of a general hybrid
inflation model with a periodic potential. In this model a sizable tensor-to-scalar ratio can
be obtained for a planckian axion decay constant, f = 1. However, stringy consistency
conditions dictate bounds on those decay constants. The examples of Kéhler and complex
structure axions are examined. The latter is of particular interest for us as, from an F-
theory perspective, the inflaton, being a D7-brane deformation modulus, is part of the
complex structure moduli space of the fourfold. We argue that for generic values of the
complex structure the tensor-to-scalar ratio can be as large as r ~ 1073,

2.2. Phenomenology of Hybrid Natural Inflation

The effective loop-corrected scalar potential of hybrid natural inflation can be parametrized

as (cf. (£3))

V(g,x) = k(x* — x5)* - {1 — & cos <S})>] + Ap%x 2. (2.12)

As we will show in the following, in the limit f < 1 this entails @ < 1. (We choose a > 0
by convention.) Inflation ends via a waterfall instability in x once ¢ < .. Keeping the
vacuum energy xxg during inflation fixed, in view of we can adjust ¢, < 1 as small
as we like by choosing appropriately x < A < 1.

During inflation ¢ > ¢, and the dynamics is governed by the effective potential

Vi) = ryd - [1 ~ a cos <‘Jf)] : (2.13)

SFor example, the authors of [191}/192] find that inflation most naturally starts and ends above the
inflection point of the potential. In this regime e increases monotonically and thus the Lyth bound applies,
leading to a small tensor-to-scalar ratio. By contrast, the authors of [190] achieve waterfall near the
minimum through field theory model building, but they do not consider tensor modes.
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2. Case Study: Hybrid Natural Inflation and Tensor Modes

The slow-roll parameters are [86,191}/192]

o 1<v'>2 o> sin’(p/f)

2\V /) 2f2 (1—acos(cp/f))2’
"
n = Vi_ao M’ (2.14)
Vo f21—acos(p/f)
2 - VivT _a? sin(e/f)
V2 I (l—oacos(@/f))27
from which the two-point function observables can be computed as
ng = 1—6e+ 2n,
r = 16, (2.15)
dng

16en — 24¢% + 262,

dlnk

We see from that, for a given potential, maximizing r means taking 7 — 0. Hence,
in a first step, we choose pn = ¢p := 7f/2 to be the fixed starting point, because there
we have V/ maximal, while V" = 0.

We can now compute the number of e-folds N accumulated between the initial field
value o = ¢p and the final value ¢, in the limit ¢./f < 1:

t(po) Wod f2 4
® ®0
N= |dtH= [—— ~—1 . 2.16
/ /\/ 2€ « . (7‘—90(:> ( )
t(ec) Pe

This can be dialed by choosing the waterfall exit . appropriately, so that N = 60, i.e.

4 60a
Pe = —po exp <_fQ> . (2.17)

As g is now the point at 60 e-folds before the end of inflation, the observables at CMB
scales are evaluated at ¢ = g. This gives the two-point function observables

3
ns o~ 1—66:1—§T20.962+0.038(1—T/0.1),

dng 9 4 a?
= 2 ~ 2= 2.1
dInk §+0() =25, (2.18)
a? dn
= 16e=8— ~4f2 .
" «=8% =4 Tk

We now see that a choice of a planckian axion decay constant, f = 1, and oo = 0.1 produces
a red tilt ny ~ 0.97 and a sizable tensor-mode fraction r ~ 0.08, while keeping the running
of the spectral index dns/dInk ~ 0.02 moderately small.

However, the embedding of this effective description into a string theory model dictates
additional constraints on the parameters. For our purposes, the most relevant restrictions
are on axion decay constants, which are subject of section 2.3] Guided by this discussion
we choose to work with the fiducial bound f < v/3/4n. Furthermore, we have to implement
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2.2. Phenomenology of Hybrid Natural Inflation

the observational constraints on ng and its running. These are ngy = 0.9603 + 0.0073 and
dns/dInk = —0.0134 4 0.0090 [48]. Using the constraints f < v/3/47 and dn,/dInk <
0.01, equation dictates the bound r < 7.6-10~%, which in turn forces ng ~ 1, a value
excluded by Planck at the level of 50.

However, ng < 1 is easily achieved by letting inflation start slightly above g = 7 f/2.
In this region of field space n takes the form

n =~ —% (N — o) - (2.19)

The measured value ng = 0.9603 dictates pn/@o ~ 1.18.

Thus, we have consistently realized r ~ 7.6 - 10™% in a string-motivated setting. By
contrast, the Lyth-bound estimate of , assuming constant r and AN = 60, would
give r ~ 1.4-10~%. Hence, we gain a factor of ~ 5 as compared to the Lyth approximation.

We can now compare this with the estimated precision of future cosmological probes.
While the B-mode polarization search in the CMB is expected to yield sensitivity of
r = (afew) - 1072 for Planck [212], the dedicated CMB polarization probe candidates
CMBpol/EPIC [212] and PIXIE |213] can detect a tensor-to-scalar ratio down to r ~ 1073,
Even more promising is the analysis of the angular power spectra and weak lensing contribu-
tion to the 21 cm radiation, which can yield a B-mode detection down to r ~ 1079 [214215].
The recent results reported by the BICEP2-collaboration 33|, which point towards r = 0.2,
would certainly rule out the hybrid natural inflation model as presented above. However,
these results are not confirmed yet and it is fair to say that, at the moment, it is unclear
whether or not the signal stays.

2.2.1. Production of Primordial Black Holes

The potential of our hybrid axion inflation model flattens towards the end of the slow-roll
regime. This means that the amplitude of curvature perturbations grows, implying the
threat of primordial black hole overproduction [216-218|. To evaluate the situation, we
compare the curvature perturbations A% o H? /e at the beginning and the end of inflation,

AR N/AR .~ \/€/en. Using (2.14) and (2.17) we find

AR N < 6()Oé> _9
—— ~2exp|—%5 ) ~ 107" 2.20
AR7C p f2 ( )

Now, the most recent value [48] for the power spectrum is A% = A, ~ 2.2-107Y at the
fiducial scale £ = 0.05 Mpc™!. This can be identified with our A%N. It can be compared
to the most conservative primordial black hole production bound, which is A%c < 1073
(see [219,[220] and references therein). One finds Ag y/Ag,. = 1073, Thus, in view of
, our model is completely safe.

2.2.2. Curvaton in Hybrid Natural Inflation

Before ending this section we pause to analyze whether the curvature perturbations can be
generated by an additional light scalar, i.e. a curvaton o [221-223] (for the specific formulae
used below see [224] and references therein). Due to the high friction and the small mass,
the field value of the curvaton is constant during inflation ¢ = ¢*. The time-evolution of
the scalar power spectrum A2 ~ H?/(0*)? produced by the curvaton is thus governed by
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2. Case Study: Hybrid Natural Inflation and Tensor Modes

the time-evolution of the Hubble parameter H during inflation. Consequently, one finds
that in the curvaton dominated regime (e > (0*)?) the spectral index is given by

ne —1=—2e. (2.21)

Thus, the first slow-roll parameter is bound to be € ~ 0.02. Furthermore, it is clear from
together with the bound f < 0.1 that slow-roll inflation (i.e. €,7 < 1) can only be
achieved for a < 1. Hence, in the first line of (2.14)), we can replace 1 — a cos(¢/f) by 1.
Together with e ~ 0.02 this equation then implies a 2 0.2f and therefore

nz 0.2 cos <(Jf) : (2.22)

For the fiducial value f = /3/4r this gives > 1.4 - cos(¢/f). Now consider the running
of the spectral index which, in the curvaton dominated regime, is given by

dng
dlnk

= 4e(n — 2e). (2.23)

This value can become incompatible with the data, |dns/dInk| < 0.01, if n becomes large
too quickly. Recall that 7 is small close to the inflection point pg. We thus have to
assume pn = g in order not to get into conflict with the bound on the running from the
very beginning. In analogy to , we can then derive a bound on the number AN of
e-foldings which are generated while the inflaton rolls from ¢y to some smaller value ¢:

AN <0.7-1n (%20) . (Here we have used again the fiducial value f = v/3/4x.) It is thus
~ T

clear that the inflaton leaves the region where cos(¢/f) < 1 already during the first e-fold,
giving n = O(1). In view of and with ¢ = 0.02, the running of the spectral index
predicted by the curvaton model in hybrid natural inflation then violates the bound after
one e-folding. Thus, taking the stringy bound on f seriously, it is impossible to realize a
curvaton-dominated power spectrum in hybrid natural inflation.

2.3. Stringy Constraints

String theory dictates additional constraints on the parameters, in particular on the axion
decay constant [60]. Our focus will be on two types of axionic scalars: the imaginary
parts of Kéahler moduli and the real parts of complex structure moduli. Ké&hler axions
descend from p-form potentials of the 10d theory upon dimensional reduction to 4d. On
the other hand, to understand that complex structure moduli have anything to do with
axions, recall that under mirror symmetry the complex structure moduli space of Type IIB
string theory is mapped to the Kéhler moduli space of Type ITA. Thus, at large complex
structure (which corresponds to large volume on the Type IIA side), we expect an axionic
shift symmetry to act on the complex structure moduli as well.

As a simple example, consider the axio-dilaton S = i/gs + Cp, where g, is the string
coupling and Cy is the Ramond-Ramond (RR) zero-form potential. The Kéhler potential
for this modulus is K = —1In (—z' (S — g)), giving rise to a kinetic term

2
L5 K]9S o (%) (8Cy)?. (2.24)
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2.4. Outlook

The canonically normalized ‘would-be’ inflaton is ¢ = \g/%CO. The periodicity Cy — Cop+1

of the RR zero-form field [78] implies a periodicity ¢ — ¢ + gs/v/2, and hence f = \/%S%.

Therefore, already at the self-dual point g; = 1, the axion decay constant is much smaller
than one. It decreases even further at weak coupling, g; < 1.

From the F-theory perspective, S is part of the complex structure moduli space of the
fourfold. Therefore, we expect similar considerations to apply in the case of complex
structure axions. The same is true for deformation moduli of D7-branes, as they are part
of the complex structure of the F-theory fourfold as well. The analogs of g5 ~ 1 and g; < 1
are generic and large imaginary parts of the complex structure moduli, respectively. We
thus expect that the axion decay constant f in can take values as large as f ~ 1/47
at generic complex structure and gs ~ 1.

In the example of Kéhler axions [137,[225-227| one obtains, via dimensional reduction,
the term

1 .
LD Erw‘ca tr (F; A Fy), (2.25)

which displays the coupling of the axions ¢, to the field strength of the gauge field living
on a D7-brane (wrapping a four-cycle labeled by the index ). The ¢, are the coefficients
of an expansion of the RR four-form in terms of a basis of four-forms (labeled by the index
) of the threefold. The integers r*® arise from integrating the four-form labeled by « over
the four-cycle labeled by i. Quantization of [ tr (F; A F;) implies that the term is
trivial for integer values of ¢, [227].

In order to read off the axion decay constant one has to canonically normalize the axion,
using the Kéhler potential K = —2In)V. From here it is apparent that the axion decay
constant typically scales with the inverse of some four-cycle volume, the precise value
depending on the volume form. For example, for a scenario with one large four-cycle with

volum 7 and corresponding Kéhler modulus T = 7 4 ¢ ¢, such that V ~ (T + T) 3/2, one
finds [227]
V3
f —

_E.

(2.26)

We take f < +/3/47 as our fiducial value, corresponding to an Einstein frame four-cycle
volume of unity. In the example of a compactification on a square (72)3 and for g, = 1, this
is the T-self-dual point. If one instead evaluates f at the point where instanton corrections
~ 72" become important, the bound on f is generally weakened by a factor of 2.

2.4. Outlook

In this chapter we have analyzed scenarios which are a cross between axionic (= natural)
and hybrid inflation. They represent a particularly appealing class of models since, as we
have reviewed, they rely on a combination of a shift symmetry and supersymmetry which
can naturally stabilize the inflaton mass at a small value, without the need to fine-tune. A
sufficient amount of e-foldings is produced within a sub-planckian field range. The typical
periodic higher-order corrections to the flat tree-level potential imply a non-monotonic
evolution of e. This generates a significant tensor-mode contribution (up to r ~ 1073) in

"The (dimensionless) Einstein frame four-cycle volume 7 is related to the string frame four-cycle volume
as T = g; 05 47°, where £, = 2mv/o/ is the string length (see also appendix .
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2. Case Study: Hybrid Natural Inflation and Tensor Modes

early inflation, where € is sizable. The required number of e-foldings is accumulated later
on, when e approaches zero.

We have also demonstrated that, within this class of inflationary models, it is impossible
to generate the curvature perturbations by a curvaton field. The crucial obstacle is the
string-theoretic bound on the field range of the axion.

In the following chapters we set out to implement this field-theoretically attractive class
of inflationary models in string theory. More precisely, in chapter [3] we introduce fluxbrane
inflation as a stringy version of D-term hybrid inflation. In this first approach towards a
string inflation model, we completely neglect all F-term contributions to the potential and
study the (loop-corrected) D-term potential and its phenomenological applications. Moduli
stabilization in this setup is discussed in chapter [d] We return to a detailed analysis of
F-term contributions and their phenomenology in chapter
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3. Fluxbrane Inflation as a Stringy
Implementation of Hybrid Natural
Inflation

In this chapter we introduce our idea of how to embed the appealing model of hybrid natu-
ral inflation, analyzed in the preceding discussion, in string theory. We propose a scenario
where the inflaton is associated with the relative position of two D7-branes wrapped on
homologous four-cycles. Non-supersymmetric gauge flux induces an inflaton-independent
tree-level D-term energy density and an attractive higher-order inter-brane potential. The
latter arises from a Coleman-Weinberg-type loop correction due to strings stretched be-
tween the branes and is sufficiently flat in the supergravity regime of large volume moduli.
This ‘inflaton potential’ can be calculated explicitly via an open-string one-loop computa-
tion on toroidal backgrounds |20,21]. A generalization of this result to genuine Calabi-Yau
manifolds is given in [21].

The end of inflation is marked by the condensation of tachyonic recombination fields,
arising from strings stretched between the D7-branes, triggering a phase transition to-
wards the Minkowski vacuum. Hence our model fits in the framework of D-term hybrid
inflation [93}94].

In the present chapter we consider in detail the setup for fluxbrane inflation. In par-
ticular, we specify how inherently stringy quantities (like the brane distance) map to 4d
quantities (like the canonically normalized inflaton). These relations will be useful in the
further course of this thesis. Regarding the string-derived inter-brane potential and its
proposed generalization to Calabi-Yau manifolds, we only quote the results from [19-21].
We then work out the main phenomenological properties of our D-term inflation poten-
tial. The latter analysis underlies the discussion of moduli stabilization in the following
chapter ] As part of our findings we report that, contrary to previously proposed stringy
embeddings of D-term hybrid inflation, in fluxbrane inflation the field range of the in-
flaton during the last 60 e-foldings corresponds to a brane displacement which is easily
accommodated within the compact space. Furthermore, our inflationary scenario provides
a mechanism to avoid the familiar clash of D-term inflation with observational constraints
on the cosmic string tension (cf. also section [1.3.2)).

Throughout this chapter we only compute the D-term potential and completely neglect
the effects induced by non-vanishing F-terms. These F-terms, however, generically appear
as soon as moduli stabilization is consistently taken into account. They are dealt with in
chapters[land[5l In this context let us mention that, while the initial motivation to consider
fluxbrane inflation mainly concerned the field range of the inflaton and the suppression of
the cosmic string tension, D7-brane position moduli are appealing inflaton candidates also
from the F-term point of view. In fact, these moduli enjoy a shift-symmetric Kéhler
potential in some region of the moduli space, to be discussed in more detail in chapter
which allows to avoid the well-known supergravity n-problem, along the lines of chapter
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3. Fluxbrane Inflation as a Stringy Implementation of Hybrid Natural Inflation

Much of sections and and a small part of the outlook is copied from [21]|. This
is work done in collaboration with Arthur Hebecker, Dieter Liist, Stephan Steinfurt, and
Timo Weigand, during the time when S. Steinfurt and myself were diploma students [19,20].
Most of the borrowed content was written by myself, however, with some parts by T.
Weigand.

3.1. The Geometric Calabi-Yau Setup for D7-Brane Hybrid
Inflation

In this section we describe the geometric configuration underlying our fluxbrane inflation
scenario. We consider a Type IIB orientifold compactification on a Calabi-Yau threefold
X3 modded out by the orientifold action Q(—1)2o. The holomorphic involution o is
chosen such that it gives rise to O3- and O7-planes compatible with the addition of D3-
and D7-branes. The four-dimensional effective action of such Type IIB orientifolds has
been studied in detail in [71-73,91].

The key players of our inflationary scenario are spacetime-filling D7-branes wrapping
holomorphic four-cycles of X3. The inflaton is related to the position modulus for a par-
ticular D7-brane as follows: In flat space, two parallel D7-branes can be separated from
each other in such a way that there is a non-zero distance r in the perpendicular complex
plane at every point of the branes. This means that there exists a modulus y associated
with the brane separation, such that |y| = r. The canonically normalized field related to
this modulus will be the inflaton in our model. As discussed in some detail in [21], this
simple picture receives interesting modifications for curved branes on general manifolds.
Nonetheless, even in this more general situation one can maintain the concept of a relative
D7-brane deformation and of an associated modulus — the inflaton. Here, we will ignore
all complications occurring on curved spaces as compared to flat backgrounds.

Concretely, let us denote by 3 € Hy(X3,Z) a divisor class with a geometric deformation
modulus; i.e. a D7-brane wrapped along a representative in the class ¥ can move in X3. We
assume for simplicity that this brane does not intersect the orientifold plane or its orientifold
image in the class 0*X. A pair of D7-branes D, and Dy, along two representatives ¥,, X
of the divisor class ¥ can then be deformed with respect to one another.

Our second ingredient is non-supersymmetric relative gauge flux along the two branes
and the resulting attractive D-term potential. If the two branes are separated from each
other, the four-dimensional gauge group is U(1), x U(1),. On the D7-branes we switch on
non-trivial U(1) gauge bundles L, and L; with first Chern class

_ L

o ((2F,) + "By € H*(%,,2/2), (3.1)

C1 (La)
and analogously for L. Here we distinguish between the (dimensionful) expectation value
of the curvature F; = dA; and the pullbackE] with respect to the embedding ¢ : ¥ — X3
of a discrete B-field described by elements of H}r’l(Xg) that are even under the orientifold
involution o. By contrast the quantity

1
Fo=—(?F,) + B 2

n the following we will omit writing :* explicitly all the time. It will be clear from the context
whenever we need to pull back a form to X.
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3.1. The Geometric Calabi-Yau Setup for D7-Brane Hybrid Inflation

refers to the full B-field including its non-integer piece along orientifold odd elements of
Hi’l(Xg). In our conventions the string length ¢, is related to the Regge slope o' as
(s = 21/ (cf. appendix .

The dynamics of the relative brane motion during inflation involves only the relative
gauge group U(1)_ with Abelian generator QQ_ = %(Qa — @p). In general there will be
open strings stretched between D, and D; charged under U(1)_. In their ground state
sector they give rise to chiral multiplets @zb with charge (—1g4,1;) and (:szb with charge
(14, —1p). In flat space, as soon as the parallel branes are separated, these strings would
necessarily acquire a supersymmetric mass term proportional to the brane separation with
modifications on curved spaces discussed in [21]. Apart from appearing with a supersym-
metric mass the bosonic components of <I>2b and CIJZb enter the four-dimensional N = 1
supergravity D-term potential for U(1)_ of the standard fornﬁ

2

Vi fRef - WZ\%IMWZI%\ +éa | - (3.3)

Here f represents the gauge kinetic function associated with the four-dimensional gauge
group U(1)_. To first order its real part is given by

Re(f) = % <; /Z JNJ — e—¢/2 %]—"ab A ]—"ab> . (3.4)

Here J € H?(X3) is the Kihler form on X3 as appearing in the ten-dimensional Einstein
frame. It is related to the Kéhler form J in the ten-dimensional string frame via

J=e"%2] (3.5)

and is normalized such that V(E) =3 fz J A J is dimensionless and measures the string
frame volume of the divisor ¥ in units of the string length /¢, E| Furthermore, we have
defined the relative flux as Fy, = \/§(‘7: Fp). Finally, ¢ denotes the axio-dilaton.

The quantity &, is known, by slight abuse of nomenclature, as the field-dependent Fayet-
Iliopoulos term and serves as an order parameter for the amount of relative supersymmetry
breaking. In the above conventions we have |91]

Mg fEJ/\]:ab

1
—PIET T B P(Xg) == JANINT, M?=— 3.6
ir  V(Xs) (X3) ) (3.6)

6 Jx,

é‘ab =

where M), denotes the four-dimensional reduced Planck mass.

If the two branes are separated and &, # 0, an attractive potential between the branes
arises. We will discuss the precise form of this potential in section Clearly, the
amount of supersymmetry breaking responsible for this potential depends dynamically
on the Kéahler moduli appearing in . Thus, stabilization of the Kéhler moduli in a
non-supersymmetric manner is key to a successful realization of inflation. However, we

ZWe use the same symbol ® to denote the scalar component of a chiral superfield ®. It will always be
clear from the context to which of the two we are referring.

30ur conventions are summarized in appendix Hatted quantities are measured in the ten-dimensional
string frame, while quantities without a hat are measured in the ten-dimensional Einstein frame.
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3. Fluxbrane Inflation as a Stringy Implementation of Hybrid Natural Inflation

postpone the question of moduli stabilization to chapter [ and treat &, as a parameter in
the present analysis.

The end of inflation is marked by the critical distance 7. at which one of the fields (I)fzb
or i)ib becomes tachyonic. To determine when this happens we must take into account,
in addition to the supersymmetric mass term for the string modes proportional to the
brane distance, the non-supersymmetric mass from the D-term potential. To arrive at
an expression for 7. we consider the case of a compactification on a factorisable torus
[T5_, T?. Modifications of these results for curved backgrounds are discussed in [21].
Separating the two branes D, and D; by a distance 7, measured in units of /g, yields
a supersymmetric mass square (2m/5)?7? of the open-string states @, [3]. To quantify
the non-supersymmetric mass, suppose that the relative flux density is non-vanishing on
one torus only (say the one corresponding to the internal directions X%, a = 4,5) and
parametrized by .
V2
Then, by T-duality, one can use the familiar result of the branes-at-angles picture for the
mass of the lightest state [4,228|

1
Fob = (]-‘25 - ]-'25) = 5 (tand — tanh). (3.7)

21)?2 270
m2:(7;)7g2_ 7rab7
£ %

(3.8)

where we assumed (without loss of generality) that moduli stabilization has resulted in
Oup := 0, — 0, > 0. From this expression one can read off that the lightest state becomes
tachyonic at the critical distance ;

Pori. = 5 (3.9)
To obtain the corresponding expression in terms of a canonically normalized field ¢ = |P|
(the inflaton) in four dimensions we use the relation to the eight-dimensional modulus

y [36[]

o _ e V(E)
—— =7y == , =1y 3.10
= o = (310)
With the help of (3.6)) it follows that
2 fab
S 3.11
Perit. \/i ( )

for small 6,;,. This is precisely the result one would obtain by embedding hybrid inflation
from D-terms in N' = 2 supersymmetry, where there is a relation between the trilinear
coupling A in the superpotential and the gauge coupling gyy of the form A2 = QQ%M
[229,[230]. The four-dimensional mass squared of the tachyon in this model is given by

mip = 2Re(f)! (<p2 — f;%) : (3.12)

Tachyon condensation leads to the formation of a bound state between D, and D; and
breaks the gauge group U(1), x U(1), to U(1); with generator %(Qa + Q). This is

*Note that the authors of [36] use different conventions for the rescaling of the metric in order to go
from ten-dimensional string frame to four-dimensional Einstein frame.
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3.2. Inflaton Potential and Phenomenology

typical of D-term hybrid inflation, where the condensing tachyon <I>zb plays the role of the
waterfall field.

In more general setups on curved backgrounds, discussed in |21], there is no unambiguous
definition of a distance 7 between the D-branes. Instead, one can use the relation (|3.10))
as a definition of # in terms of the four-dimensional inflaton .

3.2. Inflaton Potential and Phenomenology

In this section we quote from [21] the inflaton potential for the setup outlined in section
and perform a phenomenological analysis. The outcome of this analysis is the basis of
chapter [

String-theoretically speaking, the attractive inter-brane potential arises as a Coleman-
Weinberg-type loop correction from open strings which stretch between the two fluxbranes.
We have computed these corrections for a toroidal compactification in [20,21]. The result is
non-vanishing in case the brane flux breaks supersymmetry. The purpose of this string-loop
calculation was twofold: First, we derived the potential at large brane-separation, which
contains a constant plus a logarithmic dependence on the brane separation, as expected by
analogy to the Coleman-Weinberg result [125|. We highlighted the possibility to suppress
the logarithmic term by more than just the conventional loop factor. As we will detail
below, this feature enables us to circumvent the problem of cosmic string overproduction
in D-term hybrid inflation. Secondly, we also showed that, surprisingly, the form of the
potential remains valid for # < 1, as long as 7 is not too small. In particular, this is true as
long as 7 is larger than a certain lower bound which is parametrically given by the distance
at which the lowest-lying state in the open-string spectrum becomes tachyonic (equation
(3.9)). This is a crucial result because, as we will argue in the following, D7/D7 inflation
takes place precisely in the regime where 7 < 1.

We will not review the form of the fluxbrane potential in the toroidal example, but
directly move to its generalization on a genuine Calabi-Yau orientifold X3, which was
derived in [19,21]. It reads

L+ 19%2(7?42 {((;fzfi;/i)]; —4- (;/E]-“/\]-“>}log <;’;>] . (313)

where the gauge coupling is given by

1 1
=== 14
9vm o <2/EJ/\J>’ (3 )

and £ is defined as in . F is the integrally-quantized brane flux and ¥ denotes the
divisor wrapped by the D7-branes. Furthermore, ¢ is the canonically normalized inflaton
and g is a normalization which, at our level of precision, is arbitrary.

The idea for how to obtain is to analyze the action of a fluxed probe D7-brane
in the warped background generated by a fluxless brane. The potential appearing in the
action is then expanded for small flux density, leading to . On the factorisable torus,
the above expression reduces precisely to the potential obtained in the string calculation.
The similarity of with corresponding expressions in D-term hybrid inflation [93,94]
is manifest and allows to interpret our result as the Coleman-Weinberg potential of a 4d

1
Vb = 59\2(M§2
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3. Fluxbrane Inflation as a Stringy Implementation of Hybrid Natural Inflation

gauge theory, with the massive waterfall-fields running in the loop. Their masses are split
after SUSY-breaking due to the presence of the FI-term &, giving rise to the non-vanishing
loop contribution.

Regarding the suppression of the logarithmic correction, note that the first term in the
big round brackets in , proportional to fz J A F, can be made parametrically small
by adjusting the ‘angle’ between the Kéhler form J and the flux F. At the same time,
F can in principle be chosen in such a way that the induced D3 charge fz F A F on the
D7-branes vanishes. In such situations one arrives at a highly suppressed logarithmic term
which specifically arises in our D7-brane context.

At this stage it is instructive to compare our inflationary brane potential to the setup
in D3/D7 inflation. From [105] we recall that the D3/D7 potential takes the generic form

1 g2 o
V==>¢2u 1+ 2XM o0 = ). 3.15
A€ (14 £0% g (3.15)

In particular, there is no analogue of the term proportional to ( [y J A .7-")2/% JsJ A J,
which arises from the non-alignment of relative D5-brane charge. Rather, the expression
only involves the relative D3-brane charge of the fluxed D7 and the mobile D3-brane. To
match this with the D7/D7 potential we note the general result (see e.g. [231] for
details) that for gauge flux that can be made supersymmetric inside the Kéhler cone the
expression — fz F A F is positive and thus measures D3 (as opposed to anti-D3) charge.

Phenomenological Analysis

We now collect the basic phenomenological properties of the inflationary D-term potential
. As one of our main results we will show how, in the D7/D7 inflationary scenario, one
is able to overcome the clash with observational bounds due to cosmic string production
at the end of inflation. In fact these bounds have turned out to be a notorious problem in
D-term inflation models with an underlying N/ = 2 structure [229|.E|

Let us parametrize the potential as

Vi(p) =V <1 + alog:;) : (3.16)

where

Lo o Q%M 2 9\2(1\/1 2
Vo = §gYM§ , o= W —2 Fo+ ? JNF . (3'17)
¥ N

The choice of ¢y corresponds to some choice of normalization for the potential. Its value
is irrelevant at our level of precision. For convenience we will choose g such that it
corresponds to the bifurcation point g = @perit. of our potential, defined in , which
is where the tachyon appears and inflation ends. Close to this point the simple functional
form is no longer valid.

Let us first analyze the field range required to obtain N = 60 e-foldings in the course
of inflation. To this end we recall that, in terms of the inflaton potential V(p), N is

®Recall the discussion below li
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3.2. Inflaton Potential and Phenomenology

determined as |232]

to YN Vv
N:/ dtH:/ dgpﬁ, (3.18)
tn ©o
where ty denotes the time associated with the onset of the last N e-foldings and tg
marks the end of inflation; the corresponding values of the inflaton are pn = p(tn)

and po = ¢(tp). In our model inflation starts out far from the bifurcation point of the
potential (i.e. pn > ¢g). A simple parametric analysis shows that in a regime where the
supergravity approximation is valid (i.e. the typical length scales of the compactification
manifold are large in units of the string length), the constant of the potential dominates
over the distance-dependent term throughout inflation, i.e. avlog(p/pp) < 1. This allows

us to evaluate (3.18]) as

1
N = X —ep) - (3.19)

Using pn > ¢o we thus find that the field value of the inflaton at the beginning of the
last 60 e-foldings is given by

©N =~ V2aN. (3.20)

The slow-roll parameters are readily evaluated, in the approximation (3.20), as

1 <V’)2 1 a? «a

I e o (3.21)
2\V) |_ T2 TN
v a 1

=] =% =__ (3.22)
14 t=tn 90?\/ 2N

Since a < 1 it follows that ¢ < |n| and thus, for N = 60, the slow-roll condition ¢ < 1,
In| < 1 is easily satisfied. From the above we extract a prediction for the spectral index
ng via

1
ny=1-6ct2n>1+2=1- - =098 (3.23)

This value lies marginally outside the 1o value ny = 0.9684+0.012 according to WMAP7 |233] ﬁ

The inflationary potential is further constrained by measurements of the amplitude of
adiabatic curvature perturbations. They set a value for the ratio V3/2 JV' at time ty
as [233]

S VE T8
=

t=tn

=54-107% (3.24)

At the time of publication of [21] this was the most up-to-date measurement of ns. The more recent
value n, = 0.9603 = 0.0073 [48| is inconsistent with the inflaton potential analyzed in this section at
more than 30. On the other hand, F-term corrections are expected to change the phenomenological
implications of our model. In fact, we will show in chapter [§] that fluxbrane inflation can consistently
describe ns = 0.9603.
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3. Fluxbrane Inflation as a Stringy Implementation of Hybrid Natural Inflation

Using the smallness of the distance-dependent term relative to the constant of the potential
(3.16)), as discussed above, we can evaluate this constraint in the approximation (3.20]) and
for N = 60 as

Vo (2 -9

—==2==24-10"". 3.25

o 2N ( )
To analyze the implications on the parameters of our potential it is more convenient to
consider the inverse combination

g_ 1 T2 VQ(XZS) _ 108
Vi = e (/2 F > T2y A0 (3.26)

Crucially, the first summand involves the FI-term £. For positive and integral fz —F?2 this
therefore sets a lower bound on £, which turns out to lie above the observational bound
from cosmic strings. In particular, this is the situation encountered in D3/D7 inflation,
where fz —F?2 is replaced by a positive order one number.

The cosmic string bound constrains the energy density (i.e. tension ) of these topological
defects as
Gu<6.4-1077, (3.27)

where G is Newton’s constant. This was found in [234] using the Abelian-Higgs model to
simulate the evolution of the string networkﬂ This value implies a contribution of < 9.3%
from cosmic strings to the total power in the CMB at multipole moment [ = 10. The string
tension is related to the Fl-term £ as Gu = £/4 [239]. We note that for D3/D7 inflation
the value of € required by the measured value for the amplitude of curvature perturbations
(and determined via the D3/D7 analog of equation (3.26))) lies above the cosmic string
bound . By contrast, our D7/D7 inflation model is in a fundamentally different
position. Namely, by a suitable choice of gauge flux it is possible to achieve fz F?2=0so0
that the FI-term completely drops out from . In this situation, what is constrained
by is the ratio of the volume of ¥ and of the Calabi-Yau X3,

2N 22
~7:3=1L:4.2.108 for N = 60. (3.28)
¢ Vo gfsInJ

For simplicity let us assume that the internal manifold can be characterized by a single

length scale R. Equation (3.28) then implies
R~11, V~1.7-105 (3.29)

Due to our choice of a flux vector F € H?(X) which satisfies [y, 72 = 0, the FI-term
is in principle unconstrained by and thus the measured value for the amplitude of
curvature perturbations is not in conflict with bounds on & from cosmic strings: Let &yt
be the ‘critical’ value of the FI-term for which the cosmic string bound is saturated, i.e.

"There are alternative approaches to look for signatures of cosmic strings, some of which include
[235237]. However, they seem to find upper bounds on G which are comparable to the one cited above.
Over the years the comic string bound has become tighter (see e.g. [238|, which is the value used in our
most recent analysis [29]). This does not qualitatively change our analysis. We will stick with until
the end of chapter E}
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€erit. /4 ~ 6.4 - 1077, With the help of (3.28)) one can re-express the cosmic string bound
£ S Eerit. a8

(ot AF)*

R <822y, 42108 ~0.2. (3.30)
2J%

This constraint can easily be satisfied by appealing to a mild hierarchy of four-cycle volumes
in the compact space or by a partial cancellation in the numerator of the above expression,
consistent with the normalization of the amplitude of curvature perturbations . We
will discuss the solution in terms of a mild hierarchy in chapter [4, while the possibility of a
partial cancellation is addressed in chapter |5l Both solutions will naively not significantly
alter the prediction R ~ 11, which is why we continue to work with this value. A more
detailed investigation will be performed in chapter [4]

We proceed by briefly discussing the implications of the above analysis for the field range
during inflation. Recall that in all of the above we assumed that inflation starts far away
from the bifurcation point, which is the point where inflation ends. This means that we
have to require ¢y < ¢n and thus, in view of ,

©5 < 2aN. (3.31)

According to the discussion in section the bifurcation point is just ¢3 ~ £/1/2. Assum-
ing that fz F? =0 and that the cosmic string bound 1) is saturated (i.e. & ~ &epip. =
2.6 - 107%) the requirement (3.31)) can be rewritten as

V2(X3)

3.7- 102 )
<)

(3.32)

This condition is in agreement with the prediction R ~ 11 for a typical length scale of our
(isotropic) compactification manifold.

As a final step we deduce from the above analysis the brane separation 7y of the two
D7-branes at the beginning of the last 60 e-foldings of inflation. The field value of the
inflaton at this time is given by (3.20)). Considering for simplicity the case of a toroidal
compactification, we may use to calculate 7y

V3(X3)
V3(%)

1

7% = 16T Ngs 2&? (3.33)
where 7y is measured in units of £; and £ is measured in units of M,,. Assuming again that
the cosmic string bound is saturated (i.e. & ~ &uit.) it is obvious that a roughly isotropic
compactification manifold with typical length R ~ 11 leads to inflation in the regime
where 7 < 1, more precisely it leads to 'F]QV ~ 1072/ \/9s- This crucial conclusion makes
it necessary to perform the full string computation as outlined in section [3.2] in order to
derive the inter-brane potential because, generically, the supergravity approximation can
be trusted only at distances larger than the string length.

3.3. Outlook

In this chapter we have outlined our basic idea of how to embed the hybrid natural inflation
scenario in string theory. That is, we have introduced the fluxbrane inflation proposal, in
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3. Fluxbrane Inflation as a Stringy Implementation of Hybrid Natural Inflation

which the distance between two D7-branes with non-supersymmetric flux plays the role of
the inflaton. Inflation is driven by a D-term energy and the end of inflation occurs via a
tachyonic instability, as in D-term hybrid inflation. Our analysis has focused on the form
of the attractive D-term potential between separated D7-branes and has shown that this
potential as it stands is of a type suitable for inflation. In particular, it easily gives rise to
N = 60 e-foldings of slow-roll inflation, even in the regime of sub-stringy brane distances.

Crucially, the fluxbrane inflation scenario provides a mechanism to overcome the familiar
clash of standard D-term hybrid inflation with the observational bound on the cosmic string
tension. The spectral index is slightly too red, but additional inflaton-dependent terms
are likely to alter this prediction. In fact, the appearance of such additional terms is
intimately linked with moduli stabilization, which needs to be incorporated in a successful
inflationary scenario: Our analysis so far has treated the flux-induced D-term as a given
order parameter for supersymmetry breaking. In view of , however, it is apparent
that this D-term depends dynamically on the K&hler moduli. Their stabilization in a
supersymmetry-breaking regime is thus of pivotal importance. Note that this requirement
is equally relevant for all variants of D-term inflation, including the scenario of D3/D7
inflation or the T-dual inflation with branes at angles. In particular, it is crucial not only
to stabilize the overall Calabi-Yau volume, but also the particular combination of Kéahler
moduli entering the D-term &; this would be the prime candidate for a runaway direction
that could spoil inflation. Stabilization of the Kéhler moduli in the fluxbrane inflation
scenario will be discussed in chapter [ Our strategy will be to approach this in the
context of the Large Volume Scenario [15,|135], where the overall volume modulus can be
stabilized by a combination of a/-corrections in the Kahler potential and non-perturbative
corrections in the superpotential. We will demonstrate explicitly how £ can obtain its value
dynamically and show that this can be achieved in a way such that no runaway direction
is introduced.

A related challenge concerns the inevitable appearance of F-term contributions to the
D7-brane modulus potential that may compete with the D-term potential. In fact, there
are three qualitatively different sources for such a contribution. These are a leading-order
appearance of the inflaton in the Kéhler potential, a direct appearance of the brane moduli
in the flux-induced superpotential, or brane-modulus-dependent loop corrections to the
Kéhler potential. We will discuss these effects in detail in chapter [f| It turns out that,
while the leading-order terms from Kéahler and superpotential can be avoided by a suitable
(bulk) flux choice and a shift-symmetric Kéhler potential for the D7-brane modulus, the
loop-induced F-terms will dominate the potential in a large part of the parameter space
and will significantly alter the phenomenological analysis of the fluxbrane inflation model.
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4. Fluxbranes: Moduli Stabilization and
Inflation

In the analysis of fluxbrane inflation in chapter [3| (see also [21]) moduli stabilization was
taken for granted. This is a strong assumption for two reasons. On the one hand, our
scenario requires specific values for certain parameters of the compactification (e.g. for the
overall volume V). It has therefore to be checked that these values can indeed be attained.
On the other hand, the physical effects invoked to stabilize moduli tend to destroy the
flatness of the inflationary potential, an effect well familiar also in other brane inflation
scenarios [17,38,102,240}241]. Hence, the flatness of the potential has to be checked after
moduli stabilization.

In the present chapter we discuss a new explicit moduli stabilization procedure, com-
bining the F- and D-term scalar potentials. It is based on fluxed D7-branes in a geometry
with three large four-cycles of hierarchically different volumes. In this scenario, the D-term
is dynamically stabilized at a parametrically small value, such that a D-term-induced run-
away direction towards infinite volume is avoided. Subsequently, we combine this moduli
stabilization with the fluxbrane inflation idea, demonstrating in particular that CMB data
(including cosmic string constraints) can be described within our setup of ‘hierarchical’
large volume CY compactifications, while maintaining parametric control over all four-
cycle volumes. We also explain why recently raised concerns about constant FI-terms do
not affect the consistent, string-derived variant of D-term inflation discussed in this thesis.

The size of curvature perturbations in fluxbrane inflation is governed by the inverse
volume, forcing us into a regime where the volume V is very large (cf. equation )
Kéhler moduli stabilization is then naturally realized in the Large Volume Scenario [15,242].
The latter is based on the interplay between o/- and non-perturbative corrections to Kéhler
and superpotential, giving rise to a non-supersymmetric AdS minimum at exponentially
large volume. The potential is uplifted by some additional positive contribution to the
vacuum energy density, such that the minimum becomes Minkowski. This can be done
via fluxes on D7-branes [91,/132-138] or via D3-branes in a warped throat |13}[38,243]. As
will be worked out in the example of a simple two-Ké&hler-moduli model in section
using the first of these two possibilities in the context of fluxbrane inflation requires two
independent flux effects: One of them annihilates at the end of inflation, when the two
relevant D7-branes meet. The other flux can not annihilate given that certain topological
requirements are fulfilled. This second flux is responsible for the uplift to a Minkowski
vacuum, which has to remain intact after reheating.

Appropriately suppressing the cosmic string contribution to CMB fluctuations is a crucial
issue in brane or D-term inflation. In our scenario, the stability of cosmic strings is not
completely trivial (cf. the discussion in [193]). To be on the safe side, we consider the
worst-case scenario of topologically stable (local) cosmic strings, rather than their semilocal
cousins [100}/193,244-246]. Cosmic string suppression then requires a hierarchy of four-
cycle volumes in the internal manifold (see the discussion in the previous chapter). This
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4. Fluxbranes: Moduli Stabilization and Inflation

forces us to go beyond the simple ‘warm-up’ example of section Thus, in section
we embed our model of inflation in a ‘hierarchical’ Large Volume Scenario, along the lines
of [131,1247]. This requires to consider string loop corrections to the Kéahler potential,
in addition to the o/- and non-perturbative corrections to Kéhler and superpotential, in
order to stabilize all Kahler moduli. These string loop corrections generically involve our
inflaton candidate and thus give rise to additional (potentially dangerous) terms in the
inflaton potential. We will neglect this inflaton-dependence in the present chapter, but
discuss it in detail in chapter

Combining the idea of ‘fluxbrane inflation’ (with all its phenomenological constraints)
with moduli stabilization within hierarchical Large Volume Scenarios turns out to lead to
a rather restrictive setting: For example, it was not possible to find a model with only
three Kdhler moduli in which one has parametric control over the size of the ratio of the
gravitino mass and the Kaluza-Klein scale, ms/;/mxi, and, at the same time, has all
intermediate-size two-cycles parametrically large. While we were able to overcome this
issue in a model with four Kahler moduli, we had to give up the idea of realizing the
uplift of the AdS minimum to Minkowski via a D-term. Thus, in section we perform
this uplift by means of a different contribution to the vacuum energy density which, for
concreteness, we chose to be D3-branes. It would be interesting to investigate in more
detail under which circumstances the idea of an uplift induced by fluxes on D7-branes can
be realized. However, this is beyond the scope of this thesis.

Most of this chapter is copied from |23|, which is work done in collaboration with Arthur
Hebecker, Moritz Kiintzler, Dieter Liist, and Timo Weigand. A first discussion of Kéahler
moduli stabilization in the fluxbrane inflation scenario is contained in the diploma thesis
of M. Kiintzler [22|. However, many relevant constraints were neglected in that analysis,
such as the issue of a too large ratio ms/,/myk and the tadpole constraint on the size of
Wy. Therefore, the discussion in chapter [ completely differs from that diploma thesis.
The corresponding sections in [23| were written by myself, with some parts of section
edited by A. Hebecker. The appendices [A] [B] and [C] are slightly modified versions of the
respective appendices in [23]. Appendix [B| grew from an appendix contained in [22], but
was adapted to the discussion in 23| by myself.

4.1. Moduli Stabilization — Basic Setup

4.1.1. Moduli Stabilization in the Large Volume Scenario

It was found in [15,242] that under certain topological conditions there exists a non-super-
symmetric AdS minimum of the scalar potential of Type IIB string theory compactified
on a Calabi-Yau orientifold. This minimum appears at an exponentially large volume of
the internal manifold and is therefore suitable for our purposes. To find this minimum one
applies a two-step procedure: First, the complex structure moduli and the axio-dilaton are
stabilized via bulk fluxes [12| and integrated out at a high scale, giving rise to a constant
tree-level superpotential Wy. Due to the ‘no-scale structure’ of the Kahler moduli Kéhler
potential the resulting leading-order F-term potential is identically zero. A non-zero scalar
potential arises at subleading order through o’-corrections in the Kahler potential and non-
perturbative corrections in the superpotential. In a second step one then minimizes the
effective potential for the Kéhler moduli resulting from these higher-order effects.
D3-instantons can wrap internal four-cycles of the Calabi-Yau manifold. The corrected

o6



4.1. Moduli Stabilization — Basic Setup

superpotential is given by
W=Wo+> Ape =™, (4.1)
P

where the T}, = 7, + ic, denote the complexified Kéhler moduli of the instanton four-
cyclesH The constants a, are given by a, = 27, while the Pfaffian prefactors A, depend
on the complex structure moduli and the axio-dilaton (which are assumed to be fixed)
as well as the open-string moduli. The latter dependence could well be an issue for the
viability of our brane inflation model. For example, it is known that in the presence of
D3-branes the one-loop Pfaffian A, involves the D3-brane position [241]. A similar effect
was argued to occur for D7-branes which carry flux with non-vanishing induced D3-brane
charge [248]. Recall from the discussion in chapter |3| that our ﬂuxE| F_ is chosen such
that the induced D3-brane charge vanishes (and the same can also be imposed on F,).
The effect of [241,248] is therefore not expected to occur in our setup. It remains an
open question whether, for D7-branes, there is a possible open-string dependence of the
non-perturbative superpotential beyond these effects. In particular, one must sum over all
flux configurations on the D3-instantons [249|, which may introduce such a dependence via
the flux-induced D(-1) charge. This could be avoided in geometries for which H(®b of the
instanton divisor only contains elements which are even under the orientifold involution,
such that the instanton cannot carry flux [249].

The second ingredient apart from the superpotential is the Kéhler potential, in-
cluding a certain a’3-correction [127] (which can be shown to be the leading correction in
inverse powers of the volume [131])

K = —2log (V + §3/2> —log(—i(S —S)) + Kes. (4.2)
2gs

Here, £ = —% and x(X3) is the Euler characteristic of the Calabi-Yau threefold Xs.

The Kihler variable S is related to the axio-dilaton 7 = Cp + ie~® via a non-trivial field
redefinition [72,|73|, the details of which are, however, not important in this chapter. The
o/-contribution to the scalar potential, resulting from , is ~ 1/V3. On the other hand,
the non-perturbative corrections in the superpotential are exponentially small, leading to
a contribution ~ e~%7 /Y2, For both contributions to be equally relevant for creating a
large-volume minimum of the scalar potential, one has to require some of the four-cycles
on which instantons are wrapped to be exponentially smaller than the overall volume of
the threefold. Suppose that there is one such small four-cycle whose modulus we will
call 7, and whose intersection form is ‘diagonal’ with respect to all other four-cycles, in
the sense that the only non-vanishing triple intersection number involving 7, is its triple
self—intersectiorﬂ Ksss- 1hen the volume can be written in terms of the four-cycle moduli

LOur conventions for how lengths are measured are summarized in appendix

2As explained in section the two U(1) gauge theories on the two D7-branes are most conveniently
described in terms of their ‘overall’ (U(1)+) and ‘relative’ (U(1)_) piece. Accordingly, in the present
chapter we will distinguish between the gauge flux F for U(1)+ and the gauge flux F_ for U(1)_. We will
have more to say about F4 later on. What is important for the inter-brane potential is the relative gauge
flux F_ (which was called F in chapter |3) in terms of which the effective potential for the canonically
normalized inflaton ¢ is given by .

3Note that in our conventions ksss > 0. As the small four-cycle with modulus 75 is contractible to
a point, this means that in the expansion of the Kéhler form J the coefficient ¢° of the (1,1)-form ws is
negative, t° < 0. Here, ws is Poincaré-dual to the small four-cycle.
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4. Fluxbranes: Moduli Stabilization and Inflation

as
V = V(rgqs) — e, (4.3)
923/2

3N\ /Fsss "

overall volume V is large, measured in units of ¢, in the 10d Einstein frame. In this limit
the scalar potential is given by |15] (see also appendix

where ¢ is related to ks as ¢ = Furthermore, we require 7,45 > 75 such that the

(4.4)

oy /Toe” 2T BIWo|Teem T W2
Ve(V,17s) =V, — ,
F( T, ) 0,F ( cV VZ + g§/2v3

with «, 8 and vy some positive constants which depend only on |A|, and V) p some overall

gs-dependent prefactor. Their precise form is given in . This potential is already

minimized in the axionic (i.e. ¢;) direction. Since it is only the absolute value of W and

A, which enter , in the following we will write Wy instead of |Wp| etc.
Extremization with respect to 75 in the limit as75 > 1 gives

2aV 1 dasAs V 1
sTs = 1 — =1 s = 1 — ] = =1 s 4.
asTs = log <50W0> 5 log T og( 30 W0> 5 log (4.5)
and thus
EYWeE cBPWe 372 [ 22V
Vi ~ Vi - 1 4.6

where we have neglected terms ~ log 7. Both terms in the above expression roughly scale
like ~ WOQV_?’. Generically, the same will be true for the value of the F-term potential
at its minimum. As this minimum is AdS, we need some extra positive contribution to
the energy density which lifts the potential at least to Minkowski. In our setup it seems
most natural to do this via a D-term. As we saw in chapter [3] such a D-term scales like
V=2 and will thus, in general, give rise to a runaway potential for V, unless the size of
the above F-terms is enhanced. The latter enhancement can be achieved via a large Wj.
Considering only V and Wy, we expect from these arguments that roughly W02 ~ V.
Before addressing in detail this question of a dynamical runaway in the closed-string
moduli space, we first explain why potential instabilities in the open-string moduli can
generally be avoided geometrically: During inflation the uplifting D-term is due to both
the relative gauge flux F_ and the overall flux F; on the two D7-branes. As detailed
in the previous chapter (see also |21]), the end of inflation is marked by a generalized
recombination process between the two D7-branes: F_ is responsible for a tachyonic mode
in the spectrum between both branes. The resulting condensation leads to a bound state
between the two branes in which the relative U(1)_ is higgsed. The remaining bound
state continues to carry gauge flux F,, whose D-term £ is responsible for the uplift to
Minkowski/de Sitter after reheating. To guarantee stability of this D-term, apart from the
potential runaway in the Kéhler moduli discussed below, it must be ensured that no further
condensation process occurs. The only such process would be a generalized recombination
between the brane bound state and its orientifold image along their common locus, or
possibly a recombination between the bound state and a different brane stack in the model.
The appearance of a tachyon depends on the pullback of F to the respective intersection
loci and can thus be controlled by a suitable choice of flux, see [21] for details. In particular,
this requires an explicit choice of orientifold projection from which the brane-image brane
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4.1. Moduli Stabilization — Basic Setup

intersection can be deduced. While we do not present such a concrete geometry in this
work, these arguments are sufficient to show that a runaway in the open-string sector is in
general not a problem.

4.1.2. A Two-Modulus Fluxbrane Inflation Model

As an illustrative example consider a two-modulus swiss-cheese model similar to the one
discussed e.g. in the original LVS publication [15]. In such a model the overall volume can
be expressed in terms of the two four-cycle volumes 7, and 75 as

V= b75/2 —cr3?, (4.7)
where b = 3!%?%7 c= 3!3/3%, and 7, > 75. Wrapping the fluxed D7-branes around the

large four-cycle called Dj and choosing flux Fiy = ny[Dp] for the overall /relative U(1)
theory U(1)4 of the brane pair induces a D-term potential |21}72, 73E|

2
ey = L (be J A .F:I:) IR NP, 48)
b 1672 5 [, JAJ 162

The full scalar potential thus reads

VbF f’}/WOQ CﬁQVVO2 3/2 < 2aV ) 2n2’ibbb
V(V) ~—= — log/ + V], 4.9
% V3 < gf/Q 4aa§’/2 cBW, s (4.9)
where n? = ni +n?. Note that from now on we work in a gauge where e = 1. Let f(V)

denote the term in the brackets on the right-hand side of (4.9)). Then, in the Minkowski
minimum after annihilation of 7_ (i.e. Vp(V) = V4 (V)) we have f(Vinin.) = f'(Vinin.) = 0.

Vanishing of f(V) in the minimum yields (to leading order in as7s ~ log (%ﬁ;—?),
using also f'(Vimin.) = 0)
2/3
as € 4a5As Viin.
N T ~1 4.10
Js <2c> °8 ( 3¢ Wy )’ (4.10)
which can be used to rewrite f'(Viin.) = 0 as
2 ni/fbbb e%sTs
~ 2 _ 411
0 3 Asgs 7'51/2 ( )
Plugging this back into (4.10]) gives
2 2asTs
Vinin, o bt T4 © (4.12)

T 20,42 g, ;127

“Since the flux of the relative U(1)_ theory will annihilate upon brane recombination, we cannot use it
for uplifting the minimum value of the potential to zero. Instead, we use VB‘ for the Minkowski uplift, while
V,, is some additional energy density which is present during inflation and which decays into standard
model d.o.f. upon reheating.
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Figure 4.1.: Allowed values for gs; and £ in the simple two-Kéahler-moduli model.

Setting ny = 5 Kpbp = D, Ksss = 1 (such that ¢ = \/5/3)E| and A; = 1 we find that for
Vinin, = 1.7-106 (cf. ) the parameters can be chosen to lie in the phenomenologically
viable regime (see ﬁgure: A value £ = 0.1 implies g5 ~ 0.25. In view of equation ((4.11])
this means

Wo ~1-10°. (4.13)

It turns out that there is a tension between such a large Wy and the requirement to
cancel the D3 tadpole: The authors of [253| were able to reformulate the tadpole can-
cellation condition in a way which makes it obvious that, as long as all F-terms for the
complex structure moduli vanish in the minimum, Wy or rather \/gs/2 Wy is bounded by
V' X(X4)/24, where x(X4) is the Euler characteristic of the associated F-theory fourfold
X,. In our example, \/gs/2 Wy ~ 3.6 - 10*, which would require x(X4) ~ 3.2 - 1010,
To the best of our knowledge, no fourfold with such a large Euler characteristic is known.
Therefore, even before considering the production of cosmic strings, the simple two-Kéhler-
moduli model turns out not to work quite generically. One can go ahead and try to choose
manifolds with different intersection numbers and tune A; etc. However, we will not go
down this road because, to be on the safe side concerning the cosmic string bound, we have
to consider models beyond this simple one anyhow (see the discussion in sections and
. Instead, we will show that in a slightly more complicated situation Wy can actually
be much smaller, such that the tension described above is absent.

It turns out that there is a lower bound on n., which is easy to understand: As n_ is integrally
quantized, for a given n the uplift to de Sitter cannot be arbitrarily small. However, a large extra D-term
from the relative U(1)— on top of the uplift to Minkowski may potentially wash out the de Sitter minimum
for the volume modulus. Therefore, the relative change in the size of the D-term before and after inflation
cannot be too large or, in other words, n4 has a lower bound. An analytical estimate of this lower bound,
performed in appendix |g, gives n4y > 4. For what follows we use a slightly more conservative ny = 5. It
is then possible to show numerically that one can indeed obtain a Minkowski minimum for n_ = 0 which
is uplifted to a stable de Sitter minimum for n_ = 1.

5Large intersection numbers tend to exacerbate the problems discussed below. Here and in the next
section we take kppy = 5 which is, for example, the triple self-intersection number of the quintic [250] and
appropriate blow-ups thereof |251,/252].
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4.1. Moduli Stabilization — Basic Setup

Some further comments are in order, which also apply to the more general setup discussed
in section

e As 75 is given by equation (4.5)) we find that, in view of (4.10)),
1 2/3
e~ — < ¢ ) . (4.14)

g5 \2¢
This can also be found using a different method (cf. appendix .

e Uplifting an AdS vacuum through magnetized D7-branes has been discussed in dif-
ferent variants in [91}/132-138|. Unless one appeals to a partial cancellation using
charged fields [135/{138]|, the D-term potential scales as 1/V2. Since the F-term
potential scales as I/VO2 /V3, a successful uplift generically requires W02 ~ V. This
is problematic for the following reasonﬂ Estimating the Kaluza-Klein scale on the
basis of T% with equal radii, we have myyx = /7/V¥? ~ 1/V?3. At the same time
mg/y ~ Wo/V, which should be parametrically smaller to justify the use of a 4d
supergravity analysis. However, one finds (with Wy normalized as in [12])

mso \/9s Woy 1/6
= . ~ . 4.15
Mk 4 Y1/3 v (4.15)

This ‘goes the wrong way’ at large V (though it does so very weakly). In [135] it was
argued that due to the appearance of a large numerical factor 167* in the denominator
of Vp it is possible, for V ~ 103, to uplift the AdS minimum to a stable de Sitter
vacuum with Wy = O(1). In view of we believe that the situation is not quite as
simple: The only relative factors of 2w between F- and D-term contributions come
from the definition of £&. They suppress the F-term, making the situation naively
worse, but can be easily compensated by a large x(X3). However, using the explicit
formulae (4.11)), (4.12)) and (4.14), we can make equation more precise:

Mgja Ny Kbbb L pL/e
mix 3T\ e/Ts '

Assuming ny ~ ¢ ~ Kpp ~ Ts ~ 1 this suggests that, at least in rough numerical
agreement with |135], a fairly large V can indeed be tolerated in spite of the ‘para-
metrical’ clash between m3/; and mxx. However, it is not clear that a manifold of
swiss-cheese-type with such intersection numbers exists. Furthermore, as elucidated
above, ny = 1 does not allow for a stable de Sitter uplift. Larger intersection num-
bers and a larger value of ny both deteriorate the situation, reducing the maximal
size of the overall volume consistent with the requirement mgz/,, < mgx. On the
other hand, the four-cycle volume 75, which could in principle suppress the size of
the ratio , is essentially fixed at a value ~ 1 by and the requirement
Viin. = 1.7 -10%. In particular, with the numbers used and computed in this sec-
tion we find mg/s/myxx =~ 34 which means that there is no regime in which the

(4.16)

supergravity approximation is valid.

The authors of [135,(254] furthermore propose to use warping to suppress the D-term
even further. While this is certainly a very appealing possibility, we are hesitant

"We thank Joseph Conlon and Fernando Quevedo for pointing this out.
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to use it for the D-term driving inflation: We fear that it might clash with the
shift symmetry that we need to keep our inflaton potential flat. On the other hand,
including a further sector of D7-branes with flux in a warped region is certainly an
option: It might be used for the uplift from AdS to Minkowski.

Concerning the ‘inflationary D-term’; our suggested solution to the ‘D-term-suppres-
sion problem’ is a hierarchy between large four-cycles. Given that we have several
of those with significantly different volumes, we can arrange for the D-term to be
parametrically smaller than 1/V2.

In other proposals [135H138| the stabilization mechanism crucially depends on the
presence of non-trivial vevs for some of the charged matter fields which appear in
the D-term. These would arise from the intersection of the mobile D7-brane with
other branes in the compactification. A suitable choice of gauge fluxes can in general
ensure the absence of such matter fields. Indeed this conforms with our assumptions
described at the end of section [£.1.1] concerning absence of extra instabilities in the
open-string sector.

Finally, in [134] the authors consider only one Kéhler modulus which is charged under
the anomalous U(1) and which also appears in the non-perturbative superpotential.

Other proposals for uplifting mechanisms, put forward in the recent literature, include
[254)1255].

We will find that in the hierarchical case discussed in section .2] the D-term is not
suitable for uplifting the AdS minimum to Minkowski. Therefore, we will need to

do the uplift by means of a different mechanism. For concreteness we will consider
D3-branes.

One might expect that such an D3 uplift would also help in the isotropic setup
discussed here, since the large ni in (4.11]) would be absent. However, this turns out
not to be the case: The lack of parametric control over the ratio ms /2 /M is still

an issue. The size of Wy is reduced only by a factor of \/% which appears because
of the different volume-scaling of the D3-brane energy density as compared to the
D-term. This factor is not nearly sufficient for solving the gravitino mass and the
D3 tadpole problems.

From f/(V) = 0 we find that the D-term contribution to the scalar potential (i.e.
the third term in (4.9)) is suppressed by a factor of as7s = g—z (%)2/3 relative to the
first and second term in that expression. This means that the required uplift (i.e.
the value of the F-term potential at its AdS minimum) is smaller than the naive
parametric expectation, in agreement with the alternative derivation in appendix
While this tends to exacerbate the ‘D-term-suppression problem’ discussed earlier,
the effect is already included in equation and does not change the moderately

optimistic conclusion drawn above.

It should be clear from the above that in our scenario SUSY is broken at a high scale,
Mg/ ~ 1073, avoiding the Kallosh-Linde problem [256] in a ‘trivial’ way. While it
is interesting to investigate the possibility that, after reheating, a different moduli
stabilization mechanism takes over and low-scale SUSY is recovered |257,258|, we do
not pursue this idea in the present paper.
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4.2. Moduli Stabilization — Hierarchical Setup

While we saw in the previous section that, within the Large Volume Scenario, it is possible
to stabilize the Kdhler moduli in an AdS minimum at exponentially large overall volume,
we ran into trouble trying to uplift the minimum to inflationary dS via a D-term potential:
For V ~ 1.7 - 105 the required size of W} is in tension with the D3 tadpole constraint and
makes mg/, unacceptably large. On the other hand, this clash is not expected to be a
generic feature because, in situations with more than two Kéahler moduli, there are further
potentially small or large numbers to be considered. These are, in particular, the relative
sizes of four-cycles or two-cycles, respectively, and they may well improve the situation,
depending on the precise intersection structure. In fact, considering these more involved
models has turned out to be essential for appropriately suppressing the cosmic string
tension: One of the promising outcomes of chapter |3 (see also |21]) was that, in fluxbrane
inflation, this can be achieved via a mild hierarchy of four-cycle volumes.

In this section we thus consider moduli stabilization in a toy model with four Kéhler
moduli and discuss how, in this case, moduli stabilization can be achieved in a way which
is consistent with the fluxbrane inflation proposal.

4.2.1. Cosmic Strings and the Need for a Hierarchy

As explained in section the non-observation of cosmic string signatures (e.g. in the
CMB) constrains their tension, the latter being directly related to the FI-term [239]. Due
to the complicated nature of the bound state formed at the end of inflation, it is actually
not immediately clear whether the produced cosmic strings are topologically stable (local)
in our fluxbrane scenario. Since a detailed investigation of this interesting question is
beyond the scope of this thesis, we assume a worst case scenario of local cosmic stringsE]
We use the results from [260|ﬂwhich constrain the product Gy of the cosmic string tension
u and Newton’s constant G as (Gp)erit. = iﬁcrit. ~0.42-1076 i.e.

2
M <9.4-1072% (4.17)
2 oI N

with 3 the D7-brane divisor. It is thus clear that our compactification manifold needs to
have at least two ‘large’ four-cycles with hierarchically different volumes in order for the
cosmic string bound to be satisfied. This leads us to consider hierarchical compactifica-
tion proposals similar to those discussed for example in [247,261]. As it turns out the
minimal modification of our previous setup with just one additional Kéhler modulus is
not sufficient for satisfying all phenomenological constraints at the same time. Hence, we
will focus on a situation with four Kahler moduli. In this chapter we are primarily inter-
ested in investigating a general mechanism for stabilizing the moduli in a manner suitable
for fluxbrane inflation rather than in constructing explicit compactification manifolds that
furnish concrete realizations of this mechanism. We therefore content ourselves with mak-
ing reasonable assumptions about the topology of the compactification space. With this

8In the semilocal case [100}/193}[244]246] the constraints are weakened [259).

9This was the most recent constraint on the cosmic string tension at the time when [23] was published.
The analysis of [238] has further tightened this bound. However, as we will find in section the cosmic
string bound is actually not a constraining factor in fluxbrane inflation with hierarchical K&hler moduli
stabilization. Even the tighter bound of [238] is easily satisfied in the scenario discussed in this chapter.
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understanding, let us assume, for definiteness, that the volume form is of the type

V= %HllQ(tl)th + %/{133151(753)2 + %H223(t2)2t3 + élﬁsss(ts)g. (4.18)
For an overview of our conventions see appendix As the (1,1)-form wy is dual to a
four-cycle which is contractible to a point, t* is negative.

We choose the following brane and flux setup: The pair of D7-branes is wrapped around
the four-cycle Dy dual to the (1,1)-form wy, while the brane flux is given by Fi = niws.
Thus, the induced D3-brane charge (~ [ Ds Fi A Fy) vanishes due to ka2 = 0. We now
consider the limit ‘t1| > ‘tQ‘ , ‘tﬂm It turns out that for the Kéhler metric KTZ-T]- to be

positive definite in this limit we need k133 < 0
It will be convenient to express all quantities in terms of 75, V and the quantities

t3 t2

TI= g, Yo (4.19)
For example, the constraints (3.28)) and (4.17)) can now be rewritten as
/3
4/3,2/3 _ K112 4 9 108

VS = TiR 42 10% (4.20)
2< "2 941072 4.21
~ 2n2 K3y, (421)

As we will learn presently, the regime in which the model works is at small x and y.

4.2.2. String Loop Corrections

As we saw in section the interplay between o’-corrections to the Kéhler potential
and non-perturbative corrections to the superpotential allows for a minimum of the scalar
potential with the overall volume V stabilized at an exponentially large value and the
small instanton four-cycle stabilized at as7s ~ log (V/|Wy|). However, for a model with
more than two Kéhler moduli there will be directions transverse to ¥V which remain flat.
As was shown in [131,/247| these transverse directions may be stabilized by string loop
corrections to the Kéhler potential. In toroidal compactifications those corrections are
well known [18,/128,|129]. Based on this work the authors of [130] conjectured that on a
general Calabi-Yau manifold string loop corrections to the Kéhler potential take the form

_ sKK w

6K (g,) = 5K (g,) + 0K g,
B hzli CEK(U,U)(a;t?) hzli M (4.22)
=i v (big )V |

These corrections originate from the exchange of Kaluza-Klein (KK) modes (with respect
to a two-cycle a;;t/) between D7-branes and O7-planes, and of winding (W) modes of
strings (along a two-cycle b;;#/ on which the D7-branes intersect). In the example of a

10T section we will show that it is indeed possible to stabilize the Kahler moduli in this regime.

11 As we only specify the intersection numbers rather than a concrete geometry, it is not possible
to actually compute the Mori cone. In the general spirit of our approach we take t' > 0, i = 1,2, 3,
K112, k223 > 0 as part of the assumptions on our toy model.
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toroidal compactification with O(1) values of the complex structure U the functions C¥K-W

were calculated to be of the order 1072 (see e.g. [129]). Importantly, these functions will,
generically, depend on the open-string moduli. However, as stated in the introduction to
this chapter, we will neglect this dependence in the present discussion and come back to
this issue in chapter [5

Although the gs-corrections coming from KK modes are the leading corrections in the
Kéhler potential in terms of the scaling with the Kéhler moduli, it was found [131] that in
the F-term potential actually the o/-corrections are dominant. This feature is called ‘ex-
tended no-scale structure’ and is crucial to ensure the overall consistency of the approach.
Furthermore, as the gs-corrections depend not only on the overall volume V but also on
the two-cycle moduli %, it is intuitively clear that these corrections potentially stabilize
the flat directions.

Following [130] we will assume that in our scenario the gs-corrections take the form

\4
i (4.23)

g 3 1 3 C
__Js § : KK i § : i
i=1 =1

From these terms one can compute the corresponding leading-order corrections to the
scalar F-term potential as (cf. [131])

2

wg fgi(CF)" 1 13 [ ~w 1 wy/?

0Vigy) = V07FV10/9 { 01/3,.2/3 42/3 (4r112) Cy y2/3 +03 I
112

W o 1 1 yl/3
with
( {<K)2 1/3 W 1/3 W
A= YW >0, B=—(4k112)"°Cy", C=—(4r112) /" C5 . (4.25)
202K

The ellipses in (4.24]) denote terms which are suppressed by further powers of = and y in
the limit of small z,y as compared to the leading-order contributions. Note that the CZW
can have either sign.

4.2.3. Stabilizing Ratios of Two-Cycles

The string loop corrections discussed in the previous section, together with the D-term
potential, will stabilize the ratios x and y. We now analyze the way in which this happens.
In view of our ignorance concerning the prefactors A, B, and C in , we will assume
in the sequel that B and C are positive and g2 A < B,C, such that the dominant terms of
the gs-corrections at small =,y are

W02 1 y1/3
Wi,y = Vor VY10/3 {By2/3 tC z [ (4.26)
Thus, y will be stabilized at
2
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Plugging this back into (4.26|) yields

W2 D

Wigy) = VOFVm/:a 2/3”

(4.28)
where D = (381/ 3¢c2/ 3) / 22/3_ The runaway of z to infinity will be stopped by the D-term
potential which, in the hierarchical model specified in section is given by [21],72,[73|

2
V= UDQ JMT) _ on’r? 1+..). (4.29)
16712 %fDQ JAJ  16mV2

The ellipses denote terms which are higher-order in x and y. Furthermore, we write
o = (2K393) /K112 an n = \/n% +n%. The above D-term potential is enhanced by
powers of the overall volume V as compared to (4.24]). For some fixed V it will drive x to
small values, thereby lowering the relative size of the D-term potential with respect to the
F-terms. Regarding the required suppression of the cosmic string energy density, this is
precisely the regime where we want to be. Furthermore, it is this feature which allows us
to choose Wy much smaller than in the ‘warm-up’ model of section [4.1]
Minimizing in the z-direction gives

3/8
1 gsW;
Tmin. — <3 an2v4/3> . (430)

We thus find a flux-dependent energy density given by

1/4
_ gSI/VO2 4 an? 3/4
VﬂuX(V) T 167)Y3 (33/4 gsWo2 D / : (431)

Comparing this expression to (4.6)) it is apparent that the flux-induced energy density is not
suitable for an uplift to dS. The reason is that the volume scaling of is exactly the
same as in the first term of . Thus, the same argument which shows that gives
rise to an AdS minimum applies here. Therefore, we need some additional contribution to
the vacuum energy density which is suitable for uplifting the minimum to dS. D3-branes
in a warped throat are a prime candidate for this purpose [13,|38| 243|H Including their
contribution, the full scalar potential reads

1/4
_gW§ (3 & 3 ¢ o g (dasAs V. 53, 4 ([ an? 3/4
vv) = 167V3 (4 g2 2432 log 3c Wy EVIT 33/4 gsW§ b '

(4.32)
The quantity & scales with the fourth power of the warp factor at the position of the D3-
brane inside the warped throat. We will assume that it can be tuned arbitrarily by tuning
the fluxes which determine the strength of the warping.

12Note that we will choose to have ny # 0, although, as we will find out presently, the uplift to dS
cannot be done via a D-term. By keeping n4 # 0 the stabilization of z before and after reheating relies
on the same mechanism, which simplifies the discussion.

13We are aware of the recent discussion [262264] (see also [265]) of potential problems with the super-
gravity solution corresponding to an D3-brane in a warped throat. While these investigations have to be
taken very seriously, we think it is fair to say that, until now, no definite conclusion disproving the viability
of such an uplift has been established. As already stated at the end of section I} D7-branes with flux in
a warped region might be a good alternative.
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4.2.4. Parametric Analysis

In this section we would like to give an argument why, parametrically, the situation in the
hierarchical setup is improved as compared to the ‘warm-up’ model.

Recall that in the model discussed in section the tree-level superpotential had to be
tuned large, Wy ~ vV, such that the F-terms and the D-terms had about the same size.
The necessity to go in this parameter regime can be seen most easily from (all three
terms should be of the same order). Furthermore, in section the overall volume V was
fixed by the requirement that the right amount of curvature perturbations is produced.
The so determined V led to a value of Wy which was incompatible with the D3 tadpole
cancellation constraint.

On the other hand, the situation in the hierarchical model looks quite different: The
D-term features a suppression proportional to z2 and thus the tuning Wy ~ v/V is not
necessary anymore. The gravitino mass, measured in units of the Kaluza-Klein scale,
is given b M3 /o /Mik ~ Wo/(VY/3y1/6). Furthermore, we have t> ~ yt' ~ y2/3p1/3

and 3 ~ zt! ~ W§/4D3/8/(V1/6y1/3). Now we use (4.27) together with the constraint
V2/3y1/3 = (=1 (cf. [@20)) to find

w,\,wo\/g

Mgk

1/2
3/2
2 ~ <BCWO> , (4.33)

c 1/2
3

Here, ( is related to QN“ defined in section via ( = ((25112)1/3]\7)_1/2 C~, where N is the
number of e-foldings which we took to be 60. We see immediately that, for B,C = O(1),
we have to choose Wy somewhat large in order to have t2,#3 > 1. Considering in addition

the required smallness of mg/y/miix We should choose 1 < Wy < ¢ —1/2_ For example,
setting Wy ~ (/3 we find
m
R fd oY, B2 (4.34)
m

KK

Therefore, in the hierarchical setup it is indeed possible to make mg/s/myxyk paramet-
rically small and, at the same time, have the two-cycle volumes t? and 3 parametrically
large. In the following section we will demonstrate, using explicit numbers, that the tuning
Wy ~ ¢~/3 can be done in a way in which the D3 tadpole constraint is not violated.

4.2.5. Quantitative Results in the Hierarchical Setup

We conclude this chapter by showing that it is possible to consistently choose or compute
explicit numbers for all the quantities which are involved in the setup under discussion.
This can be done in a way such that all phenomenological constraints are satisfied.

4This estimate is based on the approximation Lmax. ~ V!, where Lmax. is the volume of the largest
cycle on which KK states propagate.
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V(V)
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Figure 4.2.: Plot of (4.32) for ny =1, n_ € {0,1}.

Starting point is the expression with n_ = 0. Assuming that the threefold has an
Euler characteristiﬂ x(X3) = 5 we get € ~ 1.2-1072. We furthermore choose Wy = 2-103,
gs = 3 - 1072, D =7-1071, k112 = Kaog = b, Ksss = 1 and thus ¢ = \/5/3, Ay =1, and
ny = 1. Then, via V(Viin.) = V'(Vmin.) = 0, we can determine 74 ~ 2.01. This gives
an overall volume V ~ 3.5 - 107 and, furthermore, y ~ 3.9 - 1073, t* ~ 6.0. On the other
hand, the ratio x is now determined to be z ~ 3.3 - 1073 and thus t3 ~ 5.1. Note that
this value of z is easily compatible with the cosmic string bound . Furthermore, the
requirement V/(Vyin.) = 0 can be used to compute £ ~ 3.8 - 10~ 14,

A plot of the potential for n_ € {0,1} is shown in figure Note that the
value Wy = 2 - 103 requires x(X4) = 1.4-10° (cf. the discussion at the end of section .
Fourfolds with such Euler characteristics are known in the literature (see e.g. [266]). Fur-
thermore, in view of we find m3/2/mKK ~ (0.4. Clearly, m3/2/mKK is only marginally
smaller than one and some of our cycle volumes are only marginally larger than the string
length. However, as we have demonstrated in section these crucial inequalities hold
parametrically, where the small parameter can be chosen, for example, as the quantity
(. Then, we of course have to plug in actual numbers, hoping that our parametrically
controlled approximation continues to hold in the physical regime. This works sufficiently
well to expect that models with the desired type of stabilization exist.

4.3. Consistency of the Effective Theory

While the question of a potential inconsistency of (constant) FI-terms in supergravity is
not a novel issue (see, e.g. [81,193|), it has attracted an increased amount of interest more
recently [58,[194-199]. Given that D-term inflation in its original form [93}94] relies on the
presence of a (constant) Fl-term and that the existence of consistent gravity models with
this feature is doubtful, we find it necessary to devote a section of the present chapter to
this issue. For example, the arguments above have led the authors of |267] to conclude that

I151f, alternatively, we start from a more typical value of e.g. x(X3) = 100, the value of g, increases to
gs = 0.2 with all other quantities changed only marginally.
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4.3. Consistency of the Effective Theory

D3/D7 inflation as well as fluxbrane inflation are subject to rather stringent constraints.
As we will explain, we believe that our construction can not come into conflict even with
the most stringent no-go theorems concerning FI-terms that are being debated.

The viability of D-term inflation in view of supergravity constraints on Fl-terms has
also been discussed in [193]. However, since our perspective and (part of) our conclusions
are different, we believe that it is worthwhile to revisit this issue.

4.3.1. Issues in String D-Terms

Recall that the D-term in supergravity is given in general by [56]
£ =iK;X'(2), (4.35)

where K is the Kéhler potential and X (z) is the holomorphic Killing vector generating
the (gauged) isometry of the moduli space. We denote the coordinates 2 on that moduli
space collectively by z. The D-term potential then reads

92
Vp = %52. (4.36)

The consistency question alluded to above is, roughly speaking, under which circum-
stances one may write

§=iK; X' (2) + & (4.37)

for some constant & # 0. For our purposes, the precise answer to this question is, in fact,
irrelevant. We are only interested in string-derived models and hence for us it is sufficient
to know that no such constant arises in the low-energy limit of string compactifications
[268-271] (at least there are no such examples). Moreover, as we will work out in more
detail momentarily, our D-term potential is described by the (undebated) part iK;X*(z).
Since this has given us a viable model of inflation, one might think that the ‘FI-term-issue’
in fluxbrane inflation is thus closed.

Things are not quite as simple, though. Given that the D-term potential drives inflation,
the moduli in iK; X*(z) must be stabilized. In fact, this was the main theme of the present
investigation. Hence one might expect to encounter, somewhere between the moduli-
stabilization scale and the SUSY-breaking scale, an effective theory with constant FI-term.
This would not only be potentially inconsistent, it turns out to be technically impossible in
models where no Fl-term is originally present [193}|194,196]. How can any stringy version
of D-term inflation then exist? The answer suggested in [193| was to have a small F-term
potential giving a large mass to the relevant moduli, which might be possible with a special
choice of Kéhler potential. Jumping ahead, our answer is different: In our scenario the
SUSY-breaking scale is enhanced as compared to the scale at which the Kéhler moduli are
stabilized. This fact is easy to understand: As we will confirm momentarily, the Kéahler
moduli naturally have masses m2 ~ Vp ~ V=2 On the other hand the gravitino mass is
given by m% /2~ W02 /V?. Recall that, as a result of the approximate no-scale structure
in the F-term potential and the requirement Vp ~ Vg, we work at parametrically large
Wy. Therefore, the gravitino mass is parametrically larger than m.. Due to this particular
hierarchy of scales our model avoids the above constraints ‘trivially’. We will come back
to this fact at the end of this section.
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4. Fluxbranes: Moduli Stabilization and Inflation

4.3.2. Moduli Masses in Fluxbrane Moduli Stabilization

We first put our D-term potential in the standard N' = 1 supergravity form, following [91]:
Let D; be a divisor with dual two-form [D;] and let the fluxed D7-brane be wrapped on a
divisor Dr. The four-cycle modulus T}, whose real part 7; parametrizes the size of D;, gets
charged under the U(1) on the D7-brane if the flux living on the intersection D; N Dr is
non-vanishing. Since the symmetry (i.e. the isometry of the moduli space) which is gauged
is an axionic shift symmetry, the corresponding Killing vector is just X; = ig; with g; the
charge of T;. Thus, in the low-energy effective action a D-term

§ = —q;Kry (4.38)

appears. The charge ¢; depends on the flux [91]: ¢; ~ fo [D;] A F. In particular, with
this input one can show that (4.38)) is equivalent to |72, /73|

1 p, INF
&= gy v , (4.39)
which was used in section 1] and section [£.2]

In the simple two-Kéhler-moduli example at the end of section we wrapped the
D-brane on Dy and chose a flux F = n[Dy]. As Ky is non-zero, Ty is charged under the
U(1), generating a D-term of the form . The potential terms relevant for the mass
of 7, are and . The corresponding Kéhler potential is

K= -3logmp+.... (4.40)

For simplicity we compute the mass in the Minkowski minimum (the result changes only
by an O(1) factor when going to de Sitter). Working in addition to leading order in

log (C%O{/%/}O), we find

1
2
ms =
z
b TbvTh

2
o2V

: (4.41)

min.
Ty

3

min.
Ty

where Vp is given in (4.8]).
This can be compared to the mass of the vector boson which gauges the axionic shift-
symmetry. The relevant terms in the Lagrangian are

1

2
Iym

LD —

F? + KD,z Dhzi, (4.42)

with ' ‘ .
D,z =0,2" — A X" (2). (4.43)

Thus, using also (4.35)) and (4.36) the gauge boson mass is

2 4
miy = 23\ Kp | X7 = 3Vp : (4.44)

min.
Ty

We conclude that the masses of vector boson and corresponding Kéhler modulus are of
the same order of magnitude. Moreover, since Vp ~ H?, both masses are related to the
Hubble scale. While the purist might object both to calling this D-term inflation (since
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4.4. Outlook

Vi ~ Vp) and to calling it single-field inflation (since m,, ~ H), we are, for the time
being, satisfied with this outcome.

Finally, the analysis in appendix [C] gives

Vp 2

Vp ~ 3%
where 0Vp represents the additional energy density due to F_ # 0 during inflation. This
implies that the Hubble scale during inflation is given by Hing. < 0.07-Vp. Therefore, 7, is
actually somewhat heavier than suggested by the parametric analysis above (m;, /Hing, >
1) and its dynamics can be disregarded during inflation.

We note that our result can be understood more generally (see e.g. [193/[194]): In unbro-
ken SUSY the mass of the vector and the mass of the volume modulus are the same because
the U(1) is higgsed by the axionic scalar from the volume superfield (in our case 73). This
equality can only be lifted by SUSY breaking. Thus, if the mass of the volume modulus is
stabilized at a scale much above the vector mass, supersymmetry must be broken at this
high scale. As a result, there can be no energy domain where 7, is consistently integrated
out while the gauge boson is kept as a dynamical degree of freedom in a supersymmetric
theory. In other words, as mentioned earlier, even an effectively constant FI-term can not
arise.

In our specific setting (at least in the toy model version of section , we have H? ~
m%, ~ mzb ~ Vp ~ Vg, as demonstrated above. By contrast, m% /2 is much larger.

(4.45)

This is due to the (approximate) no-scale cancellation which makes Vg smaller than its
naive parametric size |ef W02| Hence, we are indeed more than safe from any regime
with unbroken SUSY and an effectively constant FI-term. Of course, the analysis in the
present section dealt just with the toy model of section An analogous discussion of the
hierarchical model of section [£.2] is qualitatively similar but much more involved. While
the various ‘low-lying’ mass scales from H to my are now somewhat different, the much
larger size of mg/y is a generic feature. It will continue to ensure that SUSY is broken
before the moduli are frozen.

4.4. Qutlook

The main objective of this chapter was the study of moduli stabilization in the fluxbrane
inflation scenario, introduced in chapter |3 (see also [21]). We briefly outlined the basics of
Kahler moduli stabilization in the Large Volume Scenario and then discussed an example
with four K&hler moduli and some specific intersection structure which was motivated
by the phenomenological requirements. While, in our moduli stabilization program, the
overall volume and some small blow-up four-cycle are fixed along the lines of the standard
Large Volume Scenario, relative sizes of Kahler moduli are stabilized by an interplay of loop
corrections and the D-term potential, thereby leading to a dynamical suppression of the
size of the D-term which drives inflation. This was phenomenologically required in order
not to run into conflict with a too large ratio of ms/y/mkk or the D3 tadpole constraint.
We demonstrated that moduli stabilization in this manner can work parametrically and
also given the specific values for the parameters of the compact space which are required
for a successful inflation phenomenology. Finally, we discussed our model of stringy D-
term inflation in view of the fact that constant D-terms seem not to be consistent in
supergravity, and explained why this issue does not affect fluxbrane inflation.
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4. Fluxbranes: Moduli Stabilization and Inflation

In the ‘hierarchical model” discussed in section it was not possible to achieve the
uplift of the AdS vacuum to a Minkowski vacuum via a flux-induced D-term: The phe-
nomenological requirements, which need to be imposed on the model, were too restrictive
for that purpose. While, for the present analysis, we contented ourselves with the idea of
realizing the uplift with D3-branes instead, it would be interesting to further investigate
the D-term uplifting proposal in more general setups, using the dynamical suppression
mechanism as outlined in the present chapter. This is, however, beyond the scope of this
thesis.

In the analysis contained in the present chapter we have neglected corrections to the
inflaton potential due to moduli stabilization. As briefly mentioned already in several
instances, there are various sources for such corrections. For example, D7-brane position
moduli usually appear in the superpotential and Kéhler potential. Furthermore, the loop
corrections used to stabilize the relative sizes of Kéahler moduli are also known to generically
depend on the open-string scalars. All these quantities show up explicitly in the Large
Volume Scenario, introducing inflaton-dependent terms which potentially spoil (or at least
alter) the investigated scenario. A discussion of these effects is contained in the following

chapter
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5. Fluxbrane Inflation with F~Term
Corrections

As we have emphasized several times in the course of this thesis, any successful model of
slow-roll inflation in string theory has to address the crucial issue of moduli stabilization
and associated corrections to the inflaton potential. In the specific example of our fluxbrane
inflation model the entanglement between inflation and (Ké&hler) moduli stabilization is
most apparent when considering the D-term (equation (3.6])) which drives inflation. This
D-term involves Kéhler moduli (e.g. the overall volume V of the Calabi-Yau, but also
some other linear combinations of cycle volumes) which are unstabilized at leading order
and correspond, in fact, to runaway directions in moduli space (e.g. towards V — o0).
In the previous chapter we have stabilized these Kéhler moduli by an interplay of loop
corrections and the D-term. It has become clear that, in this case, the vacuum energy
density during inflation can actually be at most as large as the size of the loop corrections
in the minimum of the F-term potential. This is clearly a serious problem for inflation as
soon as the loop corrections depend on the D7-brane modulus, i.e. the inflaton. Although
generically present [18], we have neglected this dependence in the previous chapter.

In the present chapter we address the inflaton-dependent F-term corrections and ana-
lyze, under which circumstances we can parametrically suppress those with respect to the
leading-order constant in the scalar potential. We start in section [5.1] by identifying possible
F-term contributions to the inflaton potential. They can be attributed to explicit appear-
ances of the brane moduli in the superpotential and the Kéhler potential. Probably the
most prominent such contribution is the one which arises from a generic Kéhler potential,
introducing the well-known 7-problem in supergravity, mentioned already in section
As discussed in that section, the n-problem can be evaded e.g. if a shift symmetry protects
the inflaton from appearing in the Kéhler potential. Here we will analyze how such a shift
symmetry comes about in the D7-brane context. Regarding an inflaton dependence in the
superpotential, our strategy for avoiding these terms will be via a suitable flux choice.

Even if, owing to the shift symmetry, the leading-order Kéhler potential does not depend
on the inflaton, loop corrections will induce a dependence due to couplings in the open-
string sector (i.e. inflaton — waterfall field couplings), in analogy to section[2.1] This entails
two problems for the fluxbrane inflation scenario:

First, in previous analyses of Kahler moduli stabilization [129-131] it was assumed that
all moduli appearing in loop-induced Kéhler potential terms (including the open-string
moduli) are stabilized supersymmetrically by their respective F-terms, the only exception
being the Kéhler moduli. If this is the case, it is well-known that loop corrections feature
the ‘extended no-scale structure’, cf. section [4.2.2] which makes them subleading with
respect to the a/3-corrections [127]. This is an important prerequisite for successful Kihler
moduli stabilization in the Large Volume Scenario. However, in fluxbrane inflation we
need to avoid stabilization of at least one open-string modulus via leading-order F-terms.
One might thus worry that the above analysis fails and the Large Volume Scenario is
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5. Fluxbrane Inflation with F-Term Corrections

not compatible with the fluxbrane inflation proposal. In section [5.2] we will explicitly
demonstrate that the extended no-scale structure is not spoiled if one includes an additional
light degree of freedom, the inflaton, in the effective theory which is valid below the scale
where complex structure moduli and the axio-dilaton are stabilized.

Second, as mentioned above, if loop corrections are used to stabilize Kéhler moduli,
as in the previous chapter [4l one can not generically separate the scale of the vacuum
energy density driving inflation and the inflaton mass, implying an O(1) n-parameter.
As explained in section this negative conclusion can be avoided by an alternative
stabilization proposal for the ‘transverse’ Kdhler moduli directions: We will assume that
relative sizes of four-cycles are stabilized by the condition of vanishing D-terms. The overall
volume is then fixed in terms of the standard Large Volume Scenario. The uplift of the
AdS vacuum obtained in this way to a Minkowski vacuum is achieved by a further (non-
vanishing) D-term. This D-term has to be tuned to a small value (since it is generically
dominant in the scalar potential of the Large Volume Scenario), which can be realized by
tuning the position in Kéhler moduli space. The D-term tuning is part of our version of the
D-term uplifting proposal and can be viewed as the tuning of the cosmological constant.
This tuning is only slightly worsened by insisting on an inflationary model which relies
on a D-term for a different U(1) theory, but involving the same combination of Kéahler
moduli.ﬂ Importantly, in fluxbrane inflation no additional fine-tuning is needed in order
to have a small n-parameter.

The goal of the phenomenological section [5.3]is to establish a parametrically controlled
realization of fluxbrane inflation. The latter is achieved in section [5.3.6] where the phe-
nomenological implications of the fluxbrane inflation model are thoroughly discussed. We
find that in most of the parameter space the F-term loop corrections dominate over the
D-term corrections, thus altering the predictions derived in the previous two chapters.
Our scenario is able to reproduce the correct value for the spectral index, the number of e-
foldings, and the amplitude of curvature perturbations. It satisfies the cosmic string bound
and the running of the spectral index is moderately small, n’, < 1072. The tensor-to-scalar
ratio is tiny, 7 < 2.6 - 1072,

This chapter is based on the publications [28}29]. The structure of superpotential and
Kahler potential was discussed in the diploma theses of Max Arends [25] and Konrad
Heimpel [26]. Furthermore, the extended no-scale structure in fluxbrane inflation was
analyzed in the diploma thesis of Christoph Schick |27]. These analyses were extended
by myself, in collaboration with Arthur Hebecker, Dieter Liist, Christoph Mayrhofer, and
Timo Weigand, and published in [29]. A concise version of the discussion regarding the
shift symmetry and the superpotential was part of |28, which is work done in collaboration
with Arthur Hebecker and Lukas Witkowski. Section [5.1]is an extended version of that
part of [28], which was written by myself. Sections[5.2{and |5.3|are mainly copied from [29].
Sections and are based on [27], however, with significant changes starting below
(5.18) until the end of section altering some conclusions of [27]. The parts in |29)]
which correspond to the remaining sections in chapter [5| (starting from section were
written by myself.

'Realizing inflation with a D-term involving a different combination of Kihler moduli does not help
since it requires a further tuning.
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5.1. Inflaton Dependence of Kahler and Superpotential

5.1. Inflaton Dependence of Kahler and Superpotential

The scalar F-term potential in the supergravity Lagrangian is specified in terms of a
Kahler and superpotential. We will discuss the latter two quantities in the fluxbrane
inflation model and analyze under which circumstances a leading-order dependence of
these quantities on the D7-brane position modulus can be avoided.

5.1.1. Shift-Symmetric Kdhler Potential

In the low-energy effective theory arising from compactifying Type IIB string theory to four
dimensions, let ¢ denote a complex scalar which describes a D7-brane deformation modulus
(the case where ¢ describes the relative deformation of two D7-brane will be discussed at
the end of this section). Such deformation modes are known to enter the Kahler potential
in the form K > —1In (—i(S — S) — kp7(z,7%; ¢, ©)) |72,/73]. Here, S = Cy+1i/gs is the axio-
dilaton and z collectively denotes complex structure moduli of the Calabi-Yau threefold.
This Kéahler potential arises in the weak-coupling limit from the F-theory Kéhler potential
for the fourfold complex structure moduli, given by

K:—1n</94AQ4>, (5.1)

where €4 is the holomorphic (4,0)-form of the fourfold. Taking the weak-coupling limit
one finds |7§|

Ky = —log ((S — S)ma(2)Q*P75(2) + f(2,%;¢,0)) + ..., (5.2)

where m4(z) are the periods of the threefold, i.e. integrals of the holomorphic (3,0)-
form over a symplectic basis of three-cycles with intersection matrix Q4Z. Furthermore,
f(z,Z;¢,¢) is some function involving brane and complex structure moduli, but not the
axio-dilaton. The above expression holds up to corrections which are suppressed at large
Im(5) = 1/gs.

In case f(z,Z;¢,¢) is a generic function of the brane moduli we expect a large inflaton
mass,

me =~ m3/2, (53)

leading to an n-parameter of O(1). This is the supergravity n-problem (cf. section [2.1)).
It is avoided if the D7-brane position moduli space possesses a shift symmetry, such that
f(z,Z;¢,¢) = f(2,2z;¢ —¢). Such a shift symmetry comes about as follows: Under mirror
symmetry [272| the Kéhler potential is identified with the Kahler moduli Kahler
potential of the mirror fourfold which is known, at large volume, to involve the volume
moduli of the fourfold, but not the corresponding axions. l.e. the Kahler moduli Kéahler
potential is shift-symmetric at large volume. Thus, via mirror symmetry we expect that
takes the shift-symmetric form

K¥S = _1n (“Z’!’“ (0 — @) (W — @)k — 7Y — ) + .. ) , (5.4)
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Figure 5.1.: [llustration of the D7-brane position modulus parameter space in the example
of F-theory on K3 x K3, which reduces to Type IIB string theory on K3 X
T?/Zs in the weak-coupling limit.

in the large complex structure limit [273] 274]E| which is indeed explicitly visible in the
expressions derived in [275,276]. Here, k;ji; is the self-intersection matrix of the mirror
fourfold divisors, u’ are the complex structure moduli of the fourfold, and the ellipses
denote corrections to this shift-symmetric structure.

In the weak-coupling limit one of the v’ is identified with the axio-dilaton S, others are
identified with D7-brane position moduli ¢?, and the rest are complex structure moduli
z% of the threefold. Writing down the brane moduli dependence explicitly, we expect the
structure

e
KECS =~ (“;:’cw —B)( — 2 (e" — ) — )
)

PGP @) - | (55)

Focusing on one D7-brane deformation modulus ¢, we thus conjecture the following general
form for the Kahler potential at large complex structure

K;SC_S)O = —In(—i(S—S) - kpr(z,zZ;¢—¢)) —In (iﬂA(z)QABﬁB(Z)) . (5.6)

The Kahler potential is then invariant under
c—c+6, 0 €eR, (5.7)

and the inflaton will be associated with the real part of ¢, i.e. ¢ ~ Re(c).

An instructive example is F-theory on K3 x K3, where the Kéhler potential is known
explicitly and the shift symmetry is manifest |277,[278] (cf. also the discussion in [29)]).
In the orientifold limit the model is described by Type IIB string theory compactified on

2The point of ‘large complex structure’ (LCS) [273,[274] is defined as follows: It is a singular point
in the complex structure moduli space, where the divergence structure of the periods is characterized by
certain monodromies. Let w’ be a suitable set of local coordinates on the complex structure moduli space
in which the LCS point is at w* = 0, Vi. Then, for a certain set of three-cycles ¥4 there is one invariant
period. This period is scaled to one in the end. For the periods associated with the special coordinates u’
one finds u’ ~ log w® in the vicinity of the LCS point. Furthermore, at leading order the remaining periods
then have a very simple structure, leading to the Kéhler potential .
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K3xT?/Zs with D7-branes and O7-planes wrapping K 3. The parameter space of ¢ is thus
T?/Zs, which is depicted in figure The brane-position-dependent part of the Kéhler
potential in this case reads

K3 = _log 4., (5.8)

- ((S —S)U-T) = (" - ca)2>

a

where U is the complex structure of T2 /Zs, and the c® are 16 brane positionsﬁ

What changes if one considers a pair of D7-branes (as in fluxbrane inflation) instead
of one isolated brane? As indicated in the S-dependence of the Kéahler potential in
the weak-coupling limit is very simple. In particular, S does not show up in f(z,Z%;¢,¢).
Corrections of the Kahler potential in the weak-coupling limit due to brane-brane interac-
tions (which are higher order in Im(S)~!) are thus exponentially suppressed in S |78] and
therefore not part of f(z,%;¢,¢) (the branes don’t ‘see’ each other at this order). Conse-
quently, in analogy to the K3-example, we expect the function f(z,%;¢,¢) to be additive
in a suitable parametrization of the brane positions. Terms which break this structure are
suppressed as ~ e~ Im(S)

An alternative view on the shift symmetry for the D7-brane position moduli is provided
via T-duality to Type ITA string theory. Upon T-duality the D7-brane position modulus is
mapped to a Wilson line in Type IIA. The Wilson line arises from a 10d gauge potential.
As a consequence of the 10d gauge invariance it couples only derivatively in the effective
action and thus enjoys a shift symmetry [280-283|. This shift symmetry is protected to
all orders in o/. It is broken by gauge theory loops, to be discussed in the following
sections of the present chapter, and worldsheet instanton effects. The latter arise from
open strings wrapping a disk with topologically non-trivial boundary. Such disks become
large in the limit of large volume on the Type ITA side, which corresponds to the large
complex structure limit on the Type IIB side. We thus expect that the shift symmetry
in the D7-brane moduli space is present at large complex structure of the Calabi-Yau
orientifold.

Note that the conjecture motivated by the Type IIA Wilson line picture is actually
stronger than the one motivated from the fourfold perspective: In the latter case the shift
symmetry was present in the limit of large complex structure of the F-theory fourfold. In
the weak-coupling limit this would correspond to a situation where also the Im(cP) are
large. Motivated by the Wilson line picture we do, however, believe that the conjecture
in its strong form is valid, i.e. the shift symmetry indeed exists at weak coupling and
large complex structure of the Calabi-Yau orientifold. Moreover, as we will detail in the
following chapter |§|, minimizing the Im(z%) at large values will lead to a minimum at large
Im(cP) as long as there is no (strong) dependence of the superpotential on the cP.

5.1.2. Superpotential

For a generic flux choice the D7-brane deformation modulus will enter the scalar potential
through an appearance in the superpotential. In Type IIB string theory the superpotential

3This Kéhler potential is exact, i.e. there are no instanton-type corrections (this is due to certain
integrability conditions of the Picard-Fuchs equations, see e.g. [279)).

“In addition, there are of course the usual gauge theory loops which add corrections to the scalar
potential. But this is a different issue and will be discussed in section @
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5. Fluxbrane Inflation with F-Term Corrections

can be split into a bulk and a brane part, Wi = Wyuk + Whrane, Where the bulk part
takes the well-known form
Whuk = [ G3 A Qs, (5.9)
X3
independent of the brane moduli. The brane part contains the term [73,284,285]

Worane 2 [ F A Qs, (5.10)
I's
where ['s is the five-chain swept out by a pair of D7-branes, wrapped on ¥, as they are
pulled off the O7-plane. Furthermore, F is the brane flux F := F, — By continued to that
five-chain, such that its pullback to ¥ gives F.

Having in mind our inflation proposal, a simple strategy for avoiding the presence of the
term displayed in is to choose the flux F such that it is expanded along two-forms
on Y which are inherited from the bulk. For a Calabi-Yau the latter are automatically
(1,1)-forms. Consequently, F € H®D(X) and the term in vanishes. Note that,
since J is also of type (1,1), it is precisely such flux which generates a D-term (cf. (3.6))).

On the other hand, it turns out that the superpotential Wig generically has a brane
dependence beyond the term shown explicitly in (5.10). This was emphasized in |26
29], where we computed Wiip = Wihuk + Whrane from a decomposition of the F-theory
superpotential

W = NI (u) (5.11)

in the weak-coupling limit. Here, the N are flux quantum numbers and II;(u) is the
period vector of the fourfold. The latter arises (in analogy to ) by integrating the
holomorphic (4,0)-form of the fourfold over some basis of four-cycles and schematically
reads (see e.g. [275],276,286))

II(z) ~ (1, u’, /@ijkluiuj, /@ijkluiujuk, ﬁijkluiujukul), (5.12)

up to corrections which are subleading in the limit of large complex structure. In the
weak-coupling limit this reduces to —|— [78], plus some additional contribution
which is non-zero even if the flux F is of type (1,1). As a result, even if no brane flux
is present (or if the brane flux is of type (1,1)) the D7-brane coordinates may appear
in the superpotential, leading to a stabilization of the branes via leading-order F-terms.
This is well-known in explicit examples, e.g. the compactification of F-theory on K3 x K3
[278] and its corresponding Type IIB limit. It is due to the fact that even those fourfold
periods which, in the orientifold limit, reduce to bulk complex structure moduli have a
brane moduli dependence. Accordingly, simply choosing F of type (1, 1) is not enough for
avoiding a brane dependence of the superpotential. Rather, to obtain a brane-independent
superpotential also the Type IIB bulk fluxes have to be chosen properly.

In reference [29] we analyzed the explicit example of a compactification of F-theory on
K3 x K3 and specified a flux which does not stabilize the D7-branes. We concluded that
this is certainly possible, though we did not manage to find an explicit flux in the K3 x K3-
example which, at the same time, stabilizes both the axio-dilaton and all complex structure
moduli. We will not discuss this any further in this thesis, but rather continue under the
well-motivated assumption that an appropriate flux can be chosen also in more general
compactifications. In the following we concentrate on the phenomenologically interesting
subleading effects which induce the inflaton potential.
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5.2. Loop Corrections to the Kdhler Potential

For completeness we furthermore recall from the discussion after equation that non-
perturbative effects from fluxed D3-brane instantons can introduce an explicit inflation
dependence in the superpotential, which can be avoided by suitable constraints on the
geometry of the instanton divisors.

5.2. Loop Corrections to the Kahler Potential

Having discussed the shift symmetry in the D7-brane position moduli space and the possi-
bility to choose flux, such that the resulting leading-order scalar potential is independent of
the inflaton, we now analyze loop effects which break the shift symmetry. They are induced
by the coupling of the brane position moduli to the charged zero modes of strings stretching
between the two branes and correct the Kéhler potential of the effective theory |18|.E]

Our focus will be on the size of the corrections to the scalar potential which are induced
by these Kéhler potential corrections. Regarding string loop corrections in Type IIB ori-
entifolds without any dependence on open-string or complex structure moduli (i.e. those
moduli are assumed to be fixed at some higher scale and the only light fields are Kéahler
moduli), it was shown [128]|130}|131] that the leading-order contributions to the scalar po-
tential induced by those corrections cancel due to the ‘extended no-scale structure’. This
structure renders gs-corrections less important in the limit of large volume than, for ex-
ample, o/-corrections [127]. As the main result of this section, we will demonstrate that
the extended no-scale structure holds even when including partially unstabilized branes,
at least in an exemplifying toy model.

5.2.1. Tree-Level Masses in D7-Brane Inflation

To set the stage we calculate some tree-level masses for open-string moduli in fluxbrane
inflation. More precisely, we consider the open-string sector of a pair of D7-branes and
compute masses for the components of the 4d scalar SU(2) multiplet which contains the
relative deformation modulus of the two branes. In the fluxbrane inflation model this
multiplet describes, amongst others, the inflaton field. As we will see, the structure of the
Kahler and superpotential which is derived from string theory is crucial for the fluxbrane
inflation model to be viable: Assuming a shift-symmetric Kéhler potential for the brane
deformation modulus, the only term which violates the shift symmetry in the F-term
potential corresponds to the SUSY mass term for the zero modes which couple to the
deformation modulus (the waterfall fields in fluxbrane inflation). By this mass term, these
modes are stabilized at zero vev during inflation.

To obtain this result, recall that the open-string sector of a pair of D7-branes can be
described in terms of a higher-dimensional SU(2) multiplet, more precisely a N' = 1 vector
multiplet in 8d, consisting of a vector, a complex scalar, and fermions. These components
can be thought of as arising from the reduction of a 10d vector multiplet to 8d. From the
4d perspective we can construct the 8d multiplet in terms of several 4d N' = 1 multiplets,
namely a vector multiplet and three chiral multiplets (see e.g. [92]).

Upon dimensional reduction the 10d vector will give rise to three complex scalars which

®The superpotential is not corrected perturbatively (cf. [81]).
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5. Fluxbrane Inflation with F-Term Corrections

are the lowest components of chiral superfields ¢; in 4d,

1 . .
Djl9—pmo = 7 (Agyoj +iA3495), 7 €1{1,2,3}, (5.13)

plus a 4d gauge field which is contained in a vector multiplet V. The action for the
dimensionally reduced gauge theory is given by [92]

1 1 . 1
10 2 «a ijk
510 _/d w/d OTx (WW Wot gpae’ e (aj¢k+\/§[¢ja¢k])>
1 i —i
+/d10$/d49WTf (Va0 + 3™ (V20 + o) + 8 VoY) G
+ WZW term.

Here, ¢ = ¢*T°, where T® are the SU(2) generators, normalized according to TrT%T® =
k6%, Furthermore, we denote ¢® =: {c, x', x*}. The non-Abelian field strength superfield
is given by W, = —1D De~V Dye" [56].

After compactification to 4d (and using the same symbol for the 10d fields and their
zero modes in 4d) one can read off the superpotential

W~ Tr (746,65, 04)) (5.15)

and the Kéhler potential
K ~Tr ($¢i) . (5.16)

Using the structure constants of the SU(2) algebra, together with Tr T°T® = k§?, one
finds that the only non-vanishing terms in the superpotential are the ones ~ qﬁ?gbggbz,
where a # b # c and i # j # k. We now recall the parametrization of ¢ in terms of ¢, x?,
x? to obtain the superpotential

W~ AeixjXi, i # 5 # ke (5.17)
Furthermore, the Kéhler potential is given by
K ~XiXi +Xix; + Cici. (5.18)

The inflaton in fluxbrane inflation will be associated with the diagonal (neutral) com-
ponent of the 8d complex SU(2) scalar. Let’s call this component cs for definiteness. Due
to the completely antisymmetric structure of the superpotential, it is multiplied by com-
ponents of the 4d chiral SU(2) multiplets which arise from dimensionally reducing the 8d
vector. Those components are I, x5 as well as x3, x4. For simplicity we focus only on
X1 = x} and x2 := x3. The origin of these fields is important for extracting the Kihler
moduli dependence of their supergravity Kéahler potential. While the Kéhler potential for
the component transverse to the brane is given by K ~ c¢¢, the one for the components
parallel to the brane reads K ~ x;x;/(T +T) |287|E| where T is a Kéhler modulus whose

5Note that this expression is related to (5.18) via a field redefinition.
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5.2. Loop Corrections to the Kdhler Potential

real part Re(T') = 7 measures a four-cycle volume. Additionally, from our previous con-
siderations we expect the Kéahler potential to have a shift-symmetric structure, such that
it is independent of Re(c). We therefore work with

(c—7)? 1

K==3Wm(T+T) - ="+ 7T Xt xexe) (5.19)

and

W =Wy + Aexixe- (5.20)

The scalar F-term potential computed from these quantities reads

_Lle_3)2 1 val bV Y.
Vi e b {M|A|QCC(X1X1+X2X2)
1

— m [(c— o) Wol? + {(=(c=2) +c(c— o)) Wolxixz + h.c.}]
1

—m(c —2)* (X + X2X2)|W0|2}
1

+ terms higher order in x; and ————. (5.21)

(T'+T)
There are several observations to be made:

e After canonically normalizing x; — x;VT + T, the first term (being the SUSY
mass for the fields which couple to the inflaton in the superpotential) scales with
gym ~ (T +T)~!, exactly as expected from the analysis of [21].

e The second term is the only one without y;-dependence. It fixes the imaginary part
of ¢ at the origin.

e All terms except for the first one are proportional to (¢ —¢). Since this difference is
stabilized at zero, no SUSY-breaking mass term for the charged fields ; is obtained
at tree-level. This is similar in spirit to the fact that for a Kéhler potential of
the form K = —3In (T +T — XY), known from no-scale supergravity [82,83] (see
also [202]), the potential is exactly flat, i.e. no SUSY-breaking x-mass is induced by
non-vanishing F-terms of the modulus 7.

e A SUSY-breaking mass for the waterfall fields is thus introduced only by subleading
effects, such as loop corrections.

5.2.2. Extended No-Scale Structure with Dynamical Branes

We now consider loop corrections to the above setting. The conjectured form of string loop
corrections |18| to the Kéhler potential on general Calabi-Yau manifolds is given by
(cf. |130]). The functions CX¥ and CY will generically depend on complex structure and
open-string moduli. The latter have been neglected in chapter[dl Regarding the dependence
of these corrections on the Kahler moduli, they dominate over the o'-corrections
used to stabilize the overall volume in the Large Volume Scenario. However, due to the
‘extended no-scale structure’ [128]130,/131] the leading-order terms in the scalar F-term
potential induced by these loop corrections cancel, which makes the Large Volume Scenario
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5. Fluxbrane Inflation with F-Term Corrections

viable. In order to arrive at this conclusion the complex structure and open-string moduli
are usually assumed to be stabilized at some higher scale.

In fluxbrane inflation this assumption is violated: We explicitly choose flux such that
the inflaton, being associated with one particular open-string modulus, obtains no mass at
tree-level. Nevertheless, even in this more general situation the extended no-scale structure
continues to hold, as we will demonstrate in the following.

Consider a toy model of Type IIB string theory compactified to 4d whose low-energy
spectrum contains only one Kéhler modulus T' = 7 +icy (cf. ) and dynamical branes,
whose position moduli are denoted by ¢. The fluxes are chosen such that all complex
structure moduli and the axio-dilaton are heavy and can be integrated out. Additionally,
we will not consider the x; to be dynamical fields, as they are stabilized supersymmetrically
by the leading term in the potential (i.e. we take the superpotential to be W = W).
The Kahler potential for the dynamical fields is given, at leading order, by

Ko=-3In(T+T) + Kpr(c,©). (5.22)

Here, Kp7(c,¢) denotes the Kéthler potential for the open-string moduli ¢. It takes the shift-
symmetric form Kp7 ~ (¢ —¢)? (cf. ( - Let us now consider string loop corrections to
the Kahler potential (4.22) - Wthh are, at leading order in Re(T'), of the type

s = Bl (5.23)
T+7T
and compute the effect of such a term in the scalar potential
V = el (KT D;WoD;W o — 3|Wo?) . (5.24)

In performing this calculation we follow the methods used for similar purposes in [131]:
Suppose one would like to calculate the inverse of a matrix K —|—<5KZ], where 0 K5 is thought
of as a correction to the leading-order expression K%. Then we rewrite K7 0 4 0Kz =

ng(ékj + ngdKij) and thus, using the Neumann series (1 — B)™! =32/ Bl, we find

K7 .= K7+ 6K 4+ ... = K7 — KJl6K;, K + ... (5.25)

Using the explicit expressions (5.22) and (5.23)) we obtain, for i,j € {T, c},

=S 0
KO = ((Tm > (5.26)

KD7

) o

( +T
Be
5K = ( T” - @ ) , (5.28)

(T

U_

T+T)2 (T+T)
Bo(KRT)

T+T 3
Bc KD7 (KD7) /BEC ’ (529)

(T+T)

SKT =
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5.2. Loop Corrections to the Kdhler Potential

in terms of which the correction to the F-term potential at linear order in § K reads

5V, = Ko (Kg’ TKO§Ky + K§ToKpKS + SKTT KOKY
+ KKKz 4+ KOK K2 + 0K“KOKY
+ OKT KO KL + K TKOKY
+ 5KK§EK2K§> Wol2.

(5.30)

The first line contains only derivatives with respect to T'. It thus vanishes as a result of

the extended no-scale structure. Using —, only the last term of the second line

and the term in the last line survive. All others cancel against each other. This leaves us

with

(KEDC7) 1 KD7RD7
(T+T)

-1
51y = Ko (5 — (KD ﬂac> Wol2. (5.31)
This term is ~ [Wy|?/(T + T)* and thus parametrically dominant in the scalar potential.
However, as already discussed in section the leading-order term

Vi = o ((Kg)‘l KE7K$7) Wol? (5.32)

fixes Im(c) at
KP" = KPT =, (5.33)

such that (5.31)) in fact vanishes, 0V; = 0. We have thus demonstrated that extended
no-scale structure continues to hold in the fluxbrane inflation inflation scenario, where at
least one open-string modulus is not stabilized at leading order.

5.2.3. Relevance of Loop Corrections

From the results of the previous subsection we expect the inflaton-dependent loop cor-
rections to appear at O (|Wg|2V_10/3) in the scalar potential. On one hand, this is good
news as the inflaton, being an additional light degree of freedom entering the loop cor-
rections, does not spoil the extended no-scale structure. On the other hand, these loop
corrections have previously been used to stabilize Kahler moduli which are ‘transverse’
to the overall volume. This presents a problem for the fluxbrane inflation model: The
stabilization mechanism used in chapter |4] balances loop corrections against the D-term,
thereby stabilizing the latter at a small value which is phenomenologically required. But
since the loop corrections are generically inflaton-dependent, this leads to an n-problem,
i.e. the D-term vacuum energy density will be of the same size as the loop-induced mass
term for the inflaton.

One can ask whether the loop corrections involving the inflaton are suppressed by ad-
ditional small numbers. After all, we found in [21] (cf. also chapter [3) that the loop-
induced D-term potential for the inflaton features an additional suppression by the quantity
g%,M ( fz JANF )2 which needs to be small in order to satisfy the cosmic string bound. How-
ever, expecting this would indeed be too optimistic: Let us consider the D-term potential,

83



5. Fluxbrane Inflation with F-Term Corrections

including the Coleman-Weinberg-type loop corrections, which was calculated in |21]:

VD_VO<1+a1n1n(‘p>>, (5.34)
an, = & gYM ( /]—"/\}"+gYM </J/\f> ) (5.35)

In chapters (3| and 4] (see also [21,123]) the first term in the expression for aj, was turned
off (by an appropriate flux choice) for phenomenological purposes. However, assume for a
moment that this term is there and, instead, neglect the (potentially small) second term

~ ( fz JNF )2. In this case, aqy, is proportional to the number of chiral multiplets running
in the loop (or, equivalently, the induced D3-brane charge) and the potential is the usual
one of D-term hybrid inflation, found in field-theoretic approaches [93,94] as well as, for
example, in D3/D7 inflation [37,/105]. Let us now try to rephrase the loop correction in
in terms of a correction to the Kéhler potential. To this end we make the following
educated guessﬂ

= (=) 3¢y 2 A
K>-3In(T+T) - Inve = —— = Re(c). 5.36
) n( + ) 9 + 1672 n v cc, 9yMm T+ T’ ¥ G(C) ( )

Using the general form of the D-term potential in supergravity (following e.g. the conven-
tions of [91])

932(1\/[ Q 2
Vp === orK 5.37
p= %5 (epor) 537
we now precisely reproduce ((5.34)) up to the factor 2 fz F A F which, as stated above, only
counts the number of fields running in the loop and could easily be included in the above
ansatz. Here, @ is the charge of the superfield T which shifts under the U(1) symmetry
and 9\?1%4 is the real part of the gauge kinetic function.
Now the naive hope might be that turning off fz F A F could also turn off the above

correction. What remains would be suppressed by a further power of g%,M ( fz JNF )2
(in addition to the g%M—suppression) which can be stabilized at some very small value as
discussed in chapter[d This is, however, indeed too naive generically: While the supergrav-
ity calculation performed in section 4 of |21] actually admits the cycle which is wrapped
by the D7-brane to be compact (and therefore captures the corrections ~ g%M fz FAF),
curvature-induced D3-brane charge [288-296] was neglected. As long as this charge is not
canceled locally there is no reason to assume the BHK-type corrections |18[129H131] to be
absent.

Here, we therefore follow a different strategy and stabilize the ‘transverse’ Kahler moduli
by leading-order D-terms, rather than loop corrections. More details on this stabilization
are contained in the following sections.

Still, gaining a better understanding of the structure of loop corrections to the Kéahler
potential (in particular concerning their behavior at large complex structure) is desirable.
This includes an analysis of known corrections on toroidal orbifolds [18] and on K3xT?/Zs.
Besides being compactifications in which the loop corrections are actually computable, in
these examples the D7-branes can be parallel-displaced, i.e. there is no self-intersection
curve of the D7-brane divisor. Other such examples may be provided by K3-fibrations.
Having in mind our fluxbrane inflation model, such settings are rather attractive.

"A similar type of correction was considered already in the Wilson line inflation papers [86,,87].
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¥

Figure 5.2.: Plot of the potential (5.38). For illustrative purposes the relative size of the
variation with respect to the constant is exaggerated.

5.3. Phenomenology of Fluxbrane Inflation

Having determined the parametric size of the leading-order inflaton-dependent quantum
corrections to the F-term potential, we now turn to the phenomenology of the fluxbrane
inflation model. Recall from chapters [2| and [3]| that fluxbrane inflation is a stringy version
of supersymmetric hybrid natural inflation [191,/192]. As such, the inflaton potential in
this model is parametrized as

Vie) = Vi <1 — acos <;‘j)> (5.38)

(cf. :2.13)), where ¢ ~ Re(c) is the canonically normalized inflaton. The periodicity in
(5.38: captures the periodicity in the field space of the D7-brane modulus.

5.3.1. Phenomenological Constraints

The potential (5.38]) has to satisfy a number of phenomenological constraints: One easily
computes the slow-roll parameters at the beginning of the last N e-folds in the limit |o| < 1

as (see also (2.14))

V// Qa ON
_ 5.39
n % 5 COS ( 7 ) , ( )
5 V/v/l/ 26
g = V2 = f2

While the inflaton rolls from ¢ to g the universe undergoes an accelerated expansion
with the number of e-folds given by

S

_ WNdiij tan( )
N = g Nor il In 7tan (‘%2) . (5.40)

N
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Being a variant of hybrid inflation, fluxbrane inflation ends when the mass-square of the
waterfall field becomes tachyonic. Figure [5.2] shows a schematic plot of the potential, in-
cluding the waterfall transition. The tachyon exists due to the presence of supersymmetry-
breaking brane flux which leads to a D-term in the effective theory. During inflation, when
the waterfall fields are stabilized at zero vev, the D-term is given by (cf. equation (3.3)))

Vp = =1, (5.41)

where gyu is the coupling of the gauge theory living on the branes and & is the Fayet-
Tliopoulos parameter. In the present subsection we will assume that the system enters
the waterfall regime at ¢, i.e., at this point in field space the tachyon appears in the
spectrum. This can be achieved by adjusting the coupling of the inflaton to the waterfall
fields appropriately. However, as noted below , in our stringy realization of the hybrid
natural inflation model there is a relation between this superpotential coupling and the
gauge coupling constant. This relation is a remnant of an underlying N' = 2 supersymmetry
[21,1229,1230]. As a consequence, ¢y will eventually be set by the Fl-parameter &, with no
further model building freedom. We will further discuss the consequences of this relation
in the next subsection.

The model as described above can be characterized by the parameters «, f, Vp, ¢o, and
g%M. The quantity ¢ is then adjusted in order to satisfy phenomenological requirements.
The model parameters are constrained by experiment [48| as

N ~ 60,
ns =~ 1 — 6e + 21 ~ 0.9603 = 0.0073,

- V3/2 v 4

C - 7 _ % — 5.10 N ].O )

dn .

= ' 16en — 2462 + 282 = —0.0134 < 0.0090.
dlnk

(5.42)

Generically, during tachyon condensation cosmic strings will form. If existent, those
topological defects will leave an imprint on the CMB spectrum which can, in principle, be
measured. The fact that no such signal has been observed yet constrains the (dimension-
less) cosmic string tension Gu = £/4 as

[INg a8

<1.3-1077, (see [238)). (5.43)

Note that this bound depends on various things, such as the way in which the cosmic
string network is modeled as well as the dataset used for constraining the string tension.
In (5.43) we quote the most stringent bound from [238].

5.3.2. Embedding Hybrid Natural Inflation in String Theory

Given the model parameters in the field theory description, how do they relate to the
parameters of the underlying string embedding? In order to answer this question, let us
give the following intuitive general picture of how we think fluxbrane inflation works: In
the simplest setup two D7-branes, whose positions are encoded by the vevs of two fields
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Vv (@17 802)

Figure 5.3.: Plot of the combined potential 6V = )", &; sin(g;/ f).

¢, i = 1,2, will move in the transverse space along a S' with circumference REl This S!
corresponds to the directions Re(¢;) in field space, along which the leading-order potential
is flat. At subleading order, this potential receives periodic corrections which we assume to
be, at lowest order, 0V; = &; sin(yp;/f). Here, the ¢; ~ Re(c¢;) are canonically normalized
fields and the field displacement Ay; = 27 f corresponds to shifting one of the D7-branes
once around the S'. The total potential, which is displayed in ﬁgure is then a function
of both ;, i = 1,2. It is thus clear that a ‘generic’ trajectory of the canonically normalized
inflaton ¢, corresponding to the distance of the two D7-branes, can be parametrized, at
leading order, by (see figure .

The D7-branes will wrap a four-cycle whose volume we denote by Vpr. Furthermore,
VY will be the volume of the whole Calabi-Yau. The circumference R of the transverse
periodic direction, along which the D7-branes are separated, can be translated into the
size of the field space for the canonically normalized inflaton (cf. chapter [3] see also |21]):

o f9sVYpr 1 [gs
2mf = Ry v e\ (5.44)

This equation defines the ‘complex structure modulus’ z = V/(Vp7R?).
Recall from chapter [3] that in fluxbrane inflation a supersymmetry-breaking flux config-
uration on the D7-branes leads to the appearance of a D-term in the effective action. This
D-term gives rise to a tachyonic mass term for the waterfall field. It reads
2m 1[G IANF oz Vr

h 2 = = —:
WHEEE Iym =, ir v ir Y

2 2
Vp = QYMf

5 (5.45)

The last equation defines x = fzj A F/+/Vp7. Finally, the point where the tachyon
condensation sets in is given by

Ve 1 r [vVbr
w0 =5 =g\ Vv (5:46)

8We choose the convention £5 = 2mv/a’ and measure all lengths in the ten-dimensional Einstein frame,

i.e. after rescaling the metric g3;n = ¢?/2g%; n, where g, = (e®) (cf. appendix.
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We have thus identified f, Vp, ¢, and g%,M in terms of quantities which generically
parametrize the fluxbrane inflation scenario. We now turn to the crucial and much more
involved issue of deriving an expression for « in terms of stringy model parameters.

5.3.3. Moduli Stabilization

From the analysis in section [5.2.2] we know that the generic size of the loop corrections
calculated by [130] ig]

9s|Wol?
Wiap() ~ ZI00 3(0), (5.47)

where 3(¢p) is some function which involves the brane deformation modulus, i.e. the infla-
ton, and which we assume to have no specific structure except for its periodicitym What
matters now is the relative size of with respect to the constant energy density during
inflation. To quantify this we have to specify the vacuum of our theory, i.e. we have to
discuss moduli stabilization.

We start with the assumption that the axio-dilaton as well as all complex structure
moduli are stabilized by fluxes at some high scale, such that we are left with an effective
theory of the Kéahler and D7-brane moduli, in accordance with section [5.2.2} Recall from
chapters [3] and [4 that one needs more than two Kéhler moduli in order to implement
the fluxbrane inflation scenario. This comes about as follows: In our model the constant
energy density during inflation is due to supersymmetry-breaking flux on the D7-branes
which annihilates at reheating. In the effective theory this flux gives rise to a non-vanishing
contribution to the D-term potential . The cosmic string bound imposes

- 1 [ JAF
T drw V

which forces us to stabilize x = [ J A F/v/Vpr at a small value (cf. the discussion in
chapter [3]). This can only be achieved in models with more than two Ké&hler moduli.

Chapter (4] discusses a situation in which the flux F is dua]lﬂ to an effective curve (i.e. a
curve inside the Mori cone) on the brane. Therefore, given a certain fixed overall volume,
there was a minimal value of x below which the volume of this curve becomes sub-stringy. If
this is the case, one cannot trust the supergravity approximation anymore. Consequently,
in the discussion of chapter [4] there was a lower bound on the size of z. In more generic
situations, however, this lower bound will not be present due to the fact that the dual
two-cycle need not be an effective curve of the brane (in particular it can be a linear
combination of effective two-cycles with coefficients of either sign). In this case, nothing
prevents z from being extremely small during inflation.

Stabilization of the directions in Kéhler moduli space which are ‘transverse’ to the overall
volume can be achieved in different ways: The strategy pursued in chapter @] was to stabilize
those moduli via loop corrections of the form discussed in section [5.2] This thus forces a
balance of those loop corrections and the D-term, which is undesirable because one would
then have Vj ~ 6Vipop(¢), implying 7 ~ 1.

One can, however, also follow a different strategy and stabilize those ‘transverse’ direc-
tions via D-terms as in [141]. That means one turns on worldvolume fluxes on D7-branes

<4-1.3-1077, (5.48)

9Regarding our normalization conventions, we follow chapter
ONote that () may contain additional factors of gs. We analyze this in the course of this section.
Dual’ in this case refers to Poincaré duality on the worldvolume of the 7-brane.
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5.3. Phenomenology of Fluxbrane Inflation

other than the branes which are responsible for inflation. These fluxes induce parametri-
cally dominant D-terms in the scalar potential which are strictly positive and stabilized
at zero value, thereby fixing relative sizes of two-cycle volumes. The remaining two flat
directions are then stabilized within the standard Large Volume Scenario, giving rise to a
vacuum energy density Vaqs ~ —|Wo|?/V3. This vacuum is uplifted first to a Minkowski
minimum and then, subsequently, to dS via two different D—termsB In order not to intro-
duce a runaway potential for the overall volume V, these D-terms have to be parametrically
smaller than their generic value ~ 1/V?2, which can be achieved by fine-tuning the relative
sizes of two-cycle volumes. The maximum value of the energy density during inflation is
thus roughly given by |Vags|, and we will parametrize

Vo = |Vaas| (5.49)

with v < 1 in the following@ From a model building point of view we consider the
tuning in the D-term superior to a tuning of loop coefficients, as the ability to compute
D-terms exceeds by far the ability to compute loop corrections in general Calabi-Yau
compactifications. It would be interesting and instructive to construct an example for this
uplifting proposal.

5.3.4. The Relative Size of Loop Corrections from a Microscopic Viewpoint

What is the generic size of Vy and 0Vigep, including the relevant parameters and factors of
w7 The AdS minimum in the Large Volume Scenario is at (see appendix

3 (2vs 1/3 £2/3 Wa |2
Vads = — 32 ( 73) < | ?,)’ ; (5.50)
8 (4m)3v/ 27 1 (SwASL> v
D\ 35 ol

where £ = —x(X3)¢(3)/ 2 Ay is the prefactor of the instanton correction to the superpo-

tential involving the small four-cycle of the Large Volume Scenario, 6W = Ase~2™™, and
23/2

Vs = A where kg5 is the triple self-intersection number of the small four-cycle. In
this minimum, the small four-cycle is stabilized such that

8tAs, V 1 ¢ 2

TAs

27Ty = In = . 5.91
(5 ) = 2 <2%> (&:51)

The loop corrections are known explicitly only for certain orbifolds/orientifolds of the
factorisable torus T2 x T2 x T#, where they take the form [18]

6Kpuk = 0Ktk + 0K pux

3 3
(4m)4 — 7 (4m)4 = Tt iy

12 Think of the corresponding two U(1) theories as linear combinations of the gauge theories living on
the two fluxbranes, as in section

13Values for ~ in the range v = 10 *...10~ 2 are required quite generally if the flux responsible for the
uplift to Minkowski and the flux responsible for the inflationary de Sitter uplift live on the same two-cycle
(see appendix . In this case, stability of the uplifted vacuum requires the flux quantum number for the
annihilating flux to be a fraction of the total flux quantum number, leading to a hierarchy between |Vaas|
and Vp.

4 Note the absence of the factor (2#)3 in this definition, as compared to the definition of £ in chapter
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5. Fluxbrane Inflation with F-Term Corrections

Here, U is the complex structure of the two-torus T12 and gy is the volume of the four-torus

T?xT# (where I # J # K). The superscripts KK and W indicate whether the corrections
are due to Kaluza-Klein or winding modes of the strings. The KK corrections arise from
the exchange of Kaluza-Klein modes between D7-branes (and, potentially, D3-branes and
the respective O-planes). The W corrections are due to the exchange of strings which
wind around one-cycles along the intersection locus of two D7-branes [130]. Therefore,
the presence of those winding corrections in a given model depends on the topology of
the compact space and, in particular, of the intersection locus of the two D7-branes. For
example, in the K3x K3-model discussed in [29] the D7-branes do not intersect at all. Thus,
we expect the corrections associated with winding modes to be absent in this model [140].

The KK corrections are precisely of the form and are thus subject to the extended
no-scale structure, investigated in section[5.2.2] On the other hand, the W corrections enter
the Kéahler potential as a homogeneous function of degree —2 in the four-cycle volumina
and are therefore expected to appear in the scalar potential at linear order in 5K§¥{K.
Counting m-factors in the toroidal computation |18] and factors of gs, the loop corrections
due to winding modes are generically the largest in the scalar F-term potential.

The functions E?K’W(O, Ul ) in are proportional to a particular non-holomorphic
Eisenstein series,

Im(U)?
B(U)= > T U (5.53)
(nm)#(0,0)

For a square torus one has Es(i) ~ 6. The factors of proportionality (which we will call
NEK NW) depend on the particular orbifold /orientifold model and its brane content. They
are essentially traces over matrices which specify the action of the orbifold and orientifold
group on the CP labels of an open-string state. We view them as integral, topological data.
While they can be of the order of thousands (see e.g. [129]), we do not expect such large
factors to be a generic feature. The general form of the correction to the scalar potential,

induced by (5.52), is thus

gs \WOP 1 {93 (NKKCKK)Z

OWioop = 16w V2 (4m)4p4/s (47)4

B () + NWCWBW(SO)} o (5.54)

expecting that this also applies in the more general Calabi-Yau context, as long as there
are no big hierarchies of four-cycle volumes (except for potential blow-up modes). The
quantities CKEW account for the complex structure dependence of this expression and
are expected to be O(1) generically. As anticipated, the KK corrections are suppressed
with respect to the W corrections, as the corresponding corrections to the Kéhler potential
feature a common (47)~4-factor, but the KK corrections are subject to the extended no-
scale structure. Therefore, for the KK corrections the (47)~*-factor is squared in the scalar
potential.

Now let us compute «, defined in , microscopically. Recall that o quantifies the rel-
ative size of the loop corrections with respect to the constant of the potential.
From it is clear that, generically, amicro Will be dominated by the loop corrections
due to winding modes. However, as noted above, those are only present as long as there
are non-trivial one-cycles along the intersection locus of D7-branes. This need not be the
case. Therefore, we will distinguish oK and a¥V: Regarding the inflaton dependence

micro micro*

of the loop corrections, we assume that the SX5W () in (5.54) vary by O(1) as ¢ moves
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5.3. Phenomenology of Fluxbrane Inflation

KK,W

micro

the maximal distance in field space. Thus, assuming NKXW = CREW — 94— 1«
is directly computed as

9 gS/2

O‘El?f:ro = 7+7 (555)
3 7(471.)651/3]}1/3

O‘\nﬁficro = 2 \/Ag? . (556)
3 7(47.‘.)251/3];1/3

5.3.5. Consequences of Experimental Constraints

In order to analyze the experimental constraints for the relative size of Vj and §Vigop ()
(i.e. the magnitude of « in ), let us now return to the phenomenological analysis
of section [5.3.2] For exploring the parameter space of the fluxbrane inflation model we
parametrize it in terms of the quantity ¢/ f, which describes the point of tachyon con-
densation in units of the total field space (up to a factor of 27). Using the expression

for n (5.39) and N (5.40) together with the experimental constraints (5.42)) and assuming

€ < |n| we find
2 cos (%V) tan (‘g—N)
N = In . (5.57)
ns —1 tan <‘2‘°—]‘2>

For N = 60 this implicitly defines ¢x/f in terms of ¢o/f. Furthermore, the running of
the spectral index is easily computed as

n = (”;1)2 tan? <90Jﬁv> . (5.58)

Combining (5.57)) and (5.58)) we obtain a relation between ¢o/f and ¢x/f which is mono-
tonic. The requirement n, < 0.01 thus puts a lower bound on ¢/ f which is given by

%0
f

Figure shows pn/f and o/ f for several different values of nl.
From ((5.41)) and (5.42)) we now compute

e—1 <9Y345>2. (5.60)

> 0.032. (5.59)

4\ ¢
We thus have introduced the additional parameter (gyné)? which, together with g/ f,
parametrizes the model. It is bounded from above due to £ < &pax. := 5.2 - 10~7 and
gm S QWE

The quantity « is now expressed as

2 [ (1-mny)?

15Tn order to trust the supergravity approximation we require Vpr > 1 and thus, in view of (5.45)), we
find g3y = 27/Vpr < 27.
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Figure 5.4.: Field values of the inflaton at the beginning of the last 60 e-foldings and the
end of inflation for different values of nl.

and is thus completely determined by @o/f and (gym&)?. For g3y = 2m, € = Emax and
wo/f = 0.032, such that n/, = 0.01, one finds o = 4.8 - 107°. This corresponds to the
situation where € and therefore the tensor-to-scalar ratio » = 16¢ is maximal and given by

2
r =4 (9‘?&) ~26-107°. (5.62)

This is smaller than the value r ~ 7.6 - 10~ found in chapter . The reason for this is
the cosmic string bound which was not taken into account in this chapter. Without the
cosmic string bound, the limiting factors are the bounds on n) and f, from which one
then determines a maximal value for € which lies above the value computed via with
g%M =27, & = &max. This e then leads to the larger value for 7.
One can ask what the maximal possible value for « in our model is. In order to determine
that value we observe that the axion decay constant is given in terms of € and n/, as
4e
nl, = 7 (5.63)
In view of it is clear that « is maximized for large ¢ and small nl, i.e. large f.
However, recall that, in a regime where one controls the effective theory of a string theory
compactification, the size of the field space of the axion is constrained as f < 1/4w [60]
(see also |137,225(-227| for an explicit discussion in the case of Kéhler axions).lﬂ Also
in field theory there are arguments that the quantity f should take only sub-planckian
values |201]. Using the fiducial value f = 1/47 one finds
a(47r) — ﬁ 24 (1 - n8)2

47 (4m)24e - (5:64)

This is a monotonically increasing function and maximized for large €. Therefore, setting
again g%M = 27 and & = &pax we find afﬁg)z = 1.9-107* Values larger than this one

$Proposals of realizing inflation in string theory with larger f include [142[143].
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5.3. Phenomenology of Fluxbrane Inflation

are not compatible with the data. This is a rather stringent constraint which needs to be
satisfied by the string theory model.

5.3.6. Translation to Parameters of the String Theory Model

We saw that the field theory model of hybrid natural inflation can be parametrized by
o/ f (or, equivalently, n) and gypm&. We now analyze how these two parameters map to

corresponding quantities constructed from V, Vpr, gs, © and z of the stringy embedding.

Let us start by combining (5.44)) with (5.60) and (5.63)) to obtain
gs _ (471)? (gymé)?

==t 5.65
z ¢2 A ( )

Furthermore, from (5.45)) it follows that
% = V3T gymié. (5.66)

On the other hand, we can combine (5.45) with (5.46) to get

— VAT gymé (@0)2

VD? — = e . (567)
¢z ns \f

We have thus expressed Vp7, z/V and gs/z in terms of ¢/ f and gym§. The quantity « is

then calculated via (5.61]).

In order to determine the absolute values of z, g5, V and x we have to implement the
constraints which come from moduli stabilization. As we have discussed in section [5.3.3]
the maximum uplift in our model, and thus the maximum energy density during inflation,
is given by

Vo =7|Vaas|, 7S 1. (5.68)

Furthermore, since the positive energy density is provided by a D-term (5.41]) which anni-
hilates at the end of inflation, we find

2 8 (47)3+/2m In <16JL) V3
3 Wy
Here we have assumed that A; = 1. Furthermore, from now on Wy will denote the

absolute value |Wy|. Given some Wy, é and +, this equation determines V. Finally, the
string coupling g, is given by
£2/3

m. (5.70)

gs =
3 Wo
The following table shows the model parameters for a couple of different values of n/,
and £. The constant value of the tree-level superpotential is chosen to be Wy = 1 and,
furthermore, £ = v = 1. We obtain

n, £ v Vb7 Js z x R? Ts «

0.01 [ 5.2-1077 ] 380.7 | 1.84 | 0.018 [ 0.324 | 1.8-1072 | 639 | 1.39 | 2.6-10°
0.007 | 5.2-1077 || 683.0 | 11.0 | 0.017 | 1.27 | 1.3-1073 | 49.1 | 1.49 | 5.3-1076
0.007 1077 1172 [ 2.11]0.016 | 6.23 | 1.0-1073 [ 89.1 | 1.57 | 1.0- 1076

93



5. Fluxbrane Inflation with F-Term Corrections

Here, R? is the length-squared of the S' in the fiber which is transverse to the D7-brane,
cf. . Decreasing n/, decreases «. Lowering £ lowers the energy scale of inflation and
therefore also the values of € and «. Note that for n/, = 0.01 and ¢ = 5.2 - 1077 the value
of z is rather low, such that one might worry about the relevance of non-perturbative
corrections to the Kahler potential. However, slightly decreasing n!, and & increases z,
which thus helps in this respect. Furthermore, n/, = 0.01 and ¢ = 10~7 would have given
Vp7 < 1, which might pose a problem for the control of the effective theory. This is why
we chose n, = 0.007 and ¢ = 1077 in the last row of the above table.

Let us now compute amicro. One finds that it varies only very weakly with n, and . In
particular

n £ Uniero Uniero
001 [52-1077] 1.0-10012 [ 79.10°°
0.007 [ 5.2-107 [ 7.3-10713 | 6.3-107°
0.007 1077 53-1073 [ 5.1-107°

The quantity a\r;vicro is thus too big by a factor of at least 3 as compared to o computed

above. We will come back to this issue after a brief comment on the KK scale.

Masses of Kaluza-Klein States

Having a compact space which contains hierarchically different length scales, one faces the
danger of light KK modes in the spectrum which might spoil the validity of the supergravity
approximation. In particular, the ratio mg/,/myx might become of order one. Let us
briefly estimate the size of this ratio. For that purpose we picture the space transverse to
the D7-branes, whose size is given by V/Vp7, as a product of two circles, one of length R
(along which the branes are separated), and the other one of length L. Schematically we

then find Vo1 ) I
- . _IR- ==
T Vo B2 R’ R

The ‘complex structure modulus’ z thus becomes large in the limit of large L. Since we want
z to be large, KK modes propagating along the circle with length L might be worrisome.
Their mass is given by myx = 2%, where the superscript s denotes that L® is measured

ZSLS bl
in units of /4 in the ten-dimensional string frame. It is related to L via Lg;/ Y = 5. The

(5.71)

gravitino mass is mg/y = \/‘/1%%. Furthermore, recall that ¢;! = \/%Mp. Putting
everything together we have, for n’, = 0.01, £ =5.2- 1077, Wy = 1, and f =v=1,
m W W
32 _ V9 Wo p VOWo [ 2 5 108 (5.72)
MKk A Y v Vb7
Therefore, the supergravity approximation is under control in this example.
Parametric Analysis in Fluxbrane Inflation
In order to see whether adjusting the values of Wy, é , and ~ helps decreasing aleicro, let

us analyze the scaling of the above results with these quantities. Treating the logarithm

in (5.69) as constant we find

B g WS R
5.73
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5.3. Phenomenology of Fluxbrane Inflation

Most importantly,

£34/27
KK &34/

. ~
miCcro

1
Vi~ (5.74)

o ~ const., «@ micro .
2/9 2
W, £2/2710/9

WO2/9,Y10/9’

It thus seems that we should increase é and Wy as much as possible. However, a natural
upper bound on ¢ is given by the requirement g5 < 1. Additionally, in view of (5.75)) we
find that

T2 W3, (5.75)

KK
As é 2 1, for fixed n/, and ¢ this scaling puts an upper bound on Wy. A large é in
can in principle be compensated by a small Wy. On the other hand, since in the above
example both m3/2/mKK ~ 1072 and g; ~ 1072 and both scale with the same power of
é , this ‘compensation’ by a small Wy is actually not constructive. Still, as z scales with
a positive power of é , increasing the latter helps suppressing non-perturbative corrections
to the Kéhler potential. Therefore, if one insists on having z > 1 it is most efficient to
increase both, Wy and é at the same time, up to a point where mg/,/myxx < 1 is still

valid. Let us thus choose n’, = 0.01, £ =5.2-1077, vy = 1, and Wy = é = 10. We then find

1% Vb7 Js z € R? Ts
2962 | 1.84 [ 0.09 | 1.55 | 1.4-1072 | 1040 | 1.35
KK W
o Qhicro Qmicro mg Q/mKK

26-107°[1.2-1072 [ 4.0-10° 0.22

Clearly, the quantity aanicro is still slightly larger than «. In particular, as discussed at the

end of section [5.3.3] it is generally not possible to realize v = 1, which further deteriorates
the situation. However, if we assume the presence of winding-mode corrections, insist on
z > 1, and ignore that typically v < 1, the above table summarizes the best we can do.

D-Term Corrections

In the analysis presented so far we have neglected the Coleman-Weinberg-type loop cor-
rections which were computed and analyzed for the fluxbrane model in [21,123] (see also
chapters [3| and . Recall that they were found to correct the tree-level D-term potential
as

2
© 9yMm 2 I
Vip)=Vy (1 oln [ X ). n = = . 5.76
(©) ’ ( o (SDO) * ) “ (47T)2x 87TVD7x (5.76)
This gives, for n/, = 0.01, ¢ =5.2-1077, and v = 1,
Wo | € a
1 [ 11731078

10 [ 10 || 4.4-10°6

The second value of ay, in this table is rather large, due to the relatively large value of
x. On the other hand, it is still almost one order of magnitude smaller than the corre-
sponding «, which means that the corrections to the F-term potential remain dominant.
Nevertheless, the constraint c, agg;zv > aqy, needed for being able to consistently neglect
the Coleman-Weinberg-type loop term, is generically non-trivial and should be taken into

account carefully.
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V (¢1,p2)

Figure 5.5.: Various trajectories in the field space of the two brane coordinates.

Switching off Winding-Mode Corrections

Up to now we assumed the worst case scenario, i.e. we assumed that the winding-mode
corrections, which are the largest (regarding the accompanying m-factors), exist and depend
on the inflaton. However, as detailed in section[5.3.4] these corrections are absent in models
in which there are no one-cycles along the intersection loci of two D7-branes . In
particular, for F-theory on K3 x K3 in the orientifold limit these corrections are expected
to be absent. Let us therefore concentrate on models in which the intersection curves
of D7-branes (at least of the ones on which we realize our fluxbrane inflation model) do
not have non-trivial one-cycles. Then, the phenomenological quantity « is determined
microscopically by aXK which, for the above values for n/ and &, tends to be too small.

micro

For n!, = 0.007, £ = 1077, £ = 100, v = 1072 and W = 1 we find

)% Vo7 | 9s z x R? | 7
7089 [ 211 [ 037 | 142 6.1-107% [ 2.37 | 1.49
o aff&im Qp ms 2/ Mgk

1.0-10°[33.-10% | 7.1-107? 0.39

Larger values for n/, and ¢ increase the ratio a/aXE = A lower value for n/, leads to R? < 1,

whereas a lower § leads to an increase in mgs /My, both of which is undesirable. This
leaves us with a considerable difference in size between o and aﬁéro

However, this discrepancy can easily be resolved by having a larger number of N¥K or
in (5.54). For example, the function E3(U) gives Ea(i) ~ 6 and grows for larger Im(U).

in the above table.
CKK

Additional Remarks

Before we end this subsection we would like to make some closing remarks:

e As detailed in section [5.3.3] z has to be tuned to a small value in order to have
F- and D-term of comparable size. The sum of D-term and (negative) F-term
energy density in the minimum of the scalar potential after inflation determines the
cosmological constant in our D-term uplifting scenario. Thus, the tuning of x in our
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¥

Figure 5.6.: One-dimensional plot of the potential along the trajectories drawn in figure

model constitutes part of the tuning of the cosmological constant to the famous value
107129, As mentioned already at the end of section D-terms can be computed
very easily in a given model and thus the tuning of x can in principle be analyzed
very explicitly. If one furthermore requires v < 1 for stability reasons (see footnote
and appendix , this amounts to additional fine tuning. In the context of a
D-term inflation model with an unwarped D-term uplift and moduli stabilization in
terms of the Large Volume Scenario we do not see any way to circumvent this tuning.

e If one could relax the cosmic string bound one would have more freedom. Using
¢ =107%nl, =0.01, £ = 30, Wy = 10, and y = 1, one finds

% VD7 gs z x R2 Ts
3039 | 3.54 | 0.18 | 1.67 | 2.0-1072 | 514 | 1.36
o a\H?inI‘O Qln mg 2/mKK

50-107° [ 4.0-107° [ 46-106 ] 2.3-1071

o Alternatively, if one drops the assumption that the inflaton is responsible for the
generation of CMB perturbations, for ¢ = 5.1 - 1075, n!, = 0.014, Wy = v = 1,
€ =100 and & = 107 one finds that

V | Vor | gs | = x R | 7
4304 | 5.16 | 0.31 | 5.80 [ 2.4-1073 | 144 | 1.78
- a\rr)\lficro Xn m3/2/mKK

29-10°[31-10°|44-107% | 4.7-1072

Here, we have assumed for simplicity that still ny = 0.9603.

5.3.7. Alternative Trajectories

We would like to emphasize that the phenomenological analysis performed in the previous
subsections was assuming a cosine-shaped potential. In view of figure which displays
the two-dimensional field space, parametrizing the positions of the two D7-branes along a
circle (cf. section, it is obvious that this assumption corresponds to the ‘generic case’.
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However, potentials which significantly depart from the cosine shape are also possible.
Figure [5.5] shows various one-dimensional inflaton trajectories in the two-dimensional field
space. The corresponding potentials along the trajectories are shown in figure Some
of them look very different from a cosine and are thus likely to lead to a rather different
phenomenological discussion. We will not pursue these ideas any further in this thesis.

Furthermore, we note that, in view of figure fluxbrane inflation is really a multifield
inflation model. Accordingly, isocurvature modes can be important [297]. An analysis of
those modes is beyond the scope of this thesis.

5.4. Summary

In this chapter we have arrived at a consistent overall picture of fluxbrane inflation, in
particular taking into account inflaton-dependent corrections to the scalar F-term potential
which have been neglected so far and which are, in fact, the dominant contribution to the
inflaton potential in most of the parameter space.

We started by analyzing under which circumstances dangerous leading-order contribu-
tions to the inflaton potential are absent. This requires the presence of a shift symmetry
and a suitable choice of bulk and brane fluxes. Regarding the shift symmetry we argued
that the moduli space of D7-brane position moduli possesses such a symmetry in the vicin-
ity of the point of large complex structure of the compactification space. This can be
motivated via T-duality to Type IIA string theory, where the brane separation becomes
a Wilson line whose flat potential is protected against perturbative o’-corrections. Non-
perturbative effects are exponentially small in the limit of large Type IIA volume, which
corresponds to large complex structure on the Type IIB side.

An appropriate flux choice which does not stabilize the D7-brane position moduli was
analyzed for a compactification of F-theory on K3 x K3 in the orientifold limit in [29]. As
opposed to the presence of the shift symmetry, there is no general strategy for ensuring the
absence of brane positions in the superpotential. Rather, the situation has to be analyzed
on a case-by-case basis for each model.

Beyond these leading-order effects, an inflaton dependence will generically be induced
by loop corrections to the Kahler potential. Neglecting complex structure and open-string
moduli (i.e. integrating out these moduli), those loop corrections feature the so-called ex-
tended no-scale structure, which is essential for the viability of the Large Volume Scenario,
in terms of which Kéhler moduli are stabilized in the fluxbrane inflation model. In the
present chapter we demonstrated that this extended no-scale structure continues to hold in
the presence of a further light degree of freedom (namely the inflaton) in the effective the-
ory. As a result, the Large Volume Scenario is in principle compatible with the fluxbrane
inflation model.

We discussed how moduli can be stabilized in a way which allows for a parametric
suppression of the inflaton-dependent loop corrections with respect to the constant energy
density of the potential. This enables us to make the slow-roll parameter n parametrically
small in the fluxbrane inflation model, such that we do not have to appeal to fine tuning.

Finally, we performed a detailed phenomenological analysis of the potential arising in
fluxbrane inflation. We found that, by a suitable choice of parameters which describe the
string compactification we can fit the phenomenologically required values of the quantities
which parametrize the inflaton potential. The suppression of loop corrections associated

98



5.4. Summary

with the exchange of Kaluza-Klein modes is sufficient for reproducing the required relative
size a between the constant and the inflaton-dependent term in the potential. On the other
hand, loop corrections due to winding modes of the string around potential one-cycles of
D7-brane intersections are on the verge of being too large. The absence of those corrections
can be achieved in cases where the self-intersection of the D7-brane divisor is either empty
or contains no non-contractible one-cycles. Still, even in the presence of corrections due
to winding modes the discrepancy between the phenomenologically computed « and the
one obtained microscopically is rather small. Thus, a given model which features such
winding-mode corrections may well reproduce the correct size of a due to the appearance
of O(1)-factors which were neglected in our investigation. We were able to fit the correct
value of the spectral index, the amplitude of curvature perturbations, and the number of
e-foldings. Furthermore, the fluxbrane inflation model satisfies the current cosmic string
bound and the running of the spectral index is small, n/, < 10~2. However, being a small-
field inflation model, the tensor-to-scalar ratio is tiny, typically r < 2.6 - 1075,
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6. D7-Brane Chaotic Inflation

Models of slow-roll inflation can be classified according to the distance the inflaton rolls
during inflation and are either of the large-field type, Ay > M, or of the small-field type,
Ap < M,. As reviewed in chapter [2| typical inflaton candidates in string theory, like
D-brane positions [32,[36], Wilson lines [110], and axions, generically have a field range
which is limited to sub-planckian values. This applies in particular to the inflaton field in
the fluxbrane inflation scenario, which we have discussed so far in this thesis. The same
limitation of the field range occurs for Kahler moduli [84], except for models in which the
inflaton is identified with a breathing mode of the compact space |85]. Thus, while there
has been much progress in constructing small-field models in string theory (for a review
see 9,298]), realizing large-field models is notoriously difficult.

Clearly, there are several possible ways how one can, despite the limited field range,
construct scenarios in string theory which are effectively of the large-field type. A brief
account of these models is contained in section [1.3.5] Here we propose a novel scenario
which realizes large-field inflaton in string theory, using the position modulus of a single D7-
brane as the inflaton. Our model features the appealing mechanisms of a shift symmetry
and a monodromy. Therefore, it is similar in spirit to the proposals of [39,40}/160}/161],
however, with one major advantage: Our model allows for a description in terms of an
effective supergravity Lagrangian and thus does not suffer from the control issues associated
with the need to include antibranes. Furthermore, a rather explicit discussion of moduli
stabilization, e.g. in the Large Volume Scenario |15], is possible.

The basic ingredients for our proposal of large-field inflation with a D7-brane are the fol-
lowing: First, we recall from the previous chapter that the Kéhler potential for a D7-brane
position modulus features a shift symmetry in the vicinity of the large complex structure
point. Second, in the absence of fluxes the D7-brane modulus parametrizes a Riemann
surface which generically has one-cycles, such that the field space of the modulus is peri-
odic.E] In fact, all we need in our model is a closed trajectory along the shift-symmetric
direction in the D7-brane position moduli space. Fluxes will lead to an appearance of
the brane modulus in the superpotential, such that the periodicity will be broken and a
monodromy arisesE] Inflation in this ‘D7-brane chaotic inflation” model occurs along the
shift-symmetric direction in the D7 moduli space. The situation is illustrated in figure

As a result of working in Type IIB string theory, K&hler moduli stabilization can be
analyzed very explicitly in our model, e.g. in the Large Volume Scenario, and gives non-
trivial constraints on the size of the overall volume of the compact space and the coefficients
of the brane-moduli-dependent terms in the superpotential. For example, displacing the
D7-brane from its minimum leads to F-terms in the effective action which generically

"Tmmediately after [28] appeared (on which the present chapter is based) the possibility of realizing
inflation on Riemann surfaces was proposed in [299].

Inflation using a monodromy in the field space of a D3-brane was analyzed in [300]. However, it is
acknowledged in that paper that, since the proposal relies on the existence of non-trivial one-cycles in the
compact space, much of the recent progress regarding moduli stabilization is not applicable in that model.
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6. D7-Brane Chaotic Inflation

Figure 6.1.: Ilustration of the D7-brane position modulus parameter space. Inflation oc-
curs when the D7-brane moves along a one-cycle in the parameter space, which
need not necessarily be non-trivial in homology.

destabilize the potential, i.e. they lead to a runaway direction in the Kéhler moduli space.
Therefore, in order to ensure stability of the system during inflation, we have to tune the
coefficients of the brane moduli in the superpotential to small values. This can be viewed
as a tuning of complex structure moduli by a suitable choice of fluxes. We assume that
the landscape will provide a model with this feature and will not discuss this tuning in any
detail in this chapter. Rather, given the very limited understanding of large-field inflation
in string theory, we think it is important to demonstrate that such models can be realized
in principle in a controlled string-derived supergravity framework.

As mentioned in the introduction, the recent measurement of B-mode polarization |33
by the BICEP2 collaboration serves as an additional motivation for studying large-field
inflation in string theory. In fact, the reported value r = O.Qfgjgg for the tensor-to-scalar
ratio is in reasonable agreement with the value » = 0.16 which we find in our model.

Most of this chapter is copied from . All copied sections are written by myself, except
for section [6.3.2] which was written by L. Witkowski. The illustrations of the D7-brane
field space were also done by L. Witkowski.

6.1. Ingredients

The low-energy effective description of our model is in terms of a supergravity Lagrangian
which is built from a Kéahler and superpotential. Let us discuss these two quantities in
more detail for our model.

6.1.1. Shift-Symmetric Kahler Potential in D7-Brane Chaotic Inflation

The form of the Kéahler potential for a D7-brane deformation modulus was discussed in
section It was argued that at weak coupling and in the vicinity of the large complex
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O7 e 0 O7

Figure 6.2.: Illustration of the D7-brane position modulus parameter space in the example
of F-theory on K3 x K3, which reduces to Type IIB string theory on K3 X
T?/Zs in the weak-coupling limit.

structure point it takes the fornﬂ
3!

(1)
KECS, = —1n (”abc(s = B)(ut —w) (u — w)(u" — )

a0 _ o) (b — T (P — @) (- + ... |, (6.1)

where S is the axio-dilaton, the u® are complex structure moduli of the threefold, and the
P describe D7-brane positions. All these moduli arise from complex structure moduli z*
of the F-theory fourfold.

Identifying one of the ¢’ with the deformation modulus ¢ of the D7-brane with which
we would like to realize inflation and integrating out all other moduli, we conjecture the
following general structure for the Kéhler potential

K=—In <A +iB(c—7¢) — g(c —0)2) : (6.2)

where A, B, D € R. Recall the instructive example of F-theory on K3 x K3 in the orien-
tifold limit (equation (5.8))), where the parameter space of ¢ is just T2 /Zs, which is depicted
in figure A linear term ~ (¢ — ¢) is not present in this example, but we think that
this is a special feature of the K 3-manifold. Indeed, if we start from a generic quadratic
expression in the brane moduli ¢P the situation looks different: Assuming that all but one
(which we call ¢) are stabilized at a high scale, both a quadratic and a linear term in (¢—¢)
(the latter coming from mixed terms of type (¢? —e)(c — ¢)) arise. Furthermore, it is not
clear to us whether terms of higher than quadratic order in (¢ — ¢) appear generically in
the above expression. However, they would just slightly complicate the computations, but
not alter our conclusions qualitatively.

Assuming that we make all the z° of the fourfold homogeneously large in the large
complex structure limit, we expect the scalings A ~ Im(2)*, B ~ Im(z)?, D ~ Im(z)2.
Here we have treated the axio-dilaton, the complex structure moduli of the threefold, and
all brane coordinates except for ¢ on similar grounds. This is, of course, a very coarse
approximation. As a first estimate, however, it is certainly a valid assumption.

3Note the relabeling z° <> u® with respect to (5.5)), in order to be consistent with the notation in .
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6. D7-Brane Chaotic Inflation

6.1.2. Superpotential in D7-Brane Chaotic Inflation

Applying similar arguments to the F-theory superpotential (5.11)), (5.12)), focusing on its
dependence on one brane modulus ¢, we expect the general structure

W:W0+ac—|—§CQ—|—.... (6.3)

In the example of F-theory on K3 x K3, precisely this structure arises. It is again not
clear if cubic and quartic terms will arise in the generic case. Such terms would certainly
alter the phenomenology of our model. However, for the time being we assume that it is
possible to either restrict to models in which such terms are absent (such as K3 x K3), or
to choose fluxes such that the superpotential contains terms only up to quadratic order.
In this case, captures the structure of the superpotential in our model.

As outlined in the introduction to this chapter, we need to tune |a| and |5] to small
values in order for the induced F-terms to be small enough not to interfere with moduli
stabilization during inflation. The merit of our model is that it indeed admits a rather
explicit discussion of moduli stabilization and therefore, non-trivial constraints on a and
[ are obtained and reported in the subsequent sections.

6.2. The Model

Given the Kéahler potential (6.2)), supplemented by the Ké&hler moduli part, i.e.
, . D _\2
K=-2InV—-In A—l—zB(c—c)—E(c—c) , (6.4)

and the superpotential (6.3]), supplemented by instanton corrections on small blow-up
cycles

W =Wy + ac+ gcz + e 2 Ts (6.5)

we can now write down the F-term potential:
Vp = K (KTWT‘SDTWWDT(SW W+ KCE\DCWF) . (6.6)

Here, the T, are complexified Kéhler moduli whose real part measures the size of a four-
cycle of the threefold in units of the string length. Furthermore, V is the volume of the
threefold. As usual, the complex structure moduli, the axio-dilaton and almost all brane
moduli are assumed to be stabilized by their respective F-terms, with the exception of ¢
whose F-term we included explicitly in . The reason for doing so is the very weak
dependence of W on ¢ which, due to the shift symmetry in the K&hler potential, leaves
Re(c) unstabilized in a first approximation.

Owing to the fact that the Kéhler metric is block-diagonal in the K&hler and complex
structure moduli, no terms with mixed derivatives in ¢ and 7%, appear in . Therefore,
in the first two terms we can formally substitute Wo =Wy + ac+ gc2 and the no-scale
structure leads to a cancellation of the leading-order terms in 7’,. Thus, the third term in
is dominant and stabilizes ¢ in a supersymmetric minimum, i.e. at D.W = 0.

Now, Kédhler moduli stabilization proceeds as in the plain-vanilla Large Volume Scenario
[15], giving rise to an AdS minimum which scales as ~ —|Wy|?/V3. This minimum is then
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uplifted to a Minkowski minimum via one of the various proposed uplifting mechanisms.
We are now interested in the c-dependence of the resulting terms, as inflation occurs along
Re(c). It is clear that the terms from —|Wy|2/V? are subleading in the inverse overall
volume with respect to the terms from the third term in . Therefore, the leading-
order mass term for the inflaton in our model is contained in e K<|D,W|?. In order for
this mass term not to interfere with the volume stabilization we tune || and |3] to small
values. This ensures stability in the Kéhler moduli directions along the whole inflaton
trajectory.

One crucial fact for the viability of the Large Volume Scenario is the existence of the
‘extended no-scale structure’ [128,/130,/131] which ensures that loop corrections are sub-
leading with respect to the a/3-corrections [127] used to stabilize the overall volume. In the
above references it is generally assumed that complex structure moduli, the axio-dilaton
and all brane moduli are integrated out at a higher scale. However, it turns out that
the extended no-scale structure persists even if the low-energy theory includes a complex
scalar which does not appear in the superpotential and which enters the Kéhler potential
only shift-symmetrically, such that one real scalar remains light. We have demonstrated
this explicitly in section (see also [29]). Clearly, in our setting this structure will be
broken by the explicit dependence of the superpotential on ¢. However, since the extended
no-scale structure is restored in the limit of vanishing « and S, the breaking will be small
in the limit of small |« and || and the overall picture remains consistent.

6.2.1. Minimizing the Potential

Let us analyze the stabilization of ¢ in more detail. We will work in the limit of small ||
and |3| throughout. From D.W = 0 we obtain the equation

a+ fBe B iB— D(c—7¢)
Wo+ac+582  A+iB(c—c) - Z(c—0)?

(6.7)

In the following we will write ¢ = x + iy with =,y € R. At 0 order in o and f3, the
left-hand side of this equation vanishes and y is stabilized at

B

- . (6.8)

Yo

Furthermore, we observe that the RHS of (6.7) is purely imaginary. Requiring the real
part of the LHS to vanish leads, at 15 order in a and 3, to

_ Im(S8Wo)yo — Re(aW)
Re(Wo) '

Zo

(6.9)

Thus, recalling the scaling of A, B, and D with Im(z) we find yg ~ 9 ~ Im(z). These
expressions will be corrected at higher order in o and 5. However, since these coefficients
have to be tuned to small values anyhow, for our purposes the above analysis is sufficient.

6.2.2. Computing the Mass

We now compute the mass for the inflaton. As motivated above, the mass term will arise
from |D.W|?. Furthermore, since D.W = 0 in the minimum, it suffices to expand this
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6. D7-Brane Chaotic Inflation

term in leading order in the variation of the real part of ¢, i.e. in dx. Furthermore, since
stabilization enforces K. = W,./W (cf. (6.7))) and the latter scales linearly with « and /3,
displacing x from its minimum simply gives

0DW =6 (KW + W) ~ W, = oz (6.10)
in linear order in « and f, leading to
e® K| 82622 + higher order in a, 3,6z (6.11)

Now, dx is related to the inflaton via canonical normalization. The kinetic term for dx is
contained in K|dc|?. Recalling the scaling K ~ Im(2)~2 and eX ~ Im(2)™*, we find

161
VT

, 11

R e EIORTORE

(6.12)
where the two factors of Im(z)? come from canonically normalizing the inflaton and from
the K factor in the F-term potential, respectively. Interestingly, Im(z) does not show up

: 2
m mw.

6.3. Phenomenology

The phenomenology of quadratic inflation is, of course, well known [41]. Let us briefly
recall the basic results. For a potential V = m?y? the slow-roll parameters are determined
as

1/V\? 2
- —) == 6.13
=3 (v) -3 (6.13)
14
2
- — 6.14
=T (6.14)
The spectral index can be expressed in terms of these two quantities as
8
ng—1=—6e+2n=——. (6.15)

(,02

Since this quantity is measured to be ~ —0.04 [48|, the field displacement at the beginning
of the last ~ 60 e-folds of inflation is determined to be ¢? ~ 200. The tensor-to-scalar
ratio is thus fixed as

r = 16¢ ~ 0.16. (6.16)

On the other hand, the measured value for the amplitude of curvature perturbations de-

termines [48]
Vv
\/ = =51-107% (6.17)
2¢
which leads to m ~ 0.5 - 1075,

This can be translated into requirements on our stringy model of large-field inflation. In
particular,

my, = ’ﬁ' £0.5-107°. (6.18)
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This is, however, not the only constraint which m,, has to satisfy. As mentioned before, in
order not to interfere with Kéahler moduli stabilization we need to require

2 2 s [Wof?
along the whole inflationary trajectory.

To give a few specific numbers, let us choose ¥ = 103. This determines, via ,
|3] = 0.5-1072. Then, is satisfied for |Wp| = 10. But this is by no means the only
possible realization: Also a choice V = 102, leading to |3| = 0.5- 1073, works fine, even for
[Wol = 1.

6.3.1. Stability during Inflation

During inflation, the real part of ¢ traverses a large distance in field space. We should thus
make sure that the stabilization of the imaginary part is not significantly affected by this
field displacement. Recall that the kinetic term for x = Re(c) reads

(00x)?

Kca((%x)z ~ Im(Z)Q .

(6.20)

At the beginning of the last NV ~ 60 e-folds of inflation the canonically normalized inflaton
© takes the value pn ~ 14, giving

dzy ~ 14 -Im(z). (6.21)

Now consider the stabilization equation . One can easily convince oneself that,
writing y = yo + dy, the consistency requirement |dy| < yo is satisfied as long as

14]8] Tm(2)?
—_— < 1. 6.22
[Wol (6.22)
Choosing 8 = 0.5-1072 and |[Wy| = 1, Im(z) is constrained as
Im(z) < 12. (6.23)

This potentially presents a conflict with the large complex structure limit. However, since
the suppression of the correction terms is of exponential nature, even in view of (6.23)) one
can choose z large enough in order to suppress these corrections.

6.3.2. Cubic and Quartic Terms

Beyond the mass term (6.12)) the potential will also exhibit cubic and quartic terms in dz.
Expanding the potential in dx about the minimum one finds

2 2 3.2 2 323
V~|ﬁ] ox {1+O<a a‘cy afcg ﬁcO)&zJ

V2 Im(2)? BWE W2 W W
a? afey B3cE
+0 <W02 Wz W020> 5x2}. (6.24)
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The above is derived by first expanding in both dx and dy about ¢y = zg + iyo.
Further, we solve D.W = 0 for y = yo + y1 to first order in «, 5. Equation is finally
obtained by substituting dy = y;.

Here we examine the relevance of the cubic and quartic terms at the onset of the last 60
e-folds of inflation at dzny ~ 14 - Im(z). As |¢p| ~ Im(z) we find that the parametrically

most important term is ) ) s
18] Bch 4
V> V2 Im(2)? (@) < e > ox”. (6.25)
Terms involving « are not dangerous as we can always tune « independently of the phe-
nomenological discussion above. For || = 0.5- 1072 and |Wy| = 1 we find that, if we set
Im(z) ~ 10, the term becomes comparable to the mass term at the onset of the last
60 e-folds:
18] ol

[Wol?
For larger dx we then transition to a regime where the potential is dominated by the quartic
term. However, such a large Im(z) is close to the upper bound . For Im(z) < 10,
the quartic term is still subleading compared to the mass term at dxy. In this case, the
quartic term in can be made comparable again by choosing an appropriate value for
a. Such corrections to the inflaton potential have been discussed recently in [172].

6z ~0.25-107%-10%-200-10* ~ 1 . (6.26)

6.3.3. Non-Perturbative and Loop Corrections

So far we have completely neglected the mirror-dual version of the Type ITA worldsheet
instanton corrections to the Kéhler potential. These are expected to give oscillatory con-
tributions at the order

[Wol?

V2

to the F-term potential. Thus, in view of , they are exponentially suppressed in the
limit of large complex structure. Furthermore, loop corrections due to the exchange of
Kaluza-Klein modes between branes [18,|129-131] will also lead to periodic corrections,
roughly at the order

~ e 20

(6.27)

W, 2
~{a, B} - |V80/|3 . (6.28)

The induced corrections can be parametrized at leading order as

V = m?p* + 7y cos (;f + (5) . (6.29)

The phenomenology of such a periodic modulation of a monomial inflaton potential, in
particular its effect on the power spectrum and the bispectrum, was investigated for axion
monodromy inflation (i.e. with a linear rather than a quadratic potential) in [301] and
more generally in [167,302]. Since the axion decay constant is small, roughly bounded by
f < 1/47 (see chapter [2| and also [24] and references therein), during the initial observable
e-folds the inflaton typically crosses more than one period of the oscillatory piece in .
Thus, if present and sufficiently large, the oscillatory features leave their imprint in the
observable CMB modes. An explicit computation of the oscillatory terms in our model
and a detailed analysis of the observational implications along the lines of |167] would be
interesting, but is beyond the scope of this thesis. In any case, the periodic modulations
become small in the limit of large Im(z) and small || and |5|.
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6.4. Summary

In this chapter we have introduced a large-field variant of string inflation using a D7-brane
position modulus as the inflaton. Our D7-brane chaotic inflation scenario is related to
earlier proposals of axion monodromy inflation, where the periodicity of the a priori sub-
planckian field space of an axion is broken by introducing certain branes. This leads to
a multi-covering of the field space, such that field variations larger than the Planck mass
can be attained. In our scenario the periodicity is of geometric nature, corresponding to
the motion of a D7-brane around a closed trajectory (of sub-planckian circumference) in
the D7-brane position moduli space. The Kéahler potential is shift-symmetric along that
trajectory. If, in addition, the superpotential is independent of the brane moduli this
corresponds to a flat periodic direction in the scalar potential. The periodicity is broken
by turning on fluxes, such that the desired monodromy in the D7-brane position moduli
space is introduced.

As one of the main virtues of this new approach, the above scenario can be formulated
purely in terms of spontaneously-broken supergravity, without the necessity to include
explicitly supersymmetry-breaking terms. Moreover, having its home in Type IIB string
theory, the model can be combined with the currently best-developed moduli stabilization
scenarios. In this chapter we employed the Large Volume Scenario and analyzed the con-
straints imposed on the model by requiring a viable moduli stabilization. These are, most
prominently, a very weak (tuned) dependence of the superpotential on the D7-brane mod-
uli. This is needed to obtain a hierarchy of the terms in the scalar potential which stabilize
the non-shift-symmetric direction in the D7-brane moduli space, the Kahler moduli, and
the inflaton, respectively. In particular, while the non-shift-symmetric direction is stabi-
lized by leading-order F-terms and the Kéahler moduli are stabilized in the conventional
Large Volume Scenario, the potential terms for the inflaton are suppressed by their tuned
coefficients in the superpotential. Owing to this hierarchy, a displacement of the inflaton
from the minimum of its potential will lead to an energy density which is small compared
to the potential terms which stabilize Kéhler moduli. Consequently, the Large Volume
Scenario is not upset. The tuning corresponds to a non-generic flux choice which should
be available given the large number of string vacua.

Several aspects of the analysis performed previously for the fluxbrane inflation model
can be applied also to this large-field scenario. Most notably, the shift-symmetric Kéhler
potential, present at large complex structure, plays a pivotal role in D7-brane chaotic
inflation. Furthermore, the validity of the extended no-scale structure in the presence of
an additional light field is essential for the model to work.

Our parametric analysis demonstrates that the above-mentioned flux-tuning allows us
to prevent moduli destabilization during inflation: We investigated the example of Kéahler
moduli stabilization in the Large Volume Scenario, where the most dangerous runaway
direction is that of the overall volume. Destabilization is avoided e.g. for a tree-level
superpotential |[Wy| = 1, a volume V = 103, and a coefficient |3] = 0.5 - 1072 of the
quadratic term in the superpotential.

Regarding the inflation phenomenology, the inflaton potential is quadratic at leading
order, entailing in particular » ~ 0.16. The potential receives cubic and quartic corrections
which can be sizable at the onset of the last 60 e-folds of inflation. Whether or not they
invalidate the quadratic approximation of the potential depends on the coefficients in the
superpotential as well as the complex structure. Importantly, the parameters can be chosen
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such that the quadratic term is dominant throughout.
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7. Summary and Outlook

Cosmological observations may offer crucial hints towards the fundamental constituents
of nature. In particular, the theory of primordial inflation in its best understood field-
theoretic realization makes assumptions about the structure of the UV theory which re-
places the standard model of particle physics and gravity at high energies. For any candi-
date UV theory it is thus crucial to check whether it is compatible with these assumptions.
This also applies to string theory, being the currently best studied candidate for a UV
completion of the standard model coupled to gravity.

In this thesis we have analyzed inflation models with D7-branes in Type IIB string
theory. These D7-branes are solitonic objects which extend in eight of the ten dimensions
of the superstring theory target spacetime and which can be deformed in their transverse
directions. The associated deformation modes correspond to scalar fields in the effective
four-dimensional theory, one of which is identified with the inflaton in our models.

Most of the thesis analyzes fluxbrane inflation, which is a string-theoretic variant of hy-
brid natural inflation. Accordingly, we started our discussion by reviewing the appealing
scenario of hybrid natural inflation in field theory. In this model, the leading-order flatness
of the inflaton potential is ensured by a shift symmetry. This shift symmetry is broken by
couplings of the inflaton to a waterfall sector, i.e. to fields which develop tachyonic masses
as soon as the inflaton vacuum expectation value falls below some critical value. These
couplings induce quantum corrections which lead to an inflaton potential. We reiterated
that this model, when put into a supersymmetric context, can be technically natural. Sub-
sequently, we performed a phenomenological analysis with a particular focus on the tensor
perturbations produced during inflation. The limited size of the axion decay constant and
the observational bounds on the running of the spectral index constrained the tensor-to-
scalar ratio 7 to a value r < 7.6 - 10~*. Prominently, this is larger than the expectation
derived from the Lyth bound. We furthermore showed that the power spectrum in hybrid
natural inflation cannot be curvaton-dominated.

This discussion was followed by a more thorough introduction of fluxbrane inflation as a
string-theoretic version of hybrid natural inflation. In this string embedding, the inflaton
is associated with the distance between two D7-branes. The energy density which drives
inflation is due to a D-term which is induced by supersymmetry-breaking brane flux.
The fluxbrane inflation model allows to avoid some drawbacks encountered in previous
proposals of brane inflation and D-term hybrid inflation. Most importantly, it is possible
to accommodate the phenomenologically required field range (microscopically speaking,
the brane separation) within the compact space, something which was not easily achieved
in related brane inflation scenarios. Moreover, the problem of cosmic string overproduction
in D-term hybrid inflation is overcome in fluxbrane inflation due to the specific form of the
inflaton potential, which allows for a suppression of the inflaton-dependent part below the
size expected from the field theory model. Our scenario can fit the amplitude of curvature
perturbations, while the spectral index is slightly too large to be compatible with the most
recent measurements.
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In this first analysis of fluxbrane inflation we did not take into account the issue of
stabilizing all moduli (i.e. scalar fields with leading-order flat potentials) which appear in
the four-dimensional effective theory. The interplay of inflation with moduli stabilization
is, however, a highly non-trivial issue in models of string inflation. The reason is that
both, stabilization of volume moduli (i.e. ‘Kéhler moduli’) in Type IIB string theory as
well as inflation are sensitive to higher-order corrections in the effective potential and can
therefore not be considered separately. Consequently, subsequent to our introduction to
fluxbrane inflation we approached the issue of moduli stabilization.

In our first attempt we chose to neglect a possible inflaton dependence of the higher-order
corrections which stabilize the Kédhler moduli. Moreover, we assumed the superpotential to
be independent of the inflaton and neglected the supergravity n-problem which generically
appears for a canonical Kéhler potential. It was then possible to demonstrate that Kéahler
moduli stabilization can be achieved in the phenomenologically required regime. More
precisely, we employed the Large Volume Scenario to stabilize the overall volume (and
some blow-up four-cycle) and used an interplay of loop corrections to the Kahler potential
and the D-term to stabilize the remaining Kéhler moduli. In the resulting minimum the
D-term was parametrically suppressed with respect to its natural size. This was required
to ensure stability of the system and satisfy the cosmic string bound. Naively, another
possibility to grant stability was to enhance the size of the F-terms by increasing the value
of the tree-level superpotential Wy. However, on its own this strategy was not successful
due to the need of having the gravitino mass smaller than the Kaluza-Klein scale. In
the end, a combination of a mildly large W; and a hierarchy of four-cycle volumes in
the internal space allowed us to realize fluxbrane inflation with moduli stabilization in a
parametrically controlled fashion.

Neglecting the inflaton dependence of Kéhler and superpotential in the computation of
the F-term scalar potential was certainly too naive. In fact, there are three distinct issues
which one has to address in order for the inflation model to be viable. First, a canonical
Kahler potential for the superfield containing the inflaton will lead to a supergravity n-
problem, i.e. the supergravity F-term potential will be too steep in the inflaton direction.
Second, a generic appearance of the inflaton in the superpotential will equally not be
compatible with inflation, due to a too large inflaton mass. Third, the coefficients of the
higher-order corrections (loop corrections to the Kéhler potential), which were previously
used to stabilize Kahler moduli, will involve the inflaton, something which we did not take
into account so far.

To resolve these issues we first realized that the D7-brane moduli space enjoys a shift
symmetry in the vicinity of the large complex structure point. Such a shift symmetry
forbids the appearance of the inflaton in the leading-order Kéhler potential, thereby solving
the supergravity n-problem. Regarding the superpotential, we reiterated that in the F-
theory formalism it is given by a product of the period vector with a flux vector. Some
of the periods will involve the inflaton. However, by a suitable flux choice one can avoid
the appearance of the corresponding components of the vector in the superpotential. This
analysis is model-dependent, with the example of a compactification of F-theory on K3 x
K3 contained in [29].

Regarding the loop corrections to the Kéhler potential, there is no general mechanism
to achieve the absence of the inflaton in these terms. This entails two problems. First, one
might fear that the ‘extended no-scale structure’ is jeopardized. However, this structure is
essential for the validity of our model. It ensures that the naively dominant loop corrections
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are in fact subleading in the Kéhler potential, which is crucial for the Large Volume Scenario
to work. Originally, the presence of the extended no-scale structure was proven only in a
situation where almost all moduli are stabilized at a high scale and the only light degrees
of freedom entering the loop corrections are the Kéhler moduli. This is, however, clearly
not the case of interest for us, as we also want the inflaton to remain as a light degree of
freedom in the effective theory. We managed to show that the extended no-scale structure
persists, even with a D7-brane position unstabilized, and were therefore able to resolve this
issue. Second, loop corrections were previously used to stabilize some Kéahler moduli, in
which case the size of the vacuum energy which drives inflation was bounded by the size of
these loop corrections. As soon as there is an inflaton dependence in the loop corrections,
one must thus fear to encounter an inflaton potential which is too steep to maintain slow-
roll inflation. To resolve this issue we proposed to stabilize linear combinations of Kéhler
moduli by leading-order D-terms, while the overall volume is stabilized in the Large Volume
Scenario, implying a parametric separation of the vacuum energy density and the loop
corrections. In conclusion, all the above obstacles can be overcome in our model.

We argued that the fluxbrane inflation model appears rather naturally in string compact-
ifications in which the uplift of the AdS vacuum, obtained in the Large Volume Scenario,
to Minkowski is achieved via a D-term. In such a scenario, the correct present-day cos-
mological constant is obtained via a tuning in Kéhler moduli space. Realizing fluxbrane
inflation in such a setting makes this tuning only marginally worse.

The scenario of fluxbrane inflation gives rise to a viable realization of hybrid natural
inflation in string theory. For a suitable choice of parameters the model is able to reproduce
the correct amplitude of curvature perturbations, the spectral index ng, and the number
of e-foldings. It satisfies the cosmic string bound, while the running of the spectral index
is small. Furthermore, the tensor-to-scalar ratio is tiny.

Finally, we explored the possibility of realizing large-field inflation with the position
modulus of a single D7-brane. Despite the a priori sub-plankian (periodic) field range
of this modulus, turning on fluxes can lead to a monodromy, breaking the periodicity
and ‘unfolding’ the field space to accommodate a super-planckian field excursion. This
proposal is along the lines of previously considered axion monodromy inflation scenarios,
however, with the crucial advantage of being formulated in terms of spontaneously-broken
supergravity. We explicitly addressed moduli stabilization and derived constraints on the
size of the coefficients of the brane modulus in the superpotential. Our model is of the
chaotic inflation type with a quadratic inflaton potential, entailing a large tensor-to-scalar
ratio. This large-field realization is of great interest nowadays, as the recent claim of
detection of gravitational waves might be confirmed soon.

Clearly, while we discussed how fluxbrane inflation and D7-brane chaotic inflation can
be realized under certain (reasonable) assumptions about the Type IIB string compactifi-
cation, we did not implement the models on explicit Calabi-Yau spaces. To achieve this
one would need to understand not only the volume form of a given manifold, but also
the structure of the periods. The latter is crucial to analyze whether the non-generic flux
choices which are required in both inflation models (e.g. the fine-tuned weak dependence
of the superpotential on the D7-brane moduli in the chaotic inflation model) can indeed
be attained. It has become clear in 29| that this is highly entangled with the task of
stabilizing complex structure moduli and the axio-dilaton. A further complication arises
as this stabilization needs to be in the vicinity of the large complex structure point. Such
minima are statistically disfavored [303], nevertheless, a large enough number is expected
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7. Summary and Outlook

to exist [29] (see also the explicit computation in [304]). Finally, it would be reassur-
ing to observe explicitly the exponential suppression of corrections to the leading-order
shift-symmetric Kahler potential.

At least naively, a somewhat easier task is to analyze the Kahler moduli space in concrete
examples. It would be very interesting to explicitly implement the Kéhler moduli stabi-
lization program outlined in chapter [5] This includes, in particular, the tuning of relative
sizes of four-cycle volumes to realize a controlled D-term uplift. In this context it seems to
be easily within reach to propose a viable version of the D-term uplifting proposal, either
by explicit tuning as in chapter [5 or by a dynamical stabilization of the D-term at a small
value via a balancing against loop corrections (whose exact form is, of course, generally
unknown). We attempted to achieve the latter in chapter However, the constraints
imposed on the intersection structure by requiring a viable fluxbrane inflation scenario did
not allow for a D-term uplift to de SitterH In the present situation, where no undebated
uplifting proposal exists, a viable D-term uplifting scenario would certainly be a valuable
contribution, even independently of a concrete inflation model.

On more general grounds, a better understanding of loop corrections to the Kahler
potential would be desirable. They are known on some toroidal orientifolds, but beyond
these examples their structure remains unclear. Even their Kéhler moduli dependence is
only conjectured. Furthermore, while we argued that, in suitable geometries, the prefactor
of the instanton correction in the superpotential, associated with the small blow-up four-
cycle, is independent of the D7-brane position moduli, explicitly demonstrating this would
be desirable.

Also on the phenomenological side there are some interesting aspects which deserve
further investigation. For example, in the fluxbrane inflation model alternative inflaton
trajectories in the two-dimensional field space, depicted in figure 5.5 may lead to rather
different model parameters, constraints, and potentially even observational signatures. Fur-
thermore, the analysis of subleading corrections in the D7-brane chaotic inflation model
was certainly not exhaustive. In particular, since the inflaton potential is quadratic, oscil-
latory contributions can become important during the later stages of inflation, even if they
are completely subdominant during the initial few e-foldings. Finally, the backreaction of
the inflaton on the stabilization of the complex structure moduli seems to be an issue in
the D7-brane chaotic inflation model which needs further attention. Investigating these
interesting effects is left for future work.

We hope that we have made a valuable contribution to the ongoing quest of implementing
inflation in a string-theoretic context, with all other moduli of the string compactification
stabilized. Our work contains many interesting results in this direction and indicates
several possible avenues for further research.

Tt might be that this negative conclusion was caused by our choice of a brane flux along an effective
curve, and thus can be avoided in a more general setup.
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A. Definitions and Conventions

In this appendix we collect some definitions and conventions used in this thesis.
The string length ¢, is defined in terms of the Regge slope o/ as £s = 2wV a’. Further-
more, the metrics in the ten-dimensional string and Einstein frames are related by

k]
gzswv = 629111:/11](3/7 (A.1)

where ® is the dilaton. Its vev sets the string coupling, gs = (e®).
The Einstein frame volume V of the compactification space is given by the integral

1
V= EG/dfix\/gglO. (A.2)

After dimensional reduction, the canonical 4d Einstein-Hilbert term is recovered in the 4d
Einstein frame defined via

1
o0 = L gft (A3)

The relation of the four-dimensional Planck mass to the ten-dimensional string frame string
length is then given by

4
2 _
MP—E.

(A.4)

It is set to one in all four-dimensional field-theory formulae.

Note that the quantity ¢s is used differently in different contexts. As defined here, it
is the string length in the ten-dimensional string frame. Quite obviously, its inverse does
not define the string scale in four dimensions. To compute the mass of a string excitation
which, in the ten-dimensional string frame, is for example given by /; !, we have to rescale
this mass according to (A.1) and . This gives the mass

1/4

s
M, = AL
T (A.5)

in four dimensions. Sometimes, one defines a four-dimensional string length which, con-

fusingly, is also called ¢, via ¢5 := 1/M,. Then, Mg = j;ijzg as opposed to 1) In

this thesis we use both definitions of ¢5. However, it will always be clear from the context
which one is is meant.

!Note that this relation is often given in terms of the string-frame volume Vs. In this case the gs-factor
changes to g5 2.
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B. F~-Term Scalar Potential

The main purpose of this appendix is to analyze the F-term potential discussed in sec-

tion Such a potential arises in the original Large Volume Scenario as proposed in [15|

as well as in more elaborate versions thereof [247|, which is the case of interest for us.
Starting point is the expressionlﬂ

6K =
:87 [Kssa§|As|2672as‘rs
Y

— as KoK e~ %7 {W A e + W Age "%} (B.1)
3¢|Wo?
4g§/2V

Vr

+

which is obtained after plugging (4.1)) and (4.2)) into the standard supergravity formula for
the F-term potential
K
-
- 87
expanding in leading order in 1/V, and neglecting all terms o< e=*™ p # s (cf. [14]).
Consider the second line of equation (B.1]). We can rewrite the term in the brackets as

v (K“EDQWDEW - 3]W]2> : (B.2)

2|Wh||As| cos (arg(Wy) — arg(As) + ascs) - (B.3)
Furthermore, using the identity
K*9;K = —27, + higher orders in 1/V (B.4)

(cf. e.g. [131]) it is clear that minimizing VF with respect to the axion ¢, will give cos(...) = —1
in (B.3) and thus the second term in (B.1)) becomes —4asTse™% s |Wy|| Asl.
Now we turn to the first line in (B-1)): Using V(1) = V(7puts) — 32 we find

3 ¢ ‘30(81312)731/2
Romgpm By (B.5)
- /
i.e. K,g is block-diagonal in leading order in 1/V. Therefore, K*° ~ %V'rzl ’ in leading
order. Combining all the results we find
a\/Tse 2% BIWolrse T €[ Wol?
Ve =Vor < Y, - V2 + e (B.6)

IThere seems to be a disagreement in the literature concerning the overall prefactor of the supergravity
potential (see |12] and [242]). However, this factor is irrelevant for our purposes as we can simply choose
to work with a differently normalized Wj.
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B. F-Term Scalar Potential

with K 24,2
gse s 8az|As 3
0,F 167 a 3 , B as| s‘a Y 4 ( )
We now compute the large-volume minimum of . To this end, we evaluate
ov oV
— =0, — =0. B.8
oV T 0T (B8)

The first equation gives

V= mWO'CfeWS (1 - \/1 _ Sont 1 ) (B.9)

3/2 3/2
gs/ 0/62 Ts/

while the second one reads
Vae ¥sTs 1—asTs

BeWolyTs 5 —2a,7,
One can rewrite these two expressions, using , to obtain
3 1 1-—-
1— \/1 _ ot S L (B.11)

3/2 3/2 1 ’
gs/ 32 73/ 3 — 2047y

(B.10)

For as7s > 1 the right-hand side of the above equation becomes a constant, such that, at

leading order,
2/3 2/3
S <4’VO‘5) _ ! <5> , (B.12)

_gs c3? _; 2¢
BIWoley/mse®™  BIWole [ €\ as(ey2/3
Y- M - 2‘ 1/’2 S ein(3)” (B.13)
ags

From the above analysis and the definition of £ below equation (4.2) it is clear that
372

the requirement as7s > 1 is satisfied as long as —y(X3) > g%g) (2mgs)°/“. By definition,

x(X3) = 2(hY) — h(21) | Furthermore, in the models considered in this thesis h(*!) need
not be big. Thus, the implied lower bound on the number of complex structure moduli is
easily satisfied for g5 in the perturbative regime.

A quantity which is crucial for our phenomenological discussion is the value of the scalar
F-term potential at its minimum. This value is obtained by replacing V in (B.6)), using

(IB.10)):

2

o —3asT 2 ay§ —3/2y3
= — sTs [ X — X X B.14
Yr = or ( " g ) | o

X = <W> : (B.15)

1—as7s

where we have defined

On the other hand we can use this definition of X with (B.11)) to obtain

€ 32 _ 1 -1 -2
T, =-(2X7 -X7). (B.16)
Breg?? 3 ( )
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Combining the two results finally gives

a? 2 1 a? 1
V — V —3asTs 7X _ 7X2 ~ V - —3asTs _ B17
R A (3 3 > T BeRWol < ) (B.17)

for as7s > 1. Interestingly, the minimum value of the F-term potential is smaller than the

three individual terms in by a factor of (as7s)~!. Using (B.12) and (B.13)) we can

express the above result as

v My Gt [ Wo? (5)1/3
F_— R

12872 V3 2c (B.18)

where we chose to explicitly write V and |Wy| in order to get a feeling for the size of the
F-term potential in its minimum. It is clear, that via (B.12) and (B.13)) one can express
the minimum value solely in terms of &, g5, c etc.
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C. Lower Bound on the Brane Flux
Quanta

In this appendix we give a rough estimate for the lower bound on n,, as motivated in
section [£.1.2] To this end we write (£.9) as

V(V)
Vo,r

= 5, (€1

where f(V) = A — Blog®?(CV) + DV. Furthermore, we choose to expand the potential
at the minimum Vi, as

VIV)  f"(Vuin.)
Vor — 2V3

Maximizing " giveﬂ Vimax. = 3Vmin. and

V(Vmax-) ~ z f”(vmin.)
‘/O,F - 33 Vmin. '

V= Vain)> + ... (C.2)

(C.3)

Computing f”(Vmin.), keeping only the leading term in log(C'Vpin.), and using f'(Vimin,) = 0

one finds
V (Vimax.) N 2 D

Vo  3V?

min.

(C.4)

An estimate of how big the uplift can be such that it does not destroy the local minimum
of the potential is given by requiring

V(Viax) o 6V(Vain) _ 6D

= = C.5
%7F ‘/b>F Vfﬂln ( )
This then implies
0 n? 2
— =— < . (C.6)
D n% ™33
Thus, ny > 4, n_ =1 is ok. Obviously, this is only a very coarse analysis. However, the

result can be confirmed very easily by a straightforward numerical analysis.

!Actually, as (Vmax. — Vmin.) > Vimin. the expansion (C.2) breaks down. However, the calculation still
gives a first idea for the required size of n4 which can be confirmed numerically.
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