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Zusammenfassung

Diese Dissertation befasst sich mit Aspekten von Inflation sowohl aus Sicht
von Feldtheorie als auch von Stringtheorie. Sie hat zum Ziel neue Ansétze zu
untersuchen um das Problem der Moduli-Destabilisierung und das n-Problem
anzugehen und um Inflation im Materiesektor zu realisieren.

Der erste Teil widmet sich der Untersuchung von Inflationsmodellen im
Rahmen von vierdimensionaler N' = 1 Supergravitation. Wir beginnen damit
einen neuen Vorschlag zur Losung des Problems der Moduli-Destabilisierung
zu untersuchen, dass uns dazu zu zwingen scheint zwischen Niederenergie-
Supersymmetrie und einer hohen Inflationsskala zu wihlen. Dieser neue Ansatz
basiert auf einer bestimmten Art den Modulus an den F-Term zu koppeln der
Inflation antreibt. Wir benutzen chaotische Inflation mit einer Shiftsymmetrie
als Beispiel und zeigen, dass wir erfolgreich Niederenergie-Supersymmetrie mit
einer hohen Inflationsskala verbinden kénnen.

Danach konstruieren wir eine Klasse von Inflationsmodellen in N/ = 1
Supergravitation bei denen Inflation in nicht-trivialen Darstellungen der Eich-
gruppe realisiert wird. Dabei handelt es sich um Erweiterungen einer speziellen
Klasse von Hybridinflationsmodellen, sogenannte Tribridinflation, bei denen
das n-problem durch eine Heisenbergsymmetrie gelost werden kann. Verglichen
mit bisher untersuchten Modellen haben wir unsere Modelle mit etwas Inspira-
tion aus der Stringtheorie verallgemeinert. Wir untersuchen die Stabilisierung
der Moduli wiahrend Inflation und identifizieren Situationen in denen die Stei-
gung des Inflatonpotentials durch Strahlungskorrekturen dominiert wird. Wir
skizzieren unter welchen Bedingungen man diese Klasse von Materieinflation-
smodellen in heterotische Orbifoldkompaktifizierungen einbetten kann. Dabei
schlagen wir einen neuen Mechanismus vor mit dem man einige Kéhlermoduli
durch die F-Terme von Materiefeldern stabilisieren kann.

Im zweiten Teil betrachten wir Modelle von gewarpter D-Branen-Inflation
in einer Familie von zehndimensionalen Supergravitationshintergriinden. Wir
betrachten Inflation entlang der radialen Richtung in der Ndhe des Endes des
gewarpten Throats und zeigen, dass das Inflationspotential generisch einen
Wendepunkt enthélt, der mit einem Wendepunkt im Dilatonprofil zusammen-
héngt. Wir nutzen ein universelles Skalierungsverhalten mit den Modellparam-
etern aus um Vorhersagen fiir Inflationsobservablen zu erhalten.






Abstract

This thesis is concerned with aspects of inflation both from a field theory and
a string theory perspective. It aims at exploring new approaches to address the
problem of moduli destabilization and the n-problem and to realize inflation in
the matter sector.

The first part is devoted to studying models of inflation in the framework
of four-dimensional N = 1 supergravity. We begin with investigating a new
proposal to solve the problem of moduli destabilization, which seems to force
us to choose between low-energy supersymmetry and high-scale inflation. This
new approach is based on a particular way to couple the modulus to the F-term
driving inflation. Using chaotic inflation with a shift symmetry as an example,
we show that we can successfully combine low-energy supersymmetry and high-
scale inflation.

We construct a class of inflation models in N' = 1 supergravity where the
inflaton resides in gauge non-singlet matter fields. These are extensions of a
special class of hybrid inflation models, so-called tribrid inflation, where the
n-problem can be solved by a Heisenberg symmetry. Compared to previously
studied models, we have generalized our models with some inspiration from
string theory. We investigate moduli stabilization during inflation and identify
situations in which the inflaton slope is dominated by radiative corrections. We
outline under which conditions this class of matter inflation models could be
embedded into heterotic orbifold compactifications. In doing so, we suggest a
new mechanism to stabilize some Kéahler moduli by F-terms for matter fields.

In the second part, we consider models of warped D-brane inflation on
a family of ten-dimensional supergravity backgrounds. We consider inflation
along the radial direction near the tip of the warped throat and show that
generically an inflection point arises for the inflaton potential, which is related
to an inflection point of the dilaton profile. A universal scaling behaviour with
the parameters of the model is exploited to extract the predictions for infla-
tionary observables.
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CHAPTER 1

Motivation

From the ongoing quest for a deeper fundamental understanding of our uni-
verse two standard pictures have emerged for the laws of physics at small and
large length scales. The physics at very small subatomic scales is the realm
of particle physics, which describes our world in terms of elementary particles
and their (non-gravitational) interactions. Zooming out to very large length
scales above the size of galaxies, we enter into the realm of cosmology, which
is based on the theory of general relativity to understand the evolution of our
universe from the geometry of space-time. These two seemingly unrelated pic-
tures are actually deeply connected. Going back in time, the energy density
of the universe increases more and more and thus the physics at smaller and
smaller length scales is probed. Therefore, to understand the early universe it is
inevitable to consider particle physics and cosmology in a common framework.

The Standard Model (SM) of particle physics encompasses all known ele-
mentary particles and their strong and electroweak (EW) interactions. It has
passed numerous high-precision tests up to the EW scale of O(100GeV) and
is currently tested to even higher energies with the ongoing experiments at
the Large Hadron Collider (LHC). Sooner or later the LHC will unveil the
mechanism underlying ElectroWeak Symmetry Breaking (EWSB).

The concordance model (or ACDM model) is the standard model of cos-
mology. With only a few parameters it describes the history of our universe
from the formation of light elements during Big Bang Nucleosynthesis (BBN)
until the present day phase of accelerated expansion — including the decoupling
of the Cosmic Microwave Background (CMB) radiation during recombination
and the formation of structure (stars, galaxies etc.) via gravitational collapse.

Notwithstanding their remarkable agreement with experiments, both of
these standard models suffer from deficiencies which demand for new physics.
For instance, we know from observations that the universe is homogeneous,
isotropic and spatially flat on very large scales. Using the time evolution of the
universe in the hot big bang scenario, both the homogeneity and the spatial
flatness would require a high degree of fine-tuning of the initial conditions.
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These two issues are referred to as the horizon problem and the flatness problem.
A way to dynamically resolve these fine-tuning problems is to introduce a
phase of very rapid accelerated expansion called inflation in the very early
universe [4-7]. The universe is then driven towards a homogeneous, isotropic
and spatially flat geometry. Furthermore, inflation naturally provides an initial
seed for structure formation [8-11] since due to quantum fluctuations inflation
ends at different places in the universe at different times.

Similarly, in the SM, if EWSB is described by the Higgs mechanism, per-
turbative unitarity of the scattering of the longitudinal modes of the W bosons
implies an upper bound on the Higgs mass of roughly m;, < O(1TeV). How-
ever, the mass of an elementary scalar field is not protected from receiving
large quantum corrections of the order of the cutoff scale of the effective field
theory. Assuming the SM to be valid up to the Planck-scale, one would need
an incredible cancellation between a classical versus a quantum contribution
to a very high precision — this is often called the hierarchy problem.

Solving the hierarchy problem is (one of) the most important motivation(s)
for introducing new physics beyond the standard model. The most popular so-
lution is low-energy supersymmetry (SUSY). It protects the Higgs mass from
receiving large quantum corrections by a cancellation between loop contribu-
tions from bosons and fermions above a scale Mgygy ~ O(TeV). Alternatively,
one can lower the cutoff of the effective field theory. This can be achieved,
for instance, by lowering the fundamental scale of gravity to O(TeV) assum-
ing extradimensions which are either large [12H14] or warped [15|[] Newton’s
constant GG which we measure in four dimensions is then only an effective
parameter and is weakened either due to a “dilution” by the large volume of
the extradimensions or due to a “redshift” in the warped space-time.

In the light of these considerations, it is important to incorporate both, a
way to realize inflation and a solution to the hierarchy problem into a com-
mon framework. A suitable framework is supergravity (SUGRA) which is ob-
tained by promoting supersymmetry to a local symmetry. Ultimately, these
ideas should be embedded into a more fundamental theory unifying gravity
and quantum field theory — a theory of everything. At present, string theory is
arguably the best candidate for such a theory. Moreover, at low energies where
the finite size of the string cannot be resolved, string theory can be described by
an effective supergravity theory. Thus, supergravity is a good interface between
effective field theory and string theory approaches.

The aim of this thesis is to consider inflation from both a field theory and a
string theory perspective, i. e. from a bottom-up and a top-down perspective.
We now motivate the ideas underlying the effective field theory models which
we will construct and why it is necessary to embed inflation into string theory.

'We do not consider alternative solutions such as walking |16-18] or extended technicolor
[19,120]. Via gauge/gravity duality, they may admit an interpretation in terms of warped
extradimensions, see e. g. [21}[22].



Why Inflation in the Matter Sector?

Even though the paradigm of cosmic inflation fits very nicely with the observed
CMB power spectrum [23], we have so far no idea about the “nature” of the
mechanism behind inflation. In the standard slow-roll inflation approach, in-
flation is driven by a scalar condensate with negative pressure [24-27]. This
is realized by a scalar field whose potential energy dominates over its kinetic
energy. This scalar field, the inflaton, effectively acts as a “clock” telling us
when inflation ends. Its quantum fluctuations are stretched out to macroscopic
scales and can directly be related to the temperature fluctuations of the CMB.

But which particle is the inflaton, . e. what are its quantum numbers and
interactions? To get a handle on this problem, it is inevitable to consider infla-
tion in a particle physics framework. It is particularly appealing to embed the
inflaton into the matter sector. Then its interactions are not only constrained
by cosmology but also by particle physics and astroparticle physics.

For instance, it is tempting to identify the inflaton with the Higgs scalar re-
sponsible for electroweak symmetry breaking. To match the observed amplitude
of the CMB fluctuations we would need a quartic Higgs coupling A\ ~ 10713 28],
which implies mj;, ~ 1074 GeV. However, we have a lower bound from the Higgs
searches at LEP: my, > 114.4GeV (95% C.L.) [29]F] Obviously, the SM Higgs
boson is ruled out as the inflaton candidate and we need some new physics to
account for inflation ]

An interesting class of inflation models are models of hybrid inflation [34],
where inflation ends via a phase transition when the so-called waterfall fields
acquire expectation values. Typically, matching the observed CMB fluctuations
requires these expectation values to be rather close to the scale where the
SM gauge couplings seem to (almost) unify. Thus, it is tantalizing to relate
the phase transition at the end of hybrid inflation with the breaking of the
gauge group of a Grand Unified Theory (GUT) down to the SM gauge group.
In a similar spirit, one can relate the phase transition to the generation of
masses for right-handed neutrino masses, which explain the small masses of
the observed left-handed neutrinos in a seesaw scenario. This opens up the
intriguing possibility to relate hybrid inflation with leptogenesis to generate the
observed baryon asymmetry, which then puts constraints on the parameters in
the game, see e. g. [35,136].

With this motivation in mind, we will construct models of inflation where
the inflaton resides in a gauge non-singlet matter field and we refer to this class
of models as matter inflation.

2The LHC has already increased this lower bound somewhat (and found a Higgs-like
boson with m ~ 125 GeV), but it is the order of magnitude which matters.

31t has been proposed recently that by assuming a non-minimal coupling to gravity the
Higgs boson can act as the inflaton [30]. However, some criticism about the naturalness of
this class of models has been raised in [31H33].
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Why Inflation in String Theory?

To sustain prolonged slow-roll inflation, we must have a “sufficiently flat” po-
tential, which is measured by the smallness of the slow-roll parameters. One
of them, the n-parameter, can be viewed as the “mass” of the inflaton my
measured in units of the expansion rate H of the universe. Slow-roll inflation
requires 7 ~ mi /H? < 1. However, in the absence of any symmetry protecting
it, my is driven towards the cut-off of the Effective Field Theory (EFT). That
is, a small inflaton mass my < H is radiatively unstable and receives large
quantum corrections — this is often called the n-problem.

Here, the situation is very similar to the hierarchy problem for the Higgs
— both problems occur since the mass of an elementary scalar is sensitive to
the UV completion of the EFT — and one might hope that we can also solve
it by using supersymmetry. However, during inflation supersymmetry must
be broken. Generically, this induces masses for all the scalars of the order
m ~ H, in particular, also for the inflaton, thereby posing a serious threat for
inflation commonly referred to as the supergravity n-problem [37-39|. Solutions
within effective field theory either require some tuning among various (model-
dependent) contributions or imposing a global symmetry.

In technical terms, the crucial point is that through the n-problem infla-
tion is sensitive to Planck-suppressed dimension-6 operators. This is remarkable
since such operators are typically irrelevant for most particle physics consid-
erations (one exception being gravity-mediated supersymmetry breaking). In
other words, inflation allows us to probe aspects of the UV completion which
unifies quantum field theory and gravity. String theory, being a candidate for
such a UV completion, is therefore a natural playground for building models of
inflation. In particular, one would like to check whether field theory solutions
for the n-problem can be realized or not.

In many attempts to realize inflation in string theory, one encounters a
version of the n-problem which is intrinsically related to the issue of moduli
stabilization. Moduli are light scalar fields controlling the expansion parame-
ters of the four-dimensional effective field theory. The physics responsible for
generating a potential for the moduli then induces potentially large corrections
to n (see for instance [40-42|). Moreover, the very presence of an inflation-
ary sector may even destabilize the moduli, i. e. destroy the minimum of the
effective moduli potential [43-45].

Despite (or because of) the above problems, inflation offers a rather unique
window to gain insights into string theory or more generally quantum gravity.
As advocated earlier, in this dissertation we will employ both bottom-up and
top-down approaches to address these issues. That is, we consider both string-
inspired effective field theory models and models obtained from genuine string
theory compactifications.



CHAPTER 2

Introduction

Keeping in mind the motivation discussed above, we now move on to explain
some of the underlying ideas and the broader context of the work presented in
this dissertation. In particular, we will try to put more meaning into some of
the key words which popped up in the previous chapter. In doing so, we intend
to be as less technical as possible.

We begin with a short introduction into the aspects of string theory rel-
evant for this thesis in Sec. 2.I] Namely, that the low-energy limit of string
theory is described by a supergravity theory in ten dimensions, the presence
of branes and flures and the AdS/CFT-correspondence. Moreover, the need
for compactification to four dimensions has profound implications for the four-
dimensional effective action, in particular, the presence of moduli which have
to be stabilized.

Next, we give try to motivate why a phase of inflation should be introduced
at all in Sec. That is, we state what the horizon and flatness problems
are and explain how inflation solves them and how it provides a seed for the
formation of structure.

In Sec. 2.3} we begin by revisiting the n-problem in a bit more detail and
discuss its possible solutions in effective (supergravity) theories. The idea of
this approach is to view four-dimensional effective supergravity theories as an
interface to a more fundamental theory of quantum gravity which allows us to
parametrize the effects of Planck-scale physics. Then one searches for viable
and phenomenologically interesting models of inflation in supergravity setups
whose structure is inspired, for instance, by string theory.

Afterwards, we explain the motivations for considering inflation in string
theory in more detail and outline the major problems one faces in Sec. 2.4 We
will be particularly interested in models of warped brane inflation which are
among the best-understood examples of inflation in string theory.

Finally, in Sec. we give an outline of the structure of this thesis.
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2.1 A Short Introduction to String Theory

String theory aims at being a fundamental theory of nature capable of unifying
quantum field theory and gravity into a single framework. We have argued
above why inflation probes aspects of the UV completion of the effective field
theory by a theory of quantum gravity. As a candidate for such a theory, we
choose string theory. Given the limited amount of space, we try to be as brief
as possible and refer to the given references for more detailed explanations
and, in particular, to the textbooks [46752]E| For example, we will not discuss
the quantization of the string at all since we are interested in the effective
supergravity description.

2.1.1 Supergravity as the Low-Energy Limit of String
Theory

In field theory, the fundamental excitations are those of point-like objects (aka
particles) whose action is governed by the length of their world-lines. In string
theory, however, the fundamental object is a one-dimensional object — a string
— whose action is then governed by the volume of its world-sheet, i. e. by the
surface in space-time swept out by the moving string. The theory on the world-
sheet is a two-dimensional Conformal Field Theory (CFT) (cf. e.g. [62-65])
and the field content includes, in particular, the fields describing the embedding
of the string world-sheet into space-time.

Consistency of the theory, namely avoiding anomalz’esﬂ of the world-sheet
theory and the absence of tachyons in the spectrum, forces us to consider su-
persymmetric strings — superstrings — living in ten space-time dimensions (see
e.g. [46-52]). As it turns out, there are five distinct ways to formulate super-
string theory in ten dimensions involving closed and sometimes open strings.
The type II string theories involve closed strings and can have either a chiral
(type 1IB) or non-chiral (type IIA) spectrum [67,68|. The type I string theory
is a theory of closed and open strings since their world-sheets are required to be
unoriented [69H71]. Finally, there are the two heterotic string theories. These
are theories of closed strings which can be charged under either an SO(32) or
Es x Eg gauge group [72-74].

The only dimensionful parameter in string theory is the length of the strings
¢, which, in particular, sets the scale for the massive string excitations that have
masses at least of the order of /;!. Experimentally, we have a lower bound on

!Unfortunately, we have to leave out many interesting research areas in string theory to
which we could not do justice here. This includes topics such as M-theory [53H56|, F-theory
[57], understanding black hole entropy [58|, the string landscape [59] or cosmic strings |60,61].

2The word “anomaly” refers to the fact that a symmetry of the classical theory need not
be a symmetry of the full quantum theory. If this happens to a local symmetry, the theory
is inconsistent (cf. e. g. [66]).
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the string scale ;! > 4.00 TeV (95% C.L.) from searches at the LHC [75]. But
in principle, the string scale ;! can be anywhere from this bound up to the
Planck-scale ~ 101 GeV.

If we are looking for a low-energy description valid for energies £ < ¢!,
i. e. at energies where we cannot resolve the finite size of the string anymore,
we have to keep only the massless modes. The standard logic of effective field
theory dictates that we should integrate out all fields which are heavier than
a specified mass scale (see e. g. [76-79]). The effective theory is then obtained
as a series in Ff, < 1. But to get the lowest order terms in the effective field
theory for E < (;! the following argument provides a shortcut. The low-
energy description of the five string theories must preserve the two conditions
required for consistency — ten space-time dimensions and supersymmetry —
and include the graviton in its spectrum. Thus, the low-energy limit of string
theory is ten-dimensional Supergravity (SUGRA) and there are exactly five
such supergravity theories, one for each formulation of string theory [80-86].
To get the higher order corrections one has to work much harder. For instance,
one strategy to obtain the low-energy effective action would be to reconstruct
it from the S-matrix of string scattering amplitudes expanded in El; < 1 (see
e. g. [87./88] for the heterotic casdl).

Finally, two conceptually important comments are in order. First, since all
of the five string theories contain a closed string sector they also contain a
(massless) spin-2 state which acts as the graviton. This is why string theory is
considered as a candidate theory of quantum gravity [73}74,180.,97.98].

Second, string theory is intrinsically defined as a perturbative expansion in
terms of the string coupling g, which counts the number of “handles” of the
world-sheet (i. e. it is related to the topology of the world-sheet). The validity
of such an expansion requires g, to be small, but this is a non-trivial constraint
since the value of g, is dynamically determined by the theory (cf. e.g. [46/-
52|). The low-energy supergravity limit is then actually a double perturbative
expansion in small g; and /5. The string length ¢, controls the loop expansion
of the fields living on the string world-sheets whose different topologies count
the powers of g;.

2.1.2 Branes, Fluxes and the AdS/CFT-Correspondence

Branes

In addition to the one-dimensional strings, string theory contains also higher-
dimensional objects, so-called Dp-branes, on which open strings end [99-101]
(see also [102-104]). The name stems from the fact that the strings ending
on such a surface obey Dirichlet boundary conditions, . e. they are stuck to

3The same strategy can also be applied to four-dimensional string compactifications, see
for instance [89-96| for both, heterotic and type II string theory.
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this surface and may only move along it but not away from it. The number
p counts the number of spatial dimensions of these objects, i. e. a Dp-brane
is a (p + 1)-dimensional object. These objects are present for both type I and
type II theories. There are also similar objects, so-called NS5-branes, which are
present in all types of string theory and related to closed strings [105].

D-branes have become a basic ingredient of modern string theory compact-
ifications, in particular, because they introduce non-Abelian gauge symmetries
into the type II theories. That is, a D-brane has a non-Abelian gauge theory
living on its world-volume originating from the quantization of the open strings
which end on it. Typically, one obtains a U(NN) gauge group for a stack of N
D-branes all on top of each other, see e. g. [1025104].

Fluxes

In addition to the graviton and the dilaton, the bosonic field content of all of
the ten-dimensional supergravity theories contains p-form field strengths with
(p — 1)-form potentials. All supergravity theories contain the Neveu-Schwarz
(NS) 2-form field By with field strength Hs, but type IIA and IIB supergravity
contain also the Ramond-Ramond (RR) forms C,_; with field strengths F,.
The type ITA theory contains all the even p’s while the type IIB theory con-
tains all the odd p’s. These p-form field strengths are generalizations of the
electromagnetic field strength F, with a gauge field potential A, just with
more indices to antisymmetrize.

We can switch on non-trivial background values for these field strengths,
so-called fluxes. Branes act as sources for fluxes, but fluxes can exist also in the
absence of any sources. Moreover, the fluxes turn out to be quantized [106-108|,
i. €. the integral of I}, over a p-dimensional compact surface is quantized. Just
like D-branes, fluxes have become a standard ingredient of modern string theory
and we will explain soon why fluxes are particularly important for the issue of
moduli stabilization.

The AdS/CFT-Correspondence

D-branes are also the cornerstone of a recent important development in string
theory, the AdS/CFT-correspondence |109-112]. By looking at two different
ways to describe a stack of N. D3-branes in ten-dimensional flat space one
arrives at a surprising statement. Namely that two seemingly unrelated theo-
ries, N' = 4 SU(N,) Super-Yang-Mills (SYM) theory in four dimensions and
type IIB string theory on AdSs x S°, are dual to each other, i. e. that they de-
scribe exactly the same physics. One can make this equivalence precise in the
sense that there exists a dictionary (a one-to-one map) between the correlation
functions computed in one theory and those computed in the other.
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The idea of the AdS/CFT-correspondence is believed to be valid in more
general examples. This goes under the name of gauge/gravity duality, cf. e. g. [113~
115] and D-branes are useful to construct explicit examples.

The AdS/CFT-correspondence has triggered an enormous amount of work
using it as a tool to understand gauge theory dynamics at strong coupling.
By “strong coupling” we actually mean the limit of large t Hooft coupling
A = ¢2N. and large number of colors N, [116]. On the gauge theory side, this
corresponds to a limit where only planar diagrams contribute, while in the dual
gravity theory this corresponds to a limit where only weakly-coupled classical
(super-)gravity is taken into account. The converse is also true — when the
gauge theory is weakly-coupled, the dual gravity theory is strongly-coupled.
This very remarkable fact lies at the heart of the success of the AdS/CFT-
correspondence.

Let us very briefly mention a few important results and applications and
refer to the given literature for details and a more extensive list of references.
Perhaps the most striking result obtained from gauge/gravity duality is that
the ratio of the shear viscosity to the entropy density of a fluid takes a universal
value 1/(47) in the strong coupling limit [117-122]. One of the most important
applications of the AdS/CFT-correspondence is to QCD and the Quark Gluon
Plasma (see e. g. [123-126]). It has also helped to gain insight into scattering
amplitudes in N/ =4 SYM (see e. g. [127-129]) and models of strongly-coupled
electroweak symmetry breaking (see e. g. [21,[22]). Very recently gauge/gravity
duality was also applied to condensed matter systems [130-134].

In this thesis, we will make use of the AdS/CFT-correspondence in the
context of inflation. We consider inflation in scenarios which are a generaliza-
tion of the original AdS/CFT-correspondence. It involves backgrounds which
are confining in the IR, the Klebanov-Strassler solution [135]|. This is a super-
gravity solution dual to an N =1 SU(N 4+ M) x SU(N) gauge theory in four
dimensions. We will be concerned with the supergravity solutions [136] dual
to a state where the gauge theory is on the baryonic branch, i. e. to a state
where baryonic operators acquire non-zero expectation values. More precisely,
we will consider deformations of these supergravity solutions which are dual to
a one parameter family of deformations of the baryonic branch [137]. We add
a probe D3-brane to these backgrounds and study the induced potential.

2.1.3 Compactification and Moduli Stabilization

String theory “likes” to live in ten space-time dimensions which in particular
implies that gravity should live in ten-dimensions. But experiments measuring
deviations of the gravitational force from Newton’s law tell us that we live in
four space-time dimensions and put an upper bound on the size of any other
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spatial dimensions of the order < O(40 um) [138[139][] In other words, we
need to find an explanation why gravity “looks” four-dimensional even though
it fundamentally is not. To achieve this, six out of the nine spatial dimensions
of string theory have to be coiled up into something small — this process is
called compactiﬁcationﬂ

Let us denote the “typical” length scale of the compact extradimensions by
L. We can obtain an effective theory in four dimensions which is valid for ener-
gies E < L™ by performing a “dimensional reduction” (or Kaluza-Klein (KK)
reduction [142,/143]) from ten down to four dimensions. Dimensional reduction
is essentially a sort of a generalized Fourier expansion. Since the extradimen-
sions are compact, the momenta of particles along them are quantized. From
the four-dimensional point of view, this corresponds to an extra contribution
to the mass of the particle (as measured in four dimensions). For each field
one obtains a set of so-called KK modes which can be arranged into “tow-
ers” with increasing masses. The mass of the lightest KK mode is of the order
of L. This step is crucial to make contact with our four-dimensional world
and to understand the low-energy consequences of string theory. Note that
the resulting effective field theory in four dimensions is valid only for energies
FE < L7!' < (7. Nonetheless, the compactification is much easier described
in the effective ten-dimensional supergravity theory than in the world-sheet
theory.

There are many ways to compactify six dimensions and thus this is not an
unambiguous process. That is, the low-energy limit of string theory is not a
unique four-dimensional effective field theory. More importantly, the size and
shape of the compact space are a priori undetermined — they are controlled by
the expectation values of four-dimensional scalar fields, so-called moduli. The
overall volume of the compact space is always a modulus. For instance, in the
type IIB theory, the four-dimensional Planck-mass Mp is determined by the
volume Vy of the compact space asﬂ

Ve
92 /8"

s 7S

M2 ~

(2.1)

The Planck-mass Mp is fixed to be &~ 2 x 10'® GeV since we have measured the
strength of four-dimensional gravity, but the quantities on the right-hand side
are practically unconstrained.

Similarly, the moduli control also the size of other couplings in the low-
energy effective action such as gauge or Yukawa couplings. Hence, it is of utmost

4There are also bounds on extradimensions from e. g. collider physics [139]. However,
only gravity must necessarily propagate in all space-time dimensions — particles may live on
lower-dimensional branes. This is precisely how the hierarchy problem is solved in [12H14]
with large extradimensions.

°For an alternative suggestion using strongly-warped extradimensions see [140], which
can be realized in string theory along the lines of [141].

6The (reduced) Planck-mass Mp is related to the Newton constant as M2 = (87Gy) "



2.1. A SHORT INTRODUCTION TO STRING THEORY 13

importance to understand the potential for the moduli and, in particular, find
minima within the domain of validity of the effective theory. That is, we have
to understand the “stabilization” of moduli.

Unfortunately, the potential for the moduli obtained from just invoking
compactification is typically flat, i. e. the expectation values of the moduli are
completely undetermined since it does not cost any energy to change their
field values. That is, the moduli correspond to massless scalar fields in four
dimensions. However, massless scalar fields would mediate so-called fifth forces
which are excluded by experiments [144].

On top of these problems, there is also the cosmological moduli problem
[145-151]. Light moduli can cause a couple of severe cosmological problems. For
instance, late decays of moduli can spoil the successful predictions of BBN for
the production of light elements or lead to an overproduction of gravitinos (the
superpartner of the graviton). In practice, this means that they typically have
to be heavier than about O(30TeV). Thus, the cosmological moduli problem
puts constraints on the minima of the moduli potential, but of course we need
to find some minima in the first place.

There has been tremendous progress to identify mechanisms for moduli sta-
bilization, for instance the presence of non-trivial fluzes [152-155|, perturbative
corrections |156,157| and non-perturbative effects [158|. The two currently best-
understood scenarios are the “KKLT scenario” [40] and the “LARGE Volume
Scenario” (LVS) [159] in the context of “type IIB orientifold compactifications
with fluxes”[]

To put some more meaning into these catchphrases, let us try to understand
qualitatively what happens. What we need to do to stabilize the moduli is
“associate an energy cost to changing their field value”. In the case of fluxes
(of which one should think as “magnetic fields” along the internal (compact)
directions), the energy density stored in the flux depends on the values of the
moduli and thus deforming the compact space costs energy] Stabilization using
perturbative effects makes use of loop corrections involving massive particles
whose masses depend on the values of the moduli (e. g. KK modes with masses
depending on the geometry of the extradimensions), while non-perturbative
(instanton) corrections o e #/9" use the dependence of the gauge couplings ¢
on the moduli. In all three cases one generates a non-trivial dependence of the
effective potential on the moduli.

Generically, the presence of fluxes strongly warps the compactification
manifold, which introduces a dependence of the four-dimensional metric on the

"For reviews and many more references see |96,[160H163] (see also Chap. E[) and for a
systematic study of examples cf. [L641/165]. For recent attempts in heterotic compactifications
(without and with fluxes) see e. g. [166-170].

80ne may think of a sphere whose radius R we interpret as a modulus and put a magnetic
field on the surface of the sphere. The energy density stored in the magnetic field depends
on R.
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position in the extradimensions characterized by a warp factor, see e. g. |96,
160H163|. In type IIB, there are certain situations in which this backreaction
is rather “mild” in the sense that the metric of the compact directions changes
also only by introducing an overall warp factor.

To conclude this short introduction to string compactifications, we would
like to very briefly comment on the status of two important aspects of string
phenomenology which are also connected to the issue of moduli stabilization.
Namely, the construction of potentially realistic low-energy field theories and
the string theory version of solutions to the hierarchy problem. Both of which
are important to make contact with low-energy particle physics. The ambition
of string theory is to unify the concepts of gravity (in the form of general
relativity) with quantum field theory (in the form of the SM), i. e. to provide
a UV completion of the SM.

Constructing MSSM-like Models One of the major goals of string phe-
nomenology is to find compactifications whose low-energy spectrum is as close
as possible to the spectrum of the Minimally Supersymmetric Standard Model
(MSSM), see e.g. [171]. For instance, we would like to find the low-energy
gauge group of the SM, SU(3)c x SU(2);, x U(1)y, or a gauge group such as
SU(5) or SO(10) which contains the SM gauge group if one pursues the idea of
grand unification. In addition, there should be matter fields in the appropriate
representations to accommodate quarks and leptons as well as the Higgs.

Even though one starts with supergravity in ten dimensions, requiring that
one preserves some amount of supersymmetry in four dimensions in the pro-
cess of compactifications places some constraints on the structure of the inter-
nal space, see e. ¢. |98,[172H174]. A class of six-dimensional spaces which fulfills
these constraints are so-called Calabi- Yau (CY) 3-folds (see e. g. [175,176]) and
for this reason they have become a standard ingredient in string compactifica-
tions.

There has been a great amount of progress in finding potentially realistic
models, especially in the last decade. For our purposes, it is important that it is
quite plausible that something similar to the MSSM can arise from string theory
(recall that one of our motivations is to realize inflation in the matter sector).
For some examples in the heterotic case (with only the MSSM spectrum) see
[177-187] and for the case of type II theories cf. the reviews [95]96,/188-190]
and the references therein [l

Solutions to the Hierarchy Problem Assume we find some realization of
the SM in string theory. Since string theory aims at being a theory of quantum
gravity, it should have some answer to the hierarchy problem.

9For an estimate of the probability to find MSSM-like models with intersecting D-branes
in toroidal orientifolds see [191] and for MSSM-like GUT models in the context of F-theory
see [190,/192,/193|.
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As it turns out, the subject of moduli stabilization is intimately connected
to a string theory solution of the hierarchy problem. We can in principle find
string theory versions of all the aforementioned solutions.

e Low-Energy Supersymmetry: Supersymmetry solves the hierarchy
problem by cancellations between the loops involving fermions and bosons
if it is broken at low enough energies ~ O(TeV). Moduli stabilization
generically requires spontaneous supersymmetry breaking and thus the
moduli comprise a hidden sector. How this breakdown of supersymmetry
is mediated to the visible sector depends on many details, but gravity
mediation often contributes significantly. For studies in the KKLT sce-
nario see e. g. [194-199] and for recent studies in the context of heterotic
orbifolds see e. g. |166.[200].

e Large Extradimensions: In the ADD scenario of large extradimen-
sions [12H14] four-dimensional gravity appears weak compared to the
other forces but only because it is “diluted” in the large volume of the ex-
tradimensions. A very large volume of the extradimensions is what gives
the LARGE Volume Scenario [159] its name and by exploiting Eq. (2.1))
we can lower the string scale to ¢;1 ~ O(TeV). This would have fas-
cinating implications such as the possibility to discover strings at the
LHC [201-208|.

e Warped Extradimensions: In the RS scenario [15], one solves the hi-
erarchy problem via “gravitational redshift” using a strongly warped ex-
tradimension. A string theory version of this scenario has emerged from
compactifications with fluxes [155] involving a warped throat [135]. Suffi-
ciently strong warping seems possible on statistical grounds [209).

Thus, string theory does in principle contain the ingredients necessary to
find the SM and to solve the hierarchy problem. Of course putting everything
together, 7. e. combining a realization of the MSSM and a solution to the hier-
archy problem within a fully stabilized compactification is very challengingm
So far, no fully realistic, explicit and compelling model with a realistic low-
energy spectrum, a viable phenomenology and cosmological evolution and so
on has been constructed. But one has found a variety of promising mechanisms
by which moduli can be stabilized and ways to realize the MSSM spectrum.
Hence, there is hope to find realistic compactifications.

2.2 Motivation for Inflation

Cosmic inflation |4-7] is a paradigm solving many problems related to the
standard hot big bang cosmology by assuming a phase of rapid accelerated ex-

10Also sometimes some tension may arise, for instance, between moduli stabilization and
chirality in the type IIB context [210] (but see [211]).
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pansion in the very early universe. Specifically, it addresses the horizon problem
and the flatness problem. In addition, it provides a seed for structure formation
via quantum fluctuations of the so-called inflaton field. Let us now review these
problems and their solution by inflation one by oneE|

The Horizon Problem

On very large scales, the universe is well-approximated by a homogeneous and
1sotropic space. Therefore, the space-time is characterized by a scale factor
a(t) which encodes the relative size of space-like slices at fixed times and thus
encodes the expansion of the universe. The characteristic scale of these space-
times is set by the expansion rate (or Hubble scale)

H

I1l
2 e

(2.2)

The time-evolution of the expanding space-time is determined by the Einstein
equations from the energy density p(t) stored in all forms matter. In the hot big
bang scenario, at early times the universe is dominated by radiation (i. e. rela-
tivistic particles) and then undergoes a transition to a universe dominated by
non-relativistic matterEl Without going into the technical details, this implies
a time-dependence a(t) ~ t* for some a < 1 and therefore H(t) ~ ¢t~! always
decreases with time.

In other words, for radiation and non-relativistic matter, gravity always
decelerates the expansion, ¢ < 0. Consequently, the size of the particle horizon
is determined by d(t) ~ H~! ~ t which increases with time.

Today, at tg, a patch of the size d(ty) ~ to must be homogeneous and
isotropic. Now going back in time we encounter a serious problem. Namely,
our entire observable universe today seems to originate from many causally
disconnected regions, the number of which keeps increasing the further we go
back in time. This is because in a decelerating universe the patch of size d(tg)
is scaled down while the maximal size of a causal region is at most £, ~ t at
any given time since this is the maximal distance light can travel. Therefore,
the observed homogeneity and isotropy of our universe would require a huge
amount of fine-tuning of the initial conditions — this is the horizon problem.

Inflation being a phase of accelerated expansion, d > 0, solves this problem
since the particle horizon is forced to shrink during this phase. As a conse-
quence, the universe could have been created out of a single causal patch if a
sufficiently long phase of inflation took place in the very early universe.

UFor technical details and further explanations see Chap. [3{and [24{27].

12We have evidence [23}212] that there has been yet another transition to a universe
dominated by “dark energy” or a “cosmological constant”. However, this phase is irrelevant
for the sake of the arguments in this section.
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Now what does “inflation lasted sufficiently long” mean? Quantitatively,
one expresses this in the number of e-folds N, which is defined by

tend

No(t) = In Zend — / H(t) dt. (2.3)

“Sufficiently long inflation” typically means that inflation should have lasted
long enough to produce roughly N, 2 60. Hence, this corresponds to a relative
growth of the universe by at least a factor of €% ~ 10%¢!

The Flatness Problem

The second problem of the hot big bang cosmology is that the universe appears
to be spatially flat on large scales. This again translates into a large fine-tuning
of initial conditions. Let us try to understand why.

Defining a “critical” energy densityEl Perit = 3H2M?% and the ratio of the
total energy density p(t) to the critical energy density peit, 2 = p/perit, one
can show that the following equation must hold:

Q) — 1= ((ﬂ’f{)z . (2.4)

Here, k is a measure of the spatial curvature of space-like slices.

In the hot big bang evolution one has (aH)*1 increasing with time. That
is, the quantity |2 — 1| must diverge with time and thus € = 1 corresponds
to an unstable fixed point. That is, even if we start very close to 2 = 1 at
early times, the time evolution drives us away from this value at later times.
To have a nearly flat universe such as the one we observe today, i. e. a universe
which has Q(ty) ~ 1, would therefore require a huge amount of fine-tuning of
the initial condition for {2 at early times. This issue is commonly referred to as
the flatness problem.

Inflation solves this problem automatically since for an accelerated expan-
sion the quantity (a’l—{)_1 shrinks with time. Hence, the system is dynamically
driven towards a spatially flat universe with 2 ~ 1 at late times. This can be
understood also by considering the length scale at which spatial curvature be-
comes important, the physical curvature scale Rpnys(t) = a(t)|k|7/2. Increasing
the scale factor a(t) by a large amount during inflation also increases Rphys by
a large amount. Hence, the universe can become practically flat today.

BFrom Eq. (2.4) one can see that the critical energy density essentially measures the
energy density which corresponds to a spatially flat universe (k = 0) at a given time t.
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A Seed for Structure Formation

Gravitational collapse of small initial inhomogeneities is a nice explanation
how all the structure we observe in the universe, i.e. all the stars, galaxies
and galaxy clusters, could have formed. However, this explanation requires an
initial seed for structure formation. To account for the structure we observe
today, the initial inhomogeneities dp of the energy density on galactic scales
must have had a density contrast dp/p ~ 107°.

The horizon and flatness problems are solved by inflation automatically
by the accelerated expansion. Does inflation provide also an initial seed for
structure formation? As it turns out it does: inflation has a particularly ap-
pealing mechanism to address this issue by quantum fluctuations [8-11|]. The
accelerated expansion then stretches these small-scale quantum fluctuations
to macroscopic scales. This picture lies at the heart of the success of cosmic
inflation. One can perform a detailed calculation and predict the statistical
properties of the initial perturbations which are in very nice agreement with
the data from observations of the CMB and of the large-scale structure of our
universe [23].

An interesting signature of inflation are gravitational waves. Similar to
the spin-0 inflaton fluctuations which translate into density perturbations, one
can produce spin-2 fluctuations which correspond to gravitational waves. The
PLANCK satellite is an experiment searching for a signature of gravitational
waves in the CMB.

2.3 Inflation in Supergravity

Inflation is a paradigm, not a concrete theory, and thus there are many different
models in which a phase of accelerated expansion can arise. The standard
approach to building a model of inflation is slow-roll inflation, where a scalar
field ¢ slowly rolls down its potential, i. e. the potential energy dominates
over the kinetic energy, V(¢) > ¢2. Virtually any potential which fulfills the
conditions given below in Eq. will do the job.

Roughly, we can classify slow-roll inflation models into small-field and
large-field models according to whether during inflation ¢ travels over a dis-
tance A¢p < Mp or A¢p > Mp in field space, respectively. This essentially is a
distinction by whether the model will produce observable gravitational waves
or not [213|. The prototypical examples for models of inflation are (large-field)
chaotic inflation |214] and (small-field) hybrid inflation [34].
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2.3.1 The Eta-Problem

Frustratingly, inflation is very effective in washing out signatures of high-energy
physics (e. g. relics from a GUT-scale phase transition). But the n-problem
does provide us with some (indirect) information about physics at very high
energies. Therefore, let us now discuss the n-problem in a bit more detail from
an effective field theory point of view.

To sustain inflation over a “sufficiently long” period of time, 7. e. sufficient to
solve the horizon and flatness problems, the potential must be very flat. The
flatness is measured in terms of the slow-roll parameter € and 7, €, |n| < 1,
which are obtained from the derivatives of V' as

M3 (V' SV my
— | = =Mp—~ —> 2.5
=22 (V) m=amiia g (2.5)

where H? =~ V/(3M?3) is the expansion rate of the universe.
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Figure 2.1: Hierarchy of energy scales in the effective field theory of inflation.

Now suppose we have an effective field theory (EFT) for inflation with a
cut-off scale A determined by the mass of the lightest field which is not part of
the low-energy spectrum and has been integrated out (see Fig. . Such an
approach requires a hierarchy of energy scales my < H < A. However, in the
absence of any symmetry protecting it, the mass of any elementary scalar is
driven towards the cut-off. That is, a small inflaton mass m, < H is radiatively
unstable and quantum corrections generically yield a large correction. Thus,

2
my

= >

because we need the cut-off to be at least A 2 H.

One example for degrees of freedom we have integrated out are those which
are relevant to render graviton-graviton scattering meaningful at very high
energies. From the point of view of the low-energy effective field theory, we
can parametrize their impact by adding higher-dimensional operators which
are suppressed by the Planck-scale Mp. Now the flatness of the potential is
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particularly sensitive to Planck-suppressed dimension-6 operators of the fornﬂ

06 _ 04 2
A (2.7)

If (O4) ~ V, such terms yield dangerous contributions An ~ 1.

For the other slow-roll parameter, €, the situation is less problematic. The
largest contributions would arise from dimension-5 operators of the form

e
YA ea (2.8)

but such operators can be forbidden by a discrete Z, symmetry which renders
it somewhat less problematic. This is not possible for the contributions of the

form in Eq. (2.7).

The phrasing of the n-problem with Planck-suppressed dimension-6 oper-
ators is precisely what happens in the context of supergravity models of in-
flation. During inflation supersymmetry must be broken, the amount of which
is determined by the vacuum energy driving inflation, (F%) = SM2H? = V.
Generically (aka using gravity mediation), this induces masses for the scalars
of the order

(Fix)
m ~

P

~H. (2.9)

This is the essence of the supergravity n-problem [37-39] where a contribution
of this form induces also an inflaton mass my4 ~ H, thereby posing a serious
threat to inflation.

2.3.2 Solutions to the Eta-Problem in Supergravity

Because of the n-problem described above, inflation in supergravity requires
either some tuning of the parameters, an accidental cancellation or an addi-
tional (approximate) global symmetry protecting the inflaton. Actually, this is
true for all models of inflation since the above reasoning applies to any model
of slow-roll inflation. But supersymmetric models of inflation do have some
advantages. For example, the required tuning tends to be somewhat less severe
than in a generic effective field theory since supersymmetry still takes care of
some part of the dangerous quantum corrections. Moreover, supersymmetry
often helps to ensure a “technically natural” [215] effective action for the infla-
ton (see e.g. [216,217]). The discussion below is presented with supergravity
models in mind, but actually it essentially carries over straightforwardly to
non-supersymmetric models of inflation.

14This is in full analogy to the relation between Fermi’s theory of 3-decay an the elec-
troweak theory with W-bosons. In the limit £ < Myy, we can integrate out the W-bosons
and obtain an effective theory with four fermion operators of the form 111) /M3, . To render
this theory meaningful at energies F ~ My, we have to introduce the W-bosons.
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Accidental Cancellations and Tuning of Parameters

In some circumstances, there can be accidental cancellations between model-
dependent terms in the supergravity potential. For instance, this is what hap-
pens in the standard realization of F-term hybrid inflation in supergravity
[218-220]. However, this cancellation only works if some assumptions about
higher order corrections of precisely the form in Eq. are made. For mod-
els of inflation where the field values are always below Mp, which is the case
in hybrid inflation, one can perform an expansion in ¢;/Mp. In this way, one
can quantify the required tuning of the parameters, see for instance [221-224].

Approximate Global Symmetries

By far the most popular way to get rid of the n-problem in field theory is to
assume the existence of a global symmetry which protects the inflaton direction.
The most prominent example is a continuous global shift symmetry under which
the inflaton ¢ transforms as ¢ — ¢+ a and which is only weakly broken by the
potential V' (¢). This type of symmetry is powerful enough to forbid dangerous
terms of the form Eq. . Note that for models of chaotic inflation where
A¢ > Mp a symmetry is the only option to render the inflaton potential
“technically natural” since a tuning of coefficients in an expansion is impossible.
There are many models of supergravity inflation with a shift symmetry on the
market belonging either to the chaotic or the hybrid case, for some examples
see e. g. [35,216},225-232].

2.4 Inflation in String Theory

Unfortunately, the above solutions to the n-problem are not the end of the
story. The reason is that essentially both ways “solve” the problem somewhat by
assumption. In the case of the fine-tuning of parameters it is by no means clear
that the favorable choices of parameters are consistent with a UV completion
of the theory by quantum gravity.

In the case of symmetry solutions to the n-problem, the situation is a bit
more subtle. Proposing a shift symmetry for the inflaton is basically equivalent
to identifying the inflaton with the Pseudo-Nambu-Goldstone-Boson (PNGB)
of a spontaneously broken global U(1) symmetry. The conceptual problem
with this approach is that on fairly general grounds one can argue that a
“generic” theory of quantum gravity does mot respect any continuous global
symmetries |233-238]. Thus, using a symmetry to forbid operators of the form
in Eq. places strong constraints on a UV completion of such a model. For
instance, models with a controlled shift symmetry even for large field values
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have been found only recently in string theory [2397241|E|

Since string theory is currently the best-developed candidate for a theory
of quantum gravity, it is of course interesting to look for models of inflation in
string theory. It is in principle possible to compute corrections to the inflaton
potential and hence one may test whether the assumptions made on the UV
completion in an effective field theory model can be fulfilled in string theory.

Conversely, inflation provides us with a window to probe some aspects of
string theory. For example, one may hope to be able to constrain the compact-
ification. Together with other constraints from e. g. finding a viable low-energy
phenomenology this could help to reduce the vast number of possible compact-
ifications. Thus, it is worthwhile to study inflation (and also more general ideas
in cosmology) from a string theory point of view.

Inflation is notoriously difficult to achieve in string theory mostly due to
the issue of moduli stabilization. Even though one often finds nice structures
for some fields which seem to solve the problem, as soon as moduli stabilization
is included one usually finds corrections which ruin slow-roll inflation. Nonethe-
less, there are sometimes favorable structures present in the beginning and one
can try to expand around these.

From the point of view of bottom-up model building in four-dimensional
supergravity, there are not many constraints on the form of the action. But the
structure of four-dimensional supergravity theories obtained from string theory
is much more restrictive. Therefore, we can use string theory as an inspiration
(or motivation) for deciding which terms to write down. In this way, we obtain
a string-inspired (or string-motivated) effective supergravity theory. This is the
spirit of the approach we pursue in Part [[T]] of this thesis.

2.4.1 Interplay between Inflation and Moduli
Stabilization

As we mentioned in our motivation, there is an important interplay between
inflation and moduli stabilization. We will now explain this interplay and its
implications in a bit more detail.

Moduli Stabilization and the Eta-Problem

For slow-roll inflation to occur, there should be in particular no runaway direc-
tion for any of the fields and thus the moduli must be fixed in some minimum.
Moreover, we will throughout this work require that all fields except the in-
flaton acquire masses of at least m 2 H. That is, we assume only a single
field ¢ is dynamically relevant during inflation, i. e. has a mass m, < H. Note

15For interesting recent attempts of “low-energy solutions” of the n-problem see |242}[243].
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that this is not required by any physical argument, but just serves to simplify
the effective field theoryEl Therefore, we have to adjust the parameters in the
effective potential for the moduli fields accordingly/"]

Upon integrating out all the fields with masses m = H, in particular all the
moduli, we obtain the effective potential for our inflaton candidate ¢. By the
same logic we used to arrive at Eq. , integrating out the moduli generically
induces corrections to the inflaton potential. These corrections are particularly
dangerous for moduli which are stabilized non-perturbatively via the superpo-
tential. Thus, a solution to the n-problem is always intimately connected to
the physics of moduli stabilization.

Moduli Destabilization by Inflation

When the issue of moduli stabilization is discussed in conjunction with infla-
tion, however, another severe problem emerges. Namely, the very presence of
an inflationary sector may destabilize the moduli [43-45], i. e. destroy their
minimumﬂ To avoid this destabilization, one often finds an upper bound on
the Hubble scale during inflation in terms of the present-day gravitino mass,

Hine < myy™ (2.10)
But in order to solve the hierarchy problem with supersymmetry one typically
needs mg/; ~ O(TeV) and thus the scale of inflation is bound to be very small,
much below the scale required for many model building approaches (and also
very much below observational sensitivities for gravitational waves).

Basically, the above tension arises since there is effectively only one scale
in the problem, which sets both the gravitino mass today and the height of the
barrier towards decompactification [40|,45|. Typically, inflation in such a setup
induces a runaway-type of potential, in particular, for the modulus controlling
the overall volume. Thus, if the contribution from inflation becomes too large,
the barrier and hence the minimum disappear. We will explain this in more
detail in Sec. in a concrete setting.

2.4.2 A Brief Overview of Some Possibilities

Scalar fields are abundant in string theory compactifications. We have already
introduced the notion of geometric moduli controlling the size and shape of

16For observable effects of additional fields with m ~ H (which is generic in supergravity)
see e. g. |2441245] and for an introduction into multi-field inflation see e. g. [246].

17Strictly speaking, all of these parameters should be computed from an explicit under-
lying string theory compactification. However, in practice, one typically treats them as free
parameters and varies them within a reasonable range. In this way, one places constraints
on possible compactifications.

8For earlier work discussing problems of moduli related to inflation, cf. e. g. [247-249].
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the compact space. In addition to these, there are also axions — pseudo-scalar
fields which receive a potential only via non-perturbative corrections. And as if
these were not enough there are also the (relative) positions of D-branes inside
the compactification which show up as scalar fields.

In the following, we give an incomplete and very brief overview of some

string theory approaches to inflation. For recent reviews on string theory models
of inflation cf. e. g. [250-252| and the textbook [253].

The existing proposals can be classified according to whether the inflaton
resides in the closed string or in the open string sector of the theory. The
discussion below is focused on type IIB models of inflation since in this situation
the problem of moduli stabilization is arguably best-understood at present.

With respect to solving the n-problem, the idea in the models below is to
either find an underlying mechanism to protect the inflaton from dangerous
corrections (which happens rarely) or to find a way to systematically write
down all the possible corrections, albeit with in general unknown coefficients.

Closed String Inflation

Inflation in the closed string sector means to either identify the inflaton with
a modulus or an axion. The models in this class are typically stringy versions
of the chaotic inflation scenario.

Kahler Moduli Inflation After invoking fluxes to stabilize many geometric
moduli and the dilaton with large masses, only a certain class of moduli, so-
called Kdhler moduli survive as light fields. There is always at least one of them
which controls the overall volume V.

The success of these models in solving the n-problem relies crucially on
the structure of the manifolds which allow for the LVS scheme of moduli sta-
bilization [159]. The large volume Vg of the compact space helps to suppress
potentially dangerous corrections, together with a cancellation. In this setup,
the inflaton potential can be systematically expanded in powers of 1/Vs. The
precise structure of the terms often requires an educated guess [157,[254}255]
and the coefficients of the terms are in general unknown. For examples of this
class see e. g. [256-259).

Axion Inflation Axions are a priori nice candidates to realize inflation since
at the perturbative level they enjoy a continuous shift symmetry ¢ — ¢ + «
which is broken to a discrete subgroup by non-perturbative effects. This is the
idea of natural inflation [260|. The flatness of the potential is then controlled by
the axion decay constant f. What one would like to have is f > Mp, but this
does not seem to be possible for axions arising in string theory which have f <
Mp |261,262|. Several solutions have been proposed to overcome this problem
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and still solve the n-problem. For instance, to invoke a second non-perturbative
correction and fine-tune the coefficients [263,264], to consider N-flation which
uses a large number of axions and considers the collective excitation of all
the axions as the inflaton [265267] or to use a monodromyl’] which enhances
the effective range of field values protected by the shift symmetry in a subtle
way [239H241].

Open String Inflation

Inflation in the open string sector amounts to identifying the inflaton with the
position of a D-brane in the compact internal space which corresponds either
to the distance between two D-branes or the distance between a D-brane and
an anti—D—braneEl The models of this class are typically a stringy version of
hybrid inflation.

The models we briefly mention here use D3 and D7-branes both of which
always span all four external (non-compact ) directions and the D7-branes are
in addition extended along four other internal directions in the compact space.

D3-D7 Inflation As the name suggests, this model identifies the distance be-
tween a D3 and a D7-brane with the inflaton and the D3-brane is attracted
towards the D7-brane. These models feature a geometrically realized shift sym-
metry [268], i. e. its existence is tied to a special form of the compact space.
However, this shift symmetry is broken upon including string-loop corrections
and non-perturbative moduli stabilization and the model requires some fine-

tuning to work [42] ]

Fluxbrane Inflation (or D7-D7 Inflation) This model is conceptually sim-
ilar to the D3-D7 setup, but uses two D7-branes which attract each other
in the transversal directions due to the presence of world-volume gauge flux
(i. e. “magnetic fields” along the internal directions of the D7-brane) [270]. An
advantage of this class of models compared to D3-D7 inflation is that it yields
a larger field range for the inflaton and that constraints from the formation
of cosmic stm’ngﬂ seem easier to fulfill. Some tuning is required to make the
model work (related to a large volume) and the corrections from moduli stabi-
lization have not been systematically explored yet.

19The basic idea of a monodromy is that by going around in a loop in configuration space
we do not end up at the point we started. A useful simple example of this effect is a spiral
staircase on which we move around the center by 360° along the angular direction.

20Recall from Sec. that D-branes source fluxes. Similar to the electromagnetic case,
there are “positively” and “negatively” charged objects, D-branes and anti-D-branes.

2'Within a similar setup, it was proposed in |269] to identify the inflaton with a combina-
tion of an axion and the brane position.

22The formation of cosmic strings at the end of inflation is a generic problem in many
models of hybrid inflation [60,/61] (see [271] for a recent review).
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Warped D-brane Inflation The original proposal for warped D-brane infla-
tion [272], or more precisely “D3-anti-D3-brane inﬂatiorﬁ in a warped throat”,
attempted to achieve a sufficiently flat potential by making use of a strongly
warped geometry. Unfortunately, as it turned out, this is not the leading con-
tribution to the inflaton potential [272] precisely because of moduli stabiliza-
tion. However, a lot of information is available in some cases which has trig-
gered a systematic study of various corrections in this class of models, see
e.g. [41,279H296]. As a result, the structure of the corrections to the inflaton
potential and their impact on the n-parameter has been determined, albeit
with a priori unknown coefficients. Using this knowledge, one can study the
system quantitatively in a statistical approach [295,296]. The generic picture
of a working inflationary model in this class is that there is an inflection point,
i. e. a point where V" changes sign and V"’ is also small. This inflection point
arises by chance because of cancellations between various terms.

In this thesis, we will focus on models of inflation in the open string sector
and more specifically on the warped D-brane inflation scenario. The motivation
for this is twofold. First, by having inflation in the open string sector, one may
expect more flexibility in the sense that the tunings required for stabilizing the
geometric moduli and those required to yield succesful inflation are separated.
Second, we choose the warped D-brane inflation scenario since it has been
more widely studied and seems to be applicable in more general situations. In
Part [[V] of this thesis, we will consider a version of warped D-brane inflation
in a particular class of ten-dimensional warped backgrounds.

2.5 Outline

In this thesis, we explore new approaches to the problem of moduli destabi-
lization and the n-problem, and to realize inflation in the matter sector. The
remaining parts of this thesis are organized as follows.

In Part [T, we review the basics of some assorted topics at a technical level
and collect some facts and results which might be useful for understanding the
main part of this thesis. We begin with slow-roll inflation (Chap. , writing
down 4d supergravity actions (Chap. {4) and their application to some simple
models of inflation in supergravity (Chap. . Then we introduce the basics of
moduli stabilization (Chap. @ and of warped geometries (Chap. @ as well as
their application to warped D-brane inflation (Chap. . Finally, we turn to
the 4d effective supergravity action of heterotic orbifolds (Chap. E[)

The main body of this thesis is split into two parts. In the first part,
Part. [[TT} we pursue a bottom-up approach and consider some interesting su-
pergravity models whose structure is motivated /inspired by string theory.

ZFor earlier work on brane anti-brane inflation see [273-278].
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In Chap. we discuss a new solution to evade the aforementioned bound
on the Hubble scale during inflation, Eq. , which allows us to success-
fully combine high-scale inflation and low-energy supersymmetry breaking. It
is based on using two different mechanism for moduli stabilization during and
after inflation. We demonstrate this new solution first in an explicit example
using a shift symmetric model of chaotic inflation and a KKLT mechanism for
moduli stabilization and then in a less explicit example where we replace the
KKLT setup by a more general one.

In Chap. [L1] we perform a generalization of the inflation models of [297],
which use gauge non-singlet matter fields, to a much broader class of genuine
models of matter inflation in supergravity. These models belong to a particular
class of hybrid inflation models dubbed “tribrid inflation”. This class of mod-
els is well-suited for solving the n-problem by some symmetry property [38].
We discuss moduli stabilization and the possible sources of corrections to the
inflaton potential from an effective supergravity point of view.

We outline how to embed this class of matter inflation models into the
framework of heterotic orbifold compactifications in This particular class
of compactifications is chosen because of a certain structure (a “Heisenberg
symmetry”) which helps to solve the n-problem and is present in the tree-level
Kahler potential. We propose a new way to stabilize some of the moduli during
inflation using supersymmetry breaking contributions to the inflaton potential
driven by matter fields. We again discuss moduli stabilization and some sources
for an inflaton slope in this setup.

In the second part, Part [[V] we make use of some very recently obtained
warped throat geometries. We first review these backgrounds in Chap. in
particular, how they are obtained using a solution generating technique and a
master equation. We then discuss their application in the context of warped
D-brane inflation in Chap. [[4] This is a top-down approach to inflation and,
as we will explain, an inflection point arises very generically in these models.
Using some approximate scaling behaviour, we show that realistic values for
the inflationary observables can be obtained.

Finally, we give our conclusions in Part[V]and present an outlook of further
directions of research. The appendix, Part [VI] contains some information about
notations and conventions used in this thesis and some useful formulas.
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CHAPTER 3

Slow-Roll Inflation

The first concept we need to introduce is slow-roll inflation. This term refers
to a phase of accelerated expansion which is controlled by a scalar field slowly
rolling down its potential, the “inflaton”. During the accelerated expansion, the
energy density of the universe is then dominated by the potential energy of the
scalar field(s).

This phase ends when the inflaton picks up speed and subsequently starts
to oscillate around a potential minimum. Subsequently, the inflaton decays
and there is a transition to a radiation dominated universe which is commonly
called reheating.

We begin by deriving the Friedmann equations which describe the evolution
of a homogeneous and isotropic universe in Sec. In Sec. 3.2} we summarize
some observational evidence in favor of the concordance or ACDM model (with
wy fixed from the data). We review slow-roll inflation in Sec. 3.3} In particular,
we define the slow-roll parameters €, in terms of the slope and the curvature
of the potential. Next, in Sec. [3.4] we review a few results on the perturbations
generated by inflation, which leads to predictions for the observed CMB spec-
trum. Finally, we illustrate the setup in a simple but very explicit example of
chaotic inflation in Sec. 3.5

The discussion presented in this chapter follows [27]. For textbook treat-
ments of inflation see for example [24-26].

3.1 Friedmann-Robertson-Walker Universe

We are interested in the cosmological evolution of the universe on very large
scales, where we can assume homogeneity and isotropy. A space is homogeneous
if it is translationally invariant, . e. the same at every point, while a space is
isotropic if it is rotationally invariant, 7. e. the same in every direction. Any
space which is everywhere isotropic is necessarily also homogeneous. However,
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the converse is not true. Consider e. g. a space filled with a uniform electric field
which is translationally invariant but breaks invariance under rotations. It can
be shown that such spaces are described by the Friedmann-Robertson- Walker
(FRW) metric

dr?

2 2 2

+ 7% (d6® + sin*0 d¢2)) : (3.1)
Here, the scale factor a(t) encodes the relative size of spacelike hypersurfaces at
different points in time. The parameter k is related to the (sign of the) spatial
curvature of these hypersurfaces. Expansion of the universe corresponds to a
growth of the scale factor a(t).

An important quantity characterizing the FRW spacetimes is the expansion
rate or Hubble paramater, '
a
= —. 3.2
! (32)
‘H sets the fundamental scale of the FRW universe. For example, the charac-
teristic time and length-scales are given by t ~ H™! and d ~ H™! (in units

where ¢ = 1).

The dynamics of the FRW universe is governed by the Einstein equations,
1
Gv = Ry — 59 R = M} T, , (3.3)

where g, denotes the spacetime metric while R, and R denote the Ricci tensor
and Ricci scalar, respectively, which describe the curvature of space time, and
M2 = 8rGy is the Planck mass. The right hand side is the energy-momentum
tensor associated with all forms of “matter” in the universe. Here, we assume
T, to be a homogeneous and isotropic fluid and thus in a frame comoving with
the fluid we may choose u* = (1,0,0,0) such that

p 0 0 0
0 —p 0 0

=10 o —p 0| (3.4)
00 0 —p

where p and p denote the energy density and the pressure in the rest frame
of the fluid, respectively. The Einstein equations then take the form of two
coupled, non-linear but ordinary differential equations often referred to as the

Friedmann Equations:
N 2
a p k

and . 1
H+H2:g:—6(p+3p), (3.6)

with dots denoting derivatives with respect to t. Note that these Eqs. already
tell us something very interesting: In an expanding universe (a > 0) filled with
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ordinary matter — satisfying the strong energy condition p+3p > 0 — Eq.
implies that a < 0, i.e. the expansion decelerates. Most importantly, this indi-
cates the existence of a singularity in the finite past, i. e. a(t = 0) = 0. However,
such a conclusion requires General Relativity and the Friedmann Equations to
be valid all the way down to arbitrarily small length scales (or correspondingly
arbitrarily high energies). Thus, it is more likely that the singularity signals
the break down of General Relativity and the necessity to develop a quantum
theory of gravity.

By assuming an equation of state of the form

pP=wp, (3.7)

and assuming a flat universe (k = 0), we can solve the equations for the time
evolution of the scale factor:

752/3(1+w) f -1
alt) { orw# —1,

3.8
ettt for w=—1. (38)

w | pla) | a(t)

MD| 0 |a® |3
RD | § | a* | 2
A | —1] a | e

Table 3.1: FRW solutions for a spatially flat universe (k = 0) and dominated either
by non-relativistic matter (MD), radiation (RD) or a cosmological constant (A).

To describe more realistic systems, such as our current universe, it is nec-
essary to allow more than one species of matter to contribute significantly to
the energy density and pressure. In this case, p and p refer to the sum of all

components, 1. e.
P:Zm, P:sz‘- (3.9)

It is convenient to define the quantities €); at the present time ¢, as the ratio of
the current energy density p;(to) to the critical energy density pey = SHEME,
1. €.

Perit

with the scale factor normalized such that ag = a(ty) = 1. The critical energy
density is the energy density required to have a spatially flat universe. Each of
the species has an equation of state of the form
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and thus we can write the Friedmann Equation, Eq. (3.5)), as

2
0 i
where Q) = —k/a?H3. Evaluating this equation at ¢ implies the consistency
relation
Qi+ =1, (3.13)
while evaluating Eq. (3.6) yields
1 d20,0 1
5 = —= > (1 +3w;). 3.14
aZHE dp? 2; (1+ 3wi) (3.14)

Before we discuss how to realize a phase of inflation dynamically in Sec.
we briefly review a few observational results on the parameters €2; and € for
a particular cosmological model in the next section.

3.2 The Concordance Model
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Figure 3.1: Constraints on the vacuum energy density {25 and spatial curvature
parameter (2 from a combination of CMB and LSS observations (left three figures
taken from ) . This provides evidence for a spatially flat geometry of our universe.

However, note that the constraint depends on assumptions about the dark energy
equation of state parameter wy (rightmost figure taken from ).

Observations of the Cosmic Microwave Background (CMB) are well-described
by the so-called “concordance model” (or ACDM model). It contains four com-
ponents of “matter”: radiation (rad), atoms (or “baryons”, b), (cold) dark matter
(dm) and vacuum energy (or dark energy, A) with wy & 1. Combining probes
of the CMB such as the WMAP experiment with Large-Scale Structure (LSS)
observations, one can fit the parameters of the model to the data, which yields
the following values for the ©; [23]:

Dad 34 x107°, Qu~0.04, Qqm~0.23, Q~0.73, (3.15)
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Figure 3.2: Constraints on the dark energy ratio {254 and equation of state parameter
wy from combined observations of the CMB and LSS. Figures taken from [29§].

Figure 3.3: WMAP 7yr foreground-reduced Full Sky Map. Figure taken from \\

with wy &~ —1. The spatial curvature is constraint to be €, ~ 0.00230002 [23]
for wy = —1. However, the constraint depends on the particular dark energy
model considered (cf. Fig. [3.2)).

Moreover, one observes tiny ripples in the temperature fluctuations at the
level of 6T /T ~ 1077 around the average CMB temperature of T =~ 2.7 K
(cf. Fig. [3.3)). These fluctuations are adiabatic, (nearly) scale-invariant and
Gaussian. It is these observed, tiny structures which can be interpreted as the
as quantum fluctuations of the inflaton field.

3.3 Slow-Roll Inflation

Inflation corresponds to an accelerated expansion, ¢ > 0. From Eq. , we see
that this requires p < —3p. We will be moreover interested in slow-roll inflation
where the space-time is approximately de Sitter. That is, we are interested in
solutions of the form a ~ e’ with H = const. As we can see from Tab. to
realize an exponential expansion of the universe, we must have an equation of
state parameter w ~ —1. This can be achieved by considering a scalar field ¢
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which is slowly rolling down its potential, 4. e. when the potential energy, V(¢),
dominates over the kinetic energy, 3¢,

Consider a scalar field ¢ minimally coupled to gravity. The dynamics are
described by the sum of the Einstein-Hilbert action Sgy and the action S, with
the canonical kinetic term and the potential V' (o),

S =Sgn + S¢ = /d4$\/_ ( PR + 19’“’V/L¢V,,¢ V(¢)) . (316)

The self-interactions of ¢ are encoded in V(¢). The energy-momentum tensor
associated with this scalar is
2 9S,
T =——— ¢
V=g 09"

Restricting to the case of a homogeneous scalar field ¢(7,t) = ¢(t) and to the
FRW metric for g,,, the energy-momentum tensor takes the form of a perfect

fluid, Eq. (3.4), with

= 0,000 — G <%3"¢8a¢ + V(¢)) : (3.17)

Py = %cﬁ? +V(9), (3.18)
po= 59~ V(6). (3.19)

The equation of state parameter w, becomes

g 29 = V(0). (3.20)
Ps  50° +V(¢)

Thus, if the potential energy V(¢) dominates over the kinetic energy %qi?,
a scalar field can cause accelerated expansion of the universe. The system
consisting of the homogeneous scalar field and the FRW spacetime is described
by

ov

b+ 3Hd+ — 55 =0, (3.21)
and . )
H? = 502 (§¢2 + V(gb)) . (3.22)

Note that the second term in Eq. (3.21) causes significant Hubble friction due
to the expanding universe if the value of the H is large enough.

3.3.1 Slow-Roll Parameters

The equation for the acceleration can be written as

a 1
-="% (ps + 3ps) = H(1 — ex) (3.23)
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with .
_3 1 ¢?
EH:§(’LU¢+1)—§@

This slow-roll parameter €5 is related to the evolution of the Hubble parameter
H as

(3.24)

H
Accelerated expansions occurs as long as €y, < 1. This phase of accelerated
expansion will last long if

. .oV
SHo|, | =1, 3.26
ol < Bl |5 (3.26)
which is ensured if also the second slow-roll parameter 7, is sufficiently small,
¢
N Ho ( )
The slow-roll conditions €3, || < 1 can also be expressed in terms of the
potential:
M2 (VN2
=— | = 3.28
o= () - (3.28)
and
9 V//
1) = M- (329)

where the primes denote derivatives of V' with respect to ¢. Note that e char-
acterizes the slope of the potential while 1 characterizes the curvature of the
potential. Slow-roll inflation requires both ¢ and |n| to be < 1.

The equations of motion in the slow-roll regime, €, || < 1, are given by

V(e)

H? ~ a2 const. , (3.30)
P
and -
b~ ~337 (3.31)
such that the scale factor is
a(t) ~ et (3.32)

Note that using the slow-roll equation of motion, H? ~ V//M% and the definition
of the mass of a scalar as mi = V", we can see that the slow-roll parameter 7
is essentially the ratio of the inflaton mass to the Hubble scale,

mg
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dCcMB Gend reheating g
-

A¢

Figure 3.4: Prototype potential for canonical, single-field, slow-roll inflation. Figure
taken from [27].

In the slow-roll regime, the two sets of slow-roll parameters ey, 75y and €,n
are related by
eHRE, MR —E; (3.34)

A prototypical example for a potential suitable for single-field inflation is shown
in Fig. [3.4]

Inflation ends at a value ¢q,q satisfying

EH(¢end) = 17 6(¢end) ~1. (335)

Another important quantity which we have to define is the number of e-folds
before the end of inflation N,,

tend
N(¢) = In Zend — /Hdt. (3.36)

t

N, measures by how much the scale factor increases in powers of e, e. g. N, = 60
means that a(t) grows by a factor of €% ~ 1026,

Using the slow-roll equations Egs. (3.30)) and (3.31)), this can be written as
an integral over do,

¢end ¢

H V
N = | Las~ | Zds, 3.37
<¢>¢¢¢>%/dv,¢ (3.37)

¢
_ dp [ do
N0 = [ i=n / N (3.38)
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To solve the horizon and flatness problems puts a lower bound on the total
number of e-folds during inflation,

Nigt = In Zend > 60 (3.39)

Gstart
The observed CMB fluctuations are created at roughly Noyp =~ 40 — 60 e-folds
before the end of inflation. The precise values for N, and Ncyp depend on
both the energy scale of inflation and the details of reheating.

3.3.2 C(lasses of Inflationary Models

Inflationary models can be classified according to the number of active fields
involved and the distance of field space traversed during inflation. The former
classifies the models into (effectively) single-field and multi-field models, while
the latter can be classified as small-field or large-field models.

Single-Field Models of Inflation

Any inflationary model is specified by the inflaton kinetic term and potential
and by its coupling to gravity. Up to now, we have restricted ourselves to single-
field slow-roll inflation models with actions of the form Eq. . There is a
useful criterion to classify models of this type by checking whether the potential
V(¢) allows the inflaton ¢ to travel a large or small distance A¢ (in Planck
units) between the creation of CMB fluctuations and the end of inflation.

Small-Field Inflation All small-field models of inflation have A¢ < Mp and
therefore predict a very small amplitude for the production of gravitational
waves, as we will see in Sec. This class of models is typically obtained
from the spontaneous breaking of some symmetry and inflation takes place
in an unstable vacuum displaced from a stable minimum of the potential. A
simple example is a Higgs-type potential

. (gyr | 5.0

Phenomenological models are often based on the Coleman-Weinberg potential

of the form ,
Q- e

which arises for the radiative breaking of a symmetry, e. g. in electroweak or
grand unified theories and remains popular for inflationary model-building (cf.
e. g. |1300]). We will see a supersymmetric version of this potential later on,
when we discuss hybrid models of inflation in supergravity in Secs. and
0.2, 2l

V(g) =W
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Figure 3.5: Typical potential for large-field chaotic inflation. Figure taken from [27].

Large-Field Inflation Large-field models are interesting since A¢ > Mp
can produce amounts of gravitational waves observable in the near future.
The prototype examples are chaotic inflation models based on a potential
dominated by a single monomial

V(p) = Ao (3.42)

A typical potential of this type is shown in Fig. [3.5]

An important feature of chaotic inflation is that the slow-roll conditions
are independent of the coupling constant A\ and are only satisfied for ¢ >
Mp. However, to produce the observed amount of density fluctuations requires
A\ < 1, thereby guaranteeing V' < M3 such that quantum gravity corrections
are not necessarily important. We will discuss the simplest of these models,

V(¢) ~ m?¢*, in Sec. 3.5

0 2n f

Figure 3.6: Typical potential for natural inflation. Figure taken from [27].



3.3. SLOW-ROLL INFLATION 41

Natural Inflation A very elegant inflationary model, natural inflation [260],
relies on potentials of the form

vioy 1o (£) 1] "

which arise if the inflaton is identified with an axion. Whether this leads to
small-field or large-field inflation depends of course on the value of f. Even
though it is perhaps more appealing to have natural inflation with 27 f > Mp,
in particular, because for axions a shift symmetry can protect the above form
of the potential over a large range of field values.

Beyond Single-Field Models

All of the model types presented so far are based on a few common assumptions.

1. Only a single field ¢ has important dynamics during inflation,
2. the kinetic terms for ¢ are canonical,
3. ¢ is minimally-coupled to gravity,

4. and gravity is described by the Einstein-Hilbert action.

In this thesis, we will focus on models which satisfy these assumptions at
least approximately. Nevertheless, we now briefly comment on some ways to
go beyond those assumptions to some extent. For a thorough discussion of
inflationary model building cf. e. g. [217].

Multi-Field Models of Inflation First, we could consider models where
more than one field contributes significantly to the dynamics during inflation.
However, this leads to many possible inflationary trajectories through field
space and different ways to produce fluctuations. Thereby, the theory loses a
lot of predictive power. For some examples see e. g. [246].

From a string theory perspective, models with multiple dynamical fields are
not uncommon. For example, in the closed string sector one often has multiple
axions or Kahler moduli which may contribute or in the open string sector the
positions of moving D-branes may also be relevant (e. g. a D3-brane moving
in a six-dimensional compact space gives rise to six scalar fields parametrizing
its position inside the compact space). However, depending on the details of
(bulk) moduli stabilization one may assume that all but one of the many scalar
fields are effectively fixed to some value during inflation. This is the viewpoint
we will take throughout this thesis: Even though there are multiple scalar fields
around inflation proceeds along a single direction in field space.
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Non-Canonical Kinetic Terms One can generalize the kinetic term of the
scalar field ¢ such that the Lagrangian takes the form

for some function F(¢, X') with
1
X = 39" 0,00.0. (3.45)

This can lead to the very interesting possibility that inflation is actually driven
by the kinetic term and occurs even for potentials which are too steep for slow-
roll inflation. A particular example coming from string theory is so-called DBI
inflation [301,302], where the form of the function F'(¢, X) is determined from
the DBI action of a D3-brane moving in a warped throat background. It has
a very distinct phenomenology since it leads to rather large non-gaussianities
(compared to single-field slow-roll inflation).

Non-Minimal Couplings to Gravity or Modified Gravity Other options
to modify the models include to either introduce non-minimal couplings of ¢
to gravity or modify the gravity action itself. The first option, introducing non-
minimal couplings to gravity, is in principle a possibility, but in practice one can
employ a field redefinition to get back a minimally-coupled scalar. The same
is true for the simplest example of a UV modification of gravity, the so-called
f(R) theories: They can also be transformed into a theory with a minimally-
coupled scalar ¢ and some potential V' (¢). Thus, these two possibilities are
essentially useful to obtain a potential suitable for slow-roll inflation after a
field redefinition. This is the central idea behind the recently proposed new
models of Higgs inflation, cf. e. g. [30,[303-310][]

3.4 Inflationary Perturbations

One part of the big success of the inflationary paradigm hinges crucially on the
prediction of the primordial spectrum of density fluctuations [8-11|, which can
be compared with the temperature fluctuations we observe in the CMB today.
The details of this important calculation are reviewed e. g. in [24-27]. Here, we
only outline the basic steps to setup the notation. What we will be interested
in are the predictions for models of slow-roll inflation (cf. Sec. . Moreover,
we discuss the so-called Lyth bound and its implications in Sec. [3.4.4]

The basic idea behind cosmological perturbation theory is to split all fields
X(t,7) into a homogeneous background part X (¢) depending only on cosmic

time and a perturbation 6 X (¢t,7) = X (t,Z) — X (t) depending also on Z. Here

"However, see |31}33| for some critical remarks on the naturalness of these models of
Higgs inflation and the validity of the effective field theory approach.
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X (t,Z) represents any of the fields, . e. the metric g,, or matter fields (7).,
can be written in terms of ¢, p, p etc.). Such a perturbative treatment is justi-
fied since at the time of decoupling the universe was very homogeneous with
inhomogeneities at the order of dp/p ~ 107°. For small perturbations, one can
use linear perturbation theory by expanding the Einstein equations to linear
order in the perturbations 6.X,

0G0 = MEST,, . (3.46)

However, this procedure suffers from an important complication since the split
into background value and perturbation depends on the particular choice of
coordinates, . e. on a choice of gauge. One can trade metric fluctuations for
density fluctuations and vice versa via gauge transformations. Thus, one has
to be very careful in order to obtain meaningful, physical results. In particular,
it is useful to consider gauge-invariant combinations of perturbations.

3.4.1 Scalar-Vector-Tensor Decomposition

A universe which is spatially flat and in addition homogeneous and isotropic has
a lot of symmetries. As a consequence, we can decompose the perturbations
of the metric g,, and stress-energy tensor 7}, into representations of these
symmetries. More precisely, we can decompose them into scalar (S), vector (V)
and tensor (T) representations under rotations. Additionally, it is convenient
to go into Fourier space, 1. e.

5X, = / BT X (1 T) e (3.47)

for all perturbations, because the translation invariance of the equations of
motion implies that the different Fourier modes decouple. Thus, we can treat
each Fourier mode independently and, in particular, consider rotations around
a single wavevector k. For modes with well-defined helicity m, rotating around
k by an angle 1 leads to a multiplication by a factor of e™¥, i. e.

6 Xz — ™ 5X . (3.48)
The helicities for scalars, vectors and tensors are 0, +1 and £2, respectively.

The upshot of the SVT decomposition of the Fourier modes is that each set
of perturbations evolves independently at the linear level. This is an important
simplification since we can treat them separately. We will now introduce the
notations for the decompositions of metric and density perturbations.

Metric Perturbations

During inflation we have perturbations around the homogeneous background
values of the inflaton ¢(¢) and metric g, (),

o1, 7) = o(t) +06(t, ), gu(t, ) = G (t) + 094 (1, 7). (3.49)
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We parametrize the metric as follows

ds?® = Guvdxtdx”

= —(1+2®)dt* + 2aB;dz'dt + a* [(1 — 2V)d,; + Ejj] da'da? . (3.50)
In position space, the SVT decomposition is given by
B, =0,B—-5;, (3.51)
where 9°S; = 0 (i. e. transversal vector), and by
E;j = 20,0;E + 2 (0,F; + 0;F;) + hij , (3.52)

with 0'F; and hi = 9'h;; = 0 (i. e. traceless, transversal symmetric tensor).

Inflation does not produce vector perturbations S;, F; and they both de-
cay with the expansion of the universe. Thus, in the following, we concentrate
on scalar and tensor perturbations, which lead to observable density fluctua-
tions and gravitational waves. The scalar fluctuations are not gauge invariant
(as opposed to the tensor perturbations). In a similar fashion, we can obtain
perturbations of the stress-energy tensor in such a decomposition.

Gauge-Invariant Combinations

To avoid problems with gauge-dependencies, it is very useful to introduce
gauge-invariant combinations formed out of the metric and matter perturba-
tions [311]. There are two such combinations which are commonly used. The
first one is [312]

_c=w+ B, (3.53)
p

which can be interpreted geometrically as measuring the spatial curvature of
hypersurfaces with constant density p. ( has the nice property that it remains
constant outside the horizon for adiabatic matter perturbations, i. e. perturba-
tions satisfying

OPen = Op — ];;(5p =0. (3.54)

This condition is always satisfied for single-field models of slow-roll inflation
and thus the modes (; do not evolve outside the horizon, i.e. for & < aH.
Note that during slow-roll inflation one has

T4+ %w. (3.55)

By choosing a gauge with spatially flat hypersurfaces, the perturbation ( is
the dimensionless density perturbation ~ dp/(p+ p). Thus, ¢ is the fluctuation
one can relate to observations of the CMB and LSS (which is however quite a
non-trivial task and beyond the scope of the discussion presented here).
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The second gauge-invariant combination often used is

H
R=V - ——dq, 3.56
5150 (3.56)

where dg is the scalar part of T?, i.e. T? = 9;0q. During inflation, one has
T? = —$0;6¢ such that

R:®+%M. (3.57)

R can also be interpreted geometrically as measuring the spatial curvature of
comoving hypersurfaces, i. e. hypersurfaces with constant ¢.

One can show via the linearized Einstein equations that (cf. e. g. Appendix
A of |27])
k2 2p
(aH)2 3(p+D)

where W is one of the Bardeen potentials [311]. Now ¢ and R are equal both
on superhorizon scales k < aH and during slow-roll inflation (cf. Eqgs.
and ) Hence, the correlation functions of ( and R are equal at horizon
crossing and, more importantly, they do not evolve on superhorizon scales. This
latter point is important since it allows one to make predictions without having
to go into the details of the reheating phase.

—(=R+

. (3.58)

3.4.2 Predictions from Slow-Roll Inflation

Definitions: Scalar and Tensor Power Spectrum

We are interested in the statistical properties of the fluctuations of R or (. The
(scalar) power spectrum is defined as

(RiRp) = (2m)°6(k — k') Pr(k), (3.59)
and
2 2 k3
Ay =Ax =55 Prlk), (3.60)

where (...) is the ensemble average of the fluctuations. The scale-dependence
of the power spectrum is expressed in terms of the scalar spectral index

i dIn A?
M T = Tk

(3.61)

Scale invariance corresponds to n, = 1. Similarly, one can define the running

of the spectral index
dn,

T dlnk’

(3.62)

oF
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Typically, a power law form of the primordial power spectrum is assumed, i. e.

L ns (ko) =1+ 2 o (ko) In(k/kx)
> , (3.63)

A2(k) = Au(k.) (k—

with £, denoting some arbitrary reference scale.

For Gaussian fluctuations, the power spectrum encodes the entire infor-
mation. Non-Gaussianity shows up only in higher-order correlation functions
and no large non-Gaussianties are expected for single-field models of slow-roll
inflation [313,314]. Therefore, we do not consider non-Gaussianities in this
thesis.

The power spectrum of the tensor fluctuations is defined in a similar way,
but with taking into account the two independent polarizations of h;;. Thus,
for h = h*, h*, we define their power spectrum as

L K3
The tensor power spectrum is now obtained as
A? = 2A7 (3.65)

and the tensor spectral index is defined analogously to the scalar spectral index
by
_dInA?

=Tk

(3.66)

Slow-Roll Predictions

After a very lengthy calculation one arrives at the following expressions for the
scalar and tensor power spectra in single-field models of slow-roll inflation in
terms of V(¢) and the two slow-roll parameters € and 7

The scalar and tensor power spectrum are fully specified in terms of V(¢)
and € as

1 V1

N p—_— .
() 2472 M} € lk=an’ (3.67)
and 5 v
A2k ~ —— . 3.68
t( ) 32 Mf; k=aH ( )

The spectral indices n, and n; at leading order in the slow-roll parameters are
given by
ns—1~2n,—6e¢,, (3.69)

and
ny ~ —2€,, (3.70)
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respectively. The running «; of the scalar spectral index ng starts at second
order in the slow-roll parameters,

= —16€em, + 242 +2¢&, (3.71)

where ¢ is another slow-roll parameter defined as

V/V///
with the primes denoting again derivatives of V' with respect to ¢.
The tensor-to-scalar ratio is given by
A2
r=-—t=16¢,. (3.73)

Az

The (...), indicates that the quantity has to be evaluated at horizon crossing,
i.e. when k = (aH),. Notice that Eqgs. (3.70) and (3.73) imply a consistency

relation,

r=—-8ny, (3.74)
for all models of slow-roll inflation with a single active field.

To summarize the above, single-field slow-roll inflation with €, |n| < 1
generically predicts

e a nearly scale-invariant spectral index ng ~ 1+ O(e, 1),
e a small tensor-to-scalar ratio r =~ O(10¢) < 1,

e a very small running a, &~ O(10en, 10 €%, £%) < 1.

3.4.3 Current Observational Evidence for Inflation

We summarize the current constraints on inflationary models from a combina-

tion of CMB and LSS data [23] in Tab.

A very important lesson from the observational data is that the CMB
fluctuations are scale-invariant, Gaussian and adiabatic.

Scale-Invariance As we can see from the current constraints of ng obtained
from the CMB and LSS data, cf. Tab. the spectrum is nearly scale-invariant
ns =~ 1, consistent with the expectation from slow-roll inflation. Moreover, the
data now excludes a perfectly scale-invariant spectrum by more than 20 and
seems to prefer a spectral index ng < 1 (i.e. slightly tilted red). Actually, if
inflation ends at some point, ‘H is time-dependent which affects the time at
which each Fourier mode exits the horizon. Therefore, a phase of inflation in
the early universe predicts a deviation from perfect scale-invariance.
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Parameter |  WMAP 7-year Mean | WMAP+BAO-+H, Mean
amplitude of scalar power spectrum
A% (ko) | (2.4340.11) x 1077 | (2.430£0.091) x 1077
no running, o, =0
N 0.967 £ 0.014 0.968 + 0.012
r < 0.36 (95%CL) < 0.24 (95%CL)
tensors & running, r # 0 & as # 0
N 1.076 £ 0.065 1.070 £ 0.060
r < 0.49 (95%CL) < 0.49 (95%CL)
Qs —0.048 £ 0.029 —0.042 £ 0.024
non-Gaussianities fyr,
Local —10 < fRl < 74 (95%CL) —
Equilateral | —214 < f3 < 266 (95%CL) -
Orthogonal | —410 < fh < 6 (95%CL) =

Table 3.2: Constraints on inflationary models from a combination of CMB and LSS
data . The reference scale is ko = 0.002 Mpc™! and the errors indicate the 68%
confidence levels (CL).
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Figure 3.7: Contour plot with 68% and 95% confidence level constraints in the ng-r-
plane. The symbols and lines indicate the predictions from two models of single-field
chaotic inflation (solid and dashed lines) and a model of multi-axion inflation (dotted

line). Figure taken from .

Gaussianity To get a feeling for the constraints on possible non-Gaussianities,
let us consider the following parametrization which is local in position space

[315]
= g 3 ocal =
R(E) = Ry(¥) + 2 [N Ry (7)°, (3.75)

where R, is a Gaussian fluctuation. Now for R, ~ 107° even a value as large
as frcal ~ 100 would only lead to a deviation from a Gaussian spectrum of
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Komatsu et al.
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Figure 3.8: Temperature power spectrum expanded in multipole moments. Figure
taken from [23].

~ 0.1%. We quoted the current constraint on fi¢* (and on two other possible

forms of non-Gaussianities) in Tab. , which show that the CMB spectrum
is indeed Gaussian to a very high degree. This fits nicely with the way infla-
tion produces density fluctuations via quantum fluctuations of the inﬂatonEl
Moreover, non-Gaussianities essentially measure how strongly the inflaton field
interacts. Slow-roll inflation, however, requires the self-interactions of the in-
flaton (encoded in its potential) to be very small and thus predicts only a very
small non-Gaussianity fnz ~ O(e,n) < 1 [314].

Adiabaticity Single-field inflation generically leads to primordial density per-
turbations which are adiabatic: All density perturbations of “matter” (including
photons, neutrinos, baryons and dark matter) originated from the same cur-
vature perturbation R and thus there is no relative difference in the density
for different “matter” components, only a variation in the total density. Adia-
baticity is sometimes expressed as §(nuon re1/Mre1) = 0 Or

6pnon-rel _ §5prel
Prnon-rel 4 Prel ’

(3.76)

with the indices “non-rel” and “rel” collectively denoting all non-relativistic
(e. g. cold dark matter) and relativistic species (e. g. photons), respectively. The
current CMB data shows no violation of this condition |23|, but the search for
a violation is interesting since it would signal multiple fields were dynamically
relevant during inflation [316].

2This is true in a specific gauge, the spatially flat gauge, where ¥ = 0 and R is entirely
determined by the fluctuations d¢.



50 CHAPTER 3. SLOW-ROLL INFLATION

3.4.4 Lyth Bound and Energy Scale of Inflation

There is a huge number of inflationary models consistent with current data
on the CMB fluctuations. An important quantity for discriminating between
different models is the tensor-to-scalar ratio r, because the Lyth bound [213]
implies that r is related to the distance A¢ traversed in field space during
inflation as A . N1

i, O (0.01) ! (377)
Thus, large values of r > 0.01 at the sensitivity of current CMB experiments
such as Planck require A¢ > Mp, i. e. are only possible for large-field models

of slow-roll inflation.

In addition, A% ~ 107 is fixed by observation and A? o< H? ~ V. Thus,
an observation of gravitational waves would allow us to constrain the energy
scale of inflation:

1/2
AN (ﬁ) 101 GV . (3.78)

Hence, if we would observe gravitational waves in the near future (e. ¢. in the
Planck experiment), inflation would have occurred at energy scales around the

GUT scale.

If only a single field has relevant dynamics during inflation, the scalar
spectral index and the tensor-to-scalar ratio provide direct information about
the inflaton potential V' (¢) driving inflation. One may try to use CMB data to
determine the coefficients of a series expansion of V' (¢) around ¢ ~ ¢cmp, which
denotes the value of ¢ when the fluctuations in the CMB became superhorizonEl

3.5 Simple Example: m? ¢* Chaotic Inflation

To conclude this chapter, we compute the predictions for the simplest model
of single-field slow-roll inflation: Chaotic inflation with potential [214]

V(p) = m;cb?. (3.79)

We can now straightforwardly apply the formulas reviewed in Sec. B.3] and 3.4}

The slow-roll parameters then become

Mo\ 2
e(¢) =n(¢) =2 <7P) : (3.80)

which both are small only for values of ¢ well above the Planck scale,
¢ > V2Mp = ¢ena - (3.81)

3(Classically, the inflaton monotonically evolves in time and thus one may use ¢ and cosmic
time t interchangeably.
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The number of e-folds as a function of ¢ turns out to be given by

2
Ne(o) = fm 5 (3.82)

Thus, since we must have around ~ 60 e-folds of inflation after the CMB
fluctuations were created, inflation must have occurred at field values > Mp,

domB = 24/ Ne.ompMp ~ 15Mp > Mp . (3.83)

It is at this value that the slow-roll parameters € and n need, 7. e.

Mp \? 1
€, =Ny = 2 = —. 3.84
7 (<Z5CMB> 2N.cmB (3:84)

Note that both are independent of the mass parameter m. Actually, this is
true for all of the simplest models of chaotic inflation based on monomial
potentials V' = A, ¢? have this property. The value of m (or A, for the other
models) is fixed by matching the prediction for the amplitude of the scalar
power spectrum,

AQ _ ﬁN e2,CMB
S ME 3
To get A2 ~ 107 requires m ~ 107°Mp for N, cyp ~ 60. After m is fixed, the
model predicts

. (3.85)

ng=1+2n,—6e=1— ~ 0.96 , (3.86)
e,CMB
and 8
r=106¢, = ~0.1. 3.87
Ne,CMB ( )

Comparing these predictions to observations (cf. Tab. and Fig. 3.7), we
see that the scalar spectral index ng fits quite well with observations and the
tensor-to-scalar ratio r ~ 0.1 is in a range in which it could be excluded by the
Planck satellite.
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CHAPTER 4

Basics of 4d N' = 1 Supergravity

The next concept we introduce is supersymmetry, an extension of the Poincaré
symmetry group of spacetime relating bosonic and fermionic degrees of free-
dom. In particular, if supersymmetry would be unbroken, we would have to
observe for example a scalar version of the electron, the selectron, with exactly
the same quantum numbers except for the spin, i. e. the same mass and the
same electric charge. This clearly contradicts what we observe. Therefore, if
supersymmetry is realized in nature, it must be broken. As we will see later
on, we also need to break supersymmetry to realize a phase of inflation driven
by a positive vacuum energy in the very early universe. Moreover, recall from
Sec. that we will focus on supersymmetric models of inflation, because they
offer a better control over quantum corrections to the scalar potential. The aim
of this chapter is to briefly introduce the ideas and notions we need to describe
a huge class of supersymmetric models of inflation.

First, we introduce the algebra of global supersymmetry in Sec. [L.1.1] Next,
in Sec. [£.1.2] we introduce first the concept of superspace and afterwards discuss
the chiral superfield and real superfield representations of the supersymmetry
algebra. The focus will be on writing down supersymmetric actions. After-
wards, we briefly outline the changes required to include gravity by moving
on to locally supersymmetric theories in Sec. 4.2} Finally, in Sec. we show
how spontaneous supersymmetry breaking is encoded and give a few simple
examples.

The discussion presented in this chapter mostly follows [317]. We do not
intend to give a complete and comprehensive review of supersymmetric theories
and for more details we refer to the excellent textbooks, lecture notes and
review articles available, for example cf. [171,317-320]. For instance, we do
not discuss how to embed the standard model into a supersymmetric theory
(a nice review of the minimally supersymmetric standard model can be found
in [171]).
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4.1 Basics of 4d N =1 Global Supersymmetry

4.1.1 Supersymmetry Algebra

Supersymmetry is an extension of the Poincaré algebra of space-time transfor-
mations. Due to the Coleman-Mandula theorem [321], such an extension of the
space-time symmetry group is only possible via fermionic generators.

The combined algebra of Poincaré and supersymmetry transformations is

{Q2, Q4.5 =2 (0™) o3 P 03
{Qﬁa QﬂB} = EaﬁZAB )
[P, Q2] =0,
[Pma Pn] =0,

(4.1)

and similarly for the ones with @ not written down explicitly. Here, P,, de-
notes the generators of space-time translations, while Q4 and Q 4. denote the
extra fermionic generators. As usual, [a,b] and {a, b} denote commutator and
anti-commutators, respectively. The Greek indices (o, 3, . . ., &, B,... ) run from
one to two and transform as two-component Weyl spinors under the Poincaré
algebra. The Latin indices (m,n,...) running from one to four transform as
Lorentz four-vectors. The capital indices (A, B, ... ) label possible sets of Q, Q’s
and take values form 1 to some number N/ > 1. Algebras with N' > 1 are called
extended supersymmetry algebras (and for these the Z4Z play a role). In this
thesis, however, we will be mostly concerned with A = 1 supersymmetry since
only N/ = 1 supersymmetry has chiral representations, which are required to
describe e. g. electroweak interactions.

4.1.2 Superspace & Superfields

The smallest irreducible representations of the N/ = 1 supersymmetry algebra
Eq. (4.1]) are the following multiplets.

e Chiral Supermultiplet (¢, ,): it consists of a complex scalar ¢ and a
two-component Weyl spinor 1),.

e Real Supermultiplet (\,, A,,): it consists of a gauge field A,, and a
spin-1/2 spinor \,; in general both fields transform in the adjoint repre-
sentation of the gauge group.

e Gravity Supermultiplet (¢, o, gmn): it consists of a spin-2 symmetric
tensor g, the graviton, and a spin-3/2 spinor 1, o, the gravitino.

For us, the chiral multiplets will be particularly important since they contain
scalar fields, i. e. candidates for the inflaton field. The other multiplets are
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used to supersymmetrize gauge interactions and gravity. We now briefly re-
view how to write down supersymmetric actions for chiral superfields in global
supersymmetry and supergravity.

Superspace

A very elegant concept is the superspace (see e. g. |318|) which greatly simplifies
writing down supersymmetric actions. It allows us to organize the multiplets
of supersymmetry into so-called superfields.

The starting point is to add to the coordinates z#, u = 0,...3, a set of
“fermionic coordinates” 6%, o = 1,2, transforming as Weyl spinors as well as
a set 0% = (6*)". These coordinates are anti-commuting Grassmann numbers,
1. e. they satisfy

{00} = {o,0°} = {0°,0°} = 0. (4.2)
Note that this implies, in particular, (§*)? = (#%)? = 0, and analogously for 6.

The basic idea is to realize the supersymmetry algebra as differential op-
erators on superspace, completely analogous to what is done for the Poincaré
Algebra, e. g. P,, = —i0,,. One can now define @, () as

Qo = Do — 1 (0™) o 0, (4.3)
Qs = —04 + 0% (6™) .4 Om - (4.4)
With this definition the anti-commutation relations of @, Q are given by
{Qa: Qa} =2 (0™) 1 Om (4.5)
{Qa, Qs} = {Qa, Qp} = 0. (4.6)

The most general representation one may consider is a generic field in su-
perspace, A = A(x,6,0), which can be Taylor-expanded in the 6’s since the
expansion ends because of anticommuation:

A(z,0,0) = f(z) + 06(z) + Ox(x) + 0*m(x) + 0*n(z)

+ 00" 0v,, () + 020N (z) + 020 (x) + 0%0%d(z) . (4.7)

The supersymmetry transformations of the components f(z), ¢(z), ... are com-
puted by applying d. = (eQ + €Q) to each term in A and then organizing the
result into an expansion in 6, #, which is then interpreted as

0eA = (0cf)(x) + 0(0et)(x) + ... . (4.8)

However, this representation is pretty complicated and, moreover, reducible.
To reduce the general superfield above, we introduce another set of differential
operators D, D, defined as

Dy =05 +1i(c™),; 0%, (4.9)
Dd == _50'4 — 10 (O'm) 8 . (410)

ac Tm
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They satisfy the anti-commutation relations
{D.,Ds} = =2i(0™) .4 Om (4.11)
{Do, D} = {Da4,Ds} = 0. (4.12)
In addition, all D’s anti-commute with all Q)’s, 7. e.

{Da,Qs} =0. (4.13)

These additional operators are useful because if A(x,0,0) obeys DA = 0 so
does §.A. Thus, the differential operators D, D provide a way to project out
or relate components of the general superfield.

Chiral Superfields

We now first consider chiral superfields (or scalar superfields), which are general
superfields ® satisfying D® = 0. One may check that this implies that ® is an
anti-chiral superfield satisfying D® = 0.

Let us define the quantity
y" = 2" +ifo™0 (4.14)

which fulfills Dy = 0. Then any function ® = ®(y, ) automatically satisfies
Do = Oﬂ We can expand ® into components which yields

© = o(y) + V200(y) + °F(y). (4.15)
The component fields have the following supersymmetry transformations:
e =V 2et) (4.16)
S = iV20™eDd + V2eF (4.17)
0. F = iv/2ec™ (Opa)) - (4.18)

To write down an action for chiral superfields, first note that if ® is a
chiral superfield, any analytic function W (®) is also a chiral superfield. From
the supersymmetry transformations of chiral superfields, one can check that
d.F' is a total derivative (€ and o are constant). Hence, defining the projection
onto the #* component of W(®) as W(®)|g2, any term of the form

/ d'x W (®)

is invariant under supersymmetry transformationsﬂ If we define the integration
over a Grassmann number 6 as

/dm:o, /d99:1, (4.20)

!By abuse of notation, the same symbol is used for both ®(z,6,0) and ®(y, 6).
2 Assuming that space-time has no boundaries.

, (4.19)

92
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the projection on the % component can actually be written as

- /d92 W(®). (4.21)

In addition to the analytic function W (®), we can also consider a function
K(®, ®) which, however, is not chiral. But one can show that the highest com-
ponent #20%d(z) of such a general superfield transforms into a total derivative
Therefore, also any term of the form

/d4xK(<I>, P)

is invariant under the supersymmetry transformations. The full general La-
grangian for a single chiral superfield ® is then given by

+ <W((I>)‘62 + h.c.) , (4.23)

W (®)

92

= / d*zd*0d*0 K(®, ®), (4.22)
0202

L= K(Q),é)‘w

with K(®,®) some real function of ® and ®, the so-called Kidhler potential
and W (®) some holomorphic function of ®, the so-called superpotential.
Let us consider the simplest example, the Wess-Zumino model [322]
- A
K=03, W= %(I)Q+§<I>3. (4.24)

The Lagrangian in component form becomesﬁ
L= —0,00"¢ — i)™ 0pnh + |F|?
+m(¢F — %¢2) + h.c. (4.25)
+ M@*F +9%¢) + h.c..

The crucial point to notice now is that no derivatives of F' are involved, i. e. it
is not propagating and just an auziliary field, which we can integrate out by
solving its equations of motion. This yields

L= —|0g[* = o o — U+ M6 = V(6,6).  (4.26)

where
V(p,¢) = |F|*, and F =—m¢— . (4.27)

V (6, @) is the scalar potential and it is determined by the F-component of the
chiral superfield ®.

3This can be understood, for instance, by counting the mass dimensions. In units where
h=c=1wehave [0,,] = 1. Now Q,Q ~ 04,04 + ... satisfy {Q,Q} ~ 0,, and hence
[0a] = % such that [#*] = —1. A canonical scalar field has mass dimension [¢] = 1, and
thus for a chiral superfield ® ~ ¢ + 0 + 6°F we must have [¢)] = 2 and [F] = 2. Now
QF ~ %F has mass dimension % and therefore must involve a derivative 9,,. The same line
of arguments now also applies to the highest component §26%d(z) of a general superfield.

4The kinetic term for ¢ comes from K = ®®. To understand this, recall that ® = ®(y, §)
with y™ = 2™ + i0c™0. Taylor expanding the lowest component ¢(y) then yields the kinetic
term.
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Non-Renormalization Theorem

The superpotential W enjoys a non-renormalization theorem, 1. e. it does not
receive perturbative loop corrections [323| (see also [324] for a simple argu-
ment). Though, in general, there can be non-perturbative corrections to the
superpotential and those will become important later on for the subject of
moduli stabilization in Sec.[6.2] The Kéhler potential K, however, does not en-
joy such a non-renormalization theorem and this for example has consequences
for inflationary model building in supegravity, cf. Sec. [5.3]

Real Superfields

The second type of superfields we consider here are real superfields (or vector
superfields), which are general superfields V(z,6,0) satisfying the constraint
V = VEl This is again compatible with the supersymmetry transformations.
Expanding V' yields

V(z,0,0) = c(x) + 0x(z) + 0x(z) + 0°M(x) + 6> M (x) (4.28)
_ _ _ 1 .-
— 00O A, (z) + 020X (x) — i0?ON(x) + 59292D(x) . (4.29)
where ¢, D, and A,, are real. To build consistent models involving vector field
A, it is usually necessary to require an action invariant under a gauge trans-

formation of the form
A, — A+ O\ (4.30)

To find the supersymmetric version of this, we first replace A by a chiral su-
perfield A with components
A(,0,0) = w(y) + V200(y) + 0*F(y), (4.31)

which at the component level reproduces Eq. (4.30). However, V 4+ A is not real.
Therefore, the gauge transformation of a real superfield V' is instead defined as

2V =2V + A+ A, (4.32)

with A a chiral superfield. It is convenient to partially fix the gauge such that
the three lowest components of 2V + A 4+ A vanish. This is the Wess-Zumino
gauge which breaks supersymmetry, but leaves us with the gauge transforma-

tion in Eq. (4.30) instead of the full one in Eq. (4.32). In this gauge, the real
superfield is determined by the component fields A,,, A and D as

_ . _ 1 .
V = —00m0A,,(v) +i0?0\(z) — 0?0\ (z) + 59292D(x) . (4.33)

®Note that often a t is used to indicate complex conjugation, i. e. the real superfield is
then defined by V = V1.
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To build an action for a gauge field, one usually constructs the field strength
Finn out of derivatives of A,,. The supersymmetric analogue of F,, is obtained
using D, D to define the supersymmetric field strength as

1_
W, = —ZD2DQV. (4.34)

One can show that W, is chiral and gauge-invariant. In components, W is
given by

W = —i\(y) + (D(y) — ic™ Fppp(y)) - 0 + 02c™ 0\ (y) (4.35)

where as usual F,,,,, = 0,,A,, — 0, A,, and ¢™" = ;11 (c™a™ — o™a™). The lowest-
order gauge-invariant and Lorentz-invariant Lagrangian built out of W, is given
by

1

r—
292

(Wawa

ot h.c.> , (4.36)

which in terms of component fields becomes|

1 mn Sy =m 1 2
D is again an auxiliary field like the F' for the chiral superfield, A,, describes
a massless gauge field and \ is a Weyl spinor, the gaugino.

Coupling to Matter Matter is usually described by chiral superfields. The
gauge transformation for a complex scalar ¢(z) under a U(1) is

T p(z) (4.38)
together with A,,(z) — A,(z) + O A(z). Then the “minmally coupled” La-
grangian involves (D,,¢)*(D™yp) with D,, = 0,, + iA,,. The supersymmetric
analogue for a chiral superfield ® is

p(z) —e

d— e, (4.39)

However, now the kinetic term ®®|y24 is no longer gauge-invariant. To fix this,
it is replaced by

de?Vd| . (4.40)
0262
The simplest Lagrangian then consists of
52V 1 «
L=3c0| + — (W Wa +h.c.> . (4.41)
0262 2¢? 62
6In general, there is also a term anﬁ’ mno= MU, Fye. However, we ignore this

possibility for now and give the more general expression later in Sec
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In components, this Lagrangian reads

1 _ 1
L=——FuF™ —iXa" Dyl + —|D|?
4g 29°
— | D — 16" Dty + | FJ? (442)

+iV2 (T — TAB) + ¢T Do .

After integrating out the auxiliary fields F' and D, there are contributions to
the scalar potential for ¢ from both the F- and the D-component, V = Vp+Vp.
Ve and Vp are called the F-term and D-term potential, respectively. They are
given by

1
Ve =|F|*, and Vp= 2—92|D|2, (4.43)

with
= %—Z, and D = ¢%0'o. (4.44)

This concludes our overview of N’ = 1 global supersymmetry. We will give the
general expressions involving multiple chiral superfields ®; and for non-Abelian
gauge symmetries below only for the case of local supersymmetry.

4.2 Basics of 4d N =1 Supergravity

Our aim is to embed the concept of inflation into a supersymmetric theory.
Therefore, we need to couple a supersymmetric theory to gravity. This amounts,
in particular, to promoting supersymmetry to a local symmetry and the result-
ing theories are so-called supergravity theories. We do not go into the details
of how this procedure is done exactly, but merely quote the results which are
important for this thesis.

Namely, similar to globally supersymmetric theories, the terms in the effec-
tive action obtained from a set of chiral superfields ®;, which include up to two
derivatives or four fermions, are fully determined by the following functions of
the chiral superfields.

e The Kdhler potential, a real function K (®,®).
e The superpotential, a holomorphic function W (®;).

e The gauge-kinetic functions, a set of holomorphic functions fu,(®;), one
for each gauge group factor G,,.

What we are interested in is mainly the form of the Lagrangian for the scalar
components of the chiral superfields in terms of these functions.
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In a frame in which the Einstein-Hilbert term takes the canonical form,
1. €.

M2
Loray = TP\/_—gR, (4.45)
the Lagrangian for the scalar fields is given by

1
—Escalar -
Vi

where Vi and Vp are the supergravity F-term and D-term potentials, respec-
tively. Here, the index i denotes a derivative with respect to ¢;, while the index
J denotes a derivative with respect to ¢;.

—Ki50,,0'0™ ¢ — Vi — Vp + terms with fermions,  (4.46)

The F-term scalar potential for a set of chiral superfields {®;} is given by
the following expression:

Vi = eX/Mp ((Ki])1 D;W DWW — %\WE) , (4.47)
P
where )
MP

The kinetic terms for the scalar components ¢; of the ®; are determined by
K;;. This quantity is the so-called Kdhler metric. It is the metric of the space
in which the ¢; take their values. For N’ = 1 supergravity theories, this space
must be a Kéhler manifold [325,326|, for which the metric is obtained from a
real function K as

9i; = 0,0;K . (4.49)
This is precisely why Kj; and K are called the Kahler metric and the Kéhler
potential, respectively.

The simplest choice for the Kéhler potential is the one for which the kinetic
terms are canonical, 1. e.

K = Z|q>i|2, (4.50)

But in principle any real function is allowed.

An important consequence of the Kahler geometry is an invariance of the

action under Kdhler transformations, that is transformations of the form
K(®,®) — K(®,®) + f(®) + f(®), (451)
W(®) — e 7O W (D). ‘

Defining the quantity G, which is invariant under Kéhler transformations, as
(setting Mp = 1) o
G=K+IW+hW, (4.52)

the F-term potential can be written as

Ve =% (GGG, - 3) . (4.53)
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Note that since W is independent of ® we have G7 = K7 = (K;;)"".

If some ®; are charged under some gauge group G,, the partial derivatives
Om in the kinetic term in Eq. (4.46]) have to be replaced by covariant derivatives
D,,. The kinetic terms for the gauge fields are given by

1
\/—_—g »Cgauge

Thus, the gauge-kinetic functions f, encode the gauge couplings g, as Re f, ~
g2 and Im f, ~ 6, encodes the possible f-terms or axions. To get the standard
kinetic terms for the gauge fields, one may choose fu, = g, 20up-

1 1
= —Re (fu) F@) prn(®) _ g (fa) emmPa (@) p®) (4 54)

mn* pg

In addition to the F-term contribution, there is now also a contribution to
the scalar potential from the D-terms which is given by

Vo= % (Re f.0)"" DuD, (4.55)

a

with -
D, = K;(T,)" D, (4.56)

where T, is a generator in the appropriate representation.

The above is all we need to know for the purposes of this thesis. From
the point of view of supergravity, any choice of functions G, which is typically
specified in terms of K and W, and f,, is allowed. However, as we will see
later on, string theory imposes some restrictions on the form and functional
dependence of these functions.

4.3 Spontaneous Breaking of Supersymmetry

If supersymmetry is unbroken, the vacuum energy in a globally (locally) su-
persymmetric theory is vanishing (negative) and thus one obtains a Minkowski
(Anti-de-Sitter) spacetime[] Inflation requires a large positive vacuum energy
and thus we have to break supersymmetry. However, we do not like to break
it explicitly but spontaneously, i. e. we like to have a supersymmetric theory
with non-supersymmetric ground state(s) ff

But let us first understand the statements about the supersymmetric ground
states of supersymmetric theories. We begin by noting that in a globally su-
persymmetric theory the Hamiltonian H = F, can be written as

H= i (Q1Q1 + Q1Q1 + Q2Q2 + Q2Qs) (4.57)

"The value of the scalar potential at the minimum acts like a cosmological constant and
spaces with negative cosmological constant are Anti-de-Sitter.
8In general, there can be multiple ground states which are either supersymmetric or not.
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as a result of the supersymmetry algebra. Unbroken supersymmetry corre-
sponds to Q|0) = 0, @]0) = 0 which is the case if and only if (0| H]0) = 0. Now
recall that the scalar potential is given by

(2

1
— _ 2 2
V=Vr+Vp=) |F +;2—g21Dar , (4.58)

where ¢ runs over the set of chiral superfields ®; and a runs over the differ-
ent gauge groups G,. This is a positive definite quantity and thus a vanishing
ground state energy corresponds to vanishing expectation values for all F; and
D,. In other words, (F;) and (D,) are the order parameters of spontaneous su-
persymmetry breaking. This statement remains true also in supergravity, but
with a few important changes: The supergravity generalization of the F;’s are
the D;WW’s and more importantly Vi contains a negative term ~ —|W|? (cf.
Eq. ) This is important since it allows us to fine-tune the cosmological
constant A to a small value. Constructing a model of spontaneous supersym-
metry breaking therefore amounts to finding a model with a minimum for the
scalars ¢; such that not all F; and D, vanish simultaneously.

The spontaneous breaking of a continuous global symmetry gives rise to a
Goldstone boson, a massless boson. Similarly, spontaneous breaking of global
supersymmetry gives rise to the goldstino, a massless fermion, since the su-
persymmetry variations J. are fermionic. In locally supersymmetric theories,
1. e. supergravities, the goldstino is eaten by the gravitino to provide the degrees
of freedom required for a massive spin-3/2 particle. This is in full analogy to
the Higgs mechanism for (electroweak) symmetry breaking, where the would-be
Goldstone modes become the longitudinal degrees of freedom of the W+ and
Z spin-1 gauge fields, and hence it is often called the super-Higgs mechanism.
Specifically, for the case of F-term supersymmetry breaking, we have

Sap~F #0. (4.59)
Note that we do not want do break supersymmetry by VEVs for other fields,

e. g. for 1, since this would break Lorentz invariance.

A particular consequence of supersymmetry breaking are mass splittings
among the different components of a supermultiplet.

We conclude this section by briefly introducing a few simple models of
F-term and D-term supersymmetry breaking.

4.3.1 F-term Supersymmetry Breaking

In the following we briefly discuss three simple models for F-term supersym-
metry breaking. The first two are models of the spontaneous breaking of global
supersymmetry, while the third one is a model of spontaneous supersymmetry
breakdown in supergravity.
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O’Raifeartaigh Model The O’Raifeartaigh model [327] has three chiral su-
perfields ®; with the following choice of K and W:

3
K=Y &, (4.60)
i=1
2 A 2

The scalar potential is then given by

A
V=Vp=|m*+ aqﬁ%]Q + |3 + A1 |* + |ueo|?, (4.62)

which is extremized by ¢ = ¢35 = 0 and any value of ¢;. This is a minimum if
p is sufficiently large, as can easily be seen by expanding the scalar potential
to quadratic order around the extremum. At the minimum, supersymmetry is
broken since

oW

F1 —ﬁzmzz \ Vmin#O. (463)
1

A Non-Renormalizable Model If we would like to have a model with only
one chiral superfield, the simplest globally supersymmetric model is probably
obtained from

=12
_ P
K=o — ( A2) , W=m?d, (4.64)
where A is some cutoff scale. Assuming m to be real, this yields
2 4
Feerlr = V=t (4.65)
1 —45 (1-48%)

The minimum is at ¢ = 0 and breaks supersymmetry. Note that this model
can be viewed as an effective description of the O’Raifeartaigh model after
integrating out ®, 3 assuming they are heavy enough (. e. pu? > Am?) [32§]

Polonyi Model The simplest model for supersymmetry breaking in supegrav-
ity is the Polonyi model [329]. It assumes the following Kéhler and superpo-
tential:

K =1|Z|?, (4.66)
W =m?(Z+p). (4.67)

Due to the non-renormalizable gravitational couplings, the resulting potential
has a minimum at

Z - (ﬁ . 1) Mp. (4.68)



4.3. SPONTANEOUS BREAKING OF SUPERSYMMETRY 65

If we now fine-tune the coefficient

8= (2 + \/3) Mp (4.69)
this minimum has a wvanishing cosmological constant, (V) = 0, due to the
—|W|? piece in the supergravity F-term potential, cf. Eq. (4.47).

The idea of gravity mediated supersymmetry breaking is to basically exploit
the fact that all other fields present will couple to the F-term of Z via the e’
prefactor. Thus, by expanding this prefactor one finds terms which are of the

form o
/ d*e 2200 , (4.70)

where () denotes for instance some quark superfields. Such a term induces in
particular a mass for the squarks of the form

Fy
mg ~ ——.
q MP
For details about supersymmetry breaking mediation see e. g. the lecture notes

[320].

(4.71)

4.3.2 D-term Supersymmetry Breaking

We may also break supersymmetry spontaneously via non-vanishing D-terms.
The following model works both in globally and locally supersymmetric models.

Fayet-Iliopoulos Model If we have a U(1) supersymmetric gauge theory
with the real superfield denoted by V', we usually have D = 0 in the vacuum.
However, we may add a Fayet-Iliopoulos (FI) term [330],

Ly = / 0?0V =¢D. (4.72)

This only works for Abelian gauge symmetries since the gauge-invariant gen-
eralization to the non-Abelian case vanishes due to the tracelessness of the
non-Abelian generators. If we add the piece Lgr to the standard Lagrangian
obtained from

1
_ 2 2
L= /d 6292)/\/ + h.c., (4.73)
one can see that the system is extremized for D = —g%¢ # 0 and thus su-

persymmetry is broken. D-term supersymmetry breaking directly affects the
chiral superfields charged under the U(1). Adding two chiral superfields &
with charges £1, the fermion masses are unchanged and the charged scalars
acquire a mass splitting,

mi =m? £ g*¢, (4.74)
where m is a supersymmetric mass from a superpotential term W = m®, & _
to stabilize the chiral fields at &+ = 0.
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CHAPTER 9

Inflation in 4d A = 1 Supergravity

After having reviewed both slow-roll inflation and supergravity, it is time to
bring these two concepts together. As we outlined in Sec. [£.2] specifying a
supergravity model with chiral superfields amounts to specifying the Kahler
potential K(®,®) and the superpotential W (®) (and also the gauge kinetic
function fu,(®) if gauge interactions are important).

As we have seen in Sec. [£.3] spontaneous breaking of supersymmetry is
either due to a non-zero F-term or a non-vanishing D-term (or both). From
the point of view of inflation model building, this corresponds to two different
ways of generating the vacuum energy driving inflation.

In this chapter, we first discuss a few simple but explicit models. In Sec. 5.1}
we outline how to construct a supergravity version of the m?¢? chaotic inflation
model introduced in Sec. 3.5 Next, we introduce two ways of getting another
interesting class of inflationary models, so-called hybrid inflation models, from
D-term and F-term breaking of supersymmetry models in Secs. [5.2.1]and [5.2.2]
respectively. All these three models merely serve as toy models or illustrative
examples of inflationary model building in supergravity. We conclude this chap-
ter by a discussion of the supergravity n-problem, how it is evaded in the simple
toy models of Secs. to and some features of more general models of
F-term inflation related to solutions of the n-problem.

The aim of this chapter is only to provide an illustration of how to build
models of inflation in supergravity and the problems one faces while doing so.
For a recent review and many details on supergravity models of inflation and
their predictions, cf. [232] and references therein (see also [217]). Note that we
will work in units where Mp = 1 unless stated otherwise.
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5.1 F-Term Chaotic Inflation

The first model we would like to consider is the supergravity version of chaotic
inflation with V' (¢) = m2¢? (cf. Sec.[3.5)). The inflaton ¢ is considered to be the
lowest component of a chiral superfield ®, which is also assumed to be a singlet
under gauge interactions. Thus, ¢ receives its entire potential via F-terms.

Recall that the main feature of these chaotic inflation models is that infla-
tion occurs for field values ¢ > Mp. However, the F-term potential in super-
gravity, cf. Eq. ([47), has an overall prefactor e//M#. For a canonical choice
of the Kéhler potential, K = ®®, this prefactor tends to prevent fields from
having field values > Mp. In [225|, Kawasaki, Yamaguchi and Yanagida intro-
duced a continuous global shift symmetry for the Kéhler potential K to resolve
this issueEl Under this symmetry, the chiral superfield ® transforms as

® — &+ o (5.1)

This symmetry restricts K to be a function of ® + ® only and the imaginary
part of ® can take values > Mp and thus act as the inflaton. In other words,
the inflaton is like a (pseudo) Nambu-Goldstone boson from the spontaneous
breaking of a continuous global symmetry. However, if the symmetry remains
intact, the potential for the inflaton would be exactly flat. Therefore, we intro-
duce a small breaking of the shift symmetry. The simplest option is to introduce
a small mass term in the superpotential,

W =md?. (5.2)
Unfortunately, this leads to a potential which is unbounded from below as
¢ — oo [225| ] This can be overcome if a second field X is involved [225]f]

W=mXo. (5.3)

This model is “natural” in the sense of 't Hooft since the shift symmetry is
restored in the limit m — 0. The Kéhler potential is assumed to be of the form

K@ & X, X)=K(®+d,XX), (5.4)

which is invariant under the shift symmetry as well as under a U(1)g X Z
symmetryEl Actually, one usually considers a more specific choice of Kéhler
potential, namely [225]

1 =12 > S\ 2
K:§(<D+<I>) + XX -y (XX) +..., (5.5)
'As we will explain in Sec. this shift symmetry also protects the model from the
supergravity n-problem.

2Tt is easy to see this problem if one considers the simplest possibilty, K = % (<I> + (5)2,
because then V oc —¢* — —00 as ¢ =Im ® — oo with Re ® = 0.

3Note that this superpotential has a U(1)z symmetry under which X is charged and a
75 symmetry under which X and ® simultaneously change signs.

4This is valid as long as the corrections induced by the small breaking term Eq. are
negligible, cf. footnote 1 in [225].
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where the dots represent possible higher order terms. As we will see soon, the
third term is required to keep X fixed at zero during inflation.

While the D-term potential is assumed to vanish, the F-term potential is

determined from inserting the expressions Eqs. (5.3) and ([5.5)) into Eq. (4.47)),
which yields

1+ | X2 - 29]X]%)
1 — 4y X
X (92 (1 (1 4y + 1679 X >0

Vi = efm? []X (1+ (2 +®)P)] + 2 —3]X<I>\21

FIXE (14 (14 )| + (92 + 82) + (@ + B)°|of?) |,

where in the second line we expanded the F-term potential for | X| < 1.

We parametrize the real and imaginary parts of the scalar component of ¢

as .
P = Or+ 191

\/5 )
where ¢; acts as the inflaton. During inflation, we will have ¢; > 1 while
or,|X| < 1 and thus we can expand the potential, Eq. (5.6]), which yields

(5.7)

V(o 61, X) = gm’6} + om’dh (1 +6) + mAXP (14 2967) . (58)

The first term is precisely the potential for the chaotic m?¢? inflation model
we were looking for. From the second term we see that during inflation ¢g
receives a large mass of the order of the Hubble scale H ~ m2¢? and thus
it quickly settles to its minimum at ¢r = 0 and stays fixed during inflation.
Considering the last term, we see that if v > O(1) the same is true for X [
Hence, even though we started out with four real scalar fields (recall that a
chiral superfield has a complex scalar as its lowest component), in the end we
have a model which effectively describes single-field chaotic inflation. Similarly,
the models we consider in Sec. (and actually all models considered in this
thesis) effectively reduce to a single-field model of inflation, even though they
are formulated using multiple fields.

5.2 D-Term and F-Term Hybrid Inflation

The next models we want to consider are models of hybrid inflation [34] in
supergravity, where inflation ends via a phase transition: Once the inflaton
reaches a certain critical value, some direction in field space (the waterfall
field) becomes tachyonic, thereby ending inflation. Such models are popular

5This requirement can be understood nicely from a geometric point of view in terms of
the sectional curvature along the Goldstino direction, cf. [331H336].
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since they allow inflation to occur while all field values are < Mp and since
their potentials are nicely related to the ones used for the spontaneous breaking
of symmetries.

Basic Idea of Hybrid Inflation

The way a typical model of hybrid inflation [34}337] works is that a second field,
say h, has a mass which depends on the inflaton ¢ in such a way that m?(¢)
changes sign at some value ¢ = ¢. This turns a formerly stable minimum
with h = 0 into an unstable one and the inflationary vacuum energy vanishes
since h develops an expectation value.

Figure 5.1: Schematic plot of the potential in Eq. (5.9) with m = 0 and all other
parameters set equal to 1.

The prototype model of hybrid inflation is based on the potential [34]

2 2 \2
V(o.h) = 56"+ = (12 = M) + -6, (5.9)
The mass of h depends on ¢, namely m?(¢) = —x*M? + A\?¢*. Thus, for

¢ > Pt = KM/, the waterfall field is fixed at h = 0 and inflation can proceed
along the ¢ direction. During inflation, the vacuum energy is Vy ~ x2M* if
m2¢? < kM*. Once ¢ reaches ¢, h becomes tachyonic and then the system
rolls quickly to its true minimum at h = M, ¢ = 0, thereby ending inflation. A
schematic plot of the potential in Eq. can be found in Fig. 5.1

The m?¢? term in Eq. (5.9) induces a tree-level slope for the inflaton.
However, hybrid inflation models are often designed to have ¢ as a classically
(almost) flat direction, i. e. terms such as m%¢? are negligible. Then the domi-
nant contribution to the slope V' arises from quantum corrections which makes
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it naturally small. This also explains why many models of this class predict a
spectral index ng ~ 1 (typical values are ns; ~ 0.98) and a very small tensor-
to-scalar ratio r < 0.1 (since the field variation during inflation is small).

5.2.1 D-Term Hybrid Inflation

We now review a supergravity realization of hybrid inflation using D-term
supersymmetry breaking [338]339]. The model contains three chiral super-
fields ®, H,, H_ which are charged under a U(1) gauge symmetry with charges
0,-+1, —1, respectively. The superpotential is assumed to be

W=x®H H_, (5.10)
while the Kéahler potential is taken to be canonical, i. e.
K=|®?+|H > +|H_|”. (5.11)
The U(1) symmetry is assumed to have a constant FI-term £ > 0 EI and a gauge
coupling g.

Unlike in the F-term chaotic inflation model discussed previously in Sec.[5.1]
we now have a contribution to the scalar potential from the D-term,

2
Vo =L (|H P~ [H-[*+¢)". (5.12)

The F-term contribution V is as usual determined by inserting the expressions

for K and W in Eqgs. (5.10) and (5.11]) into Eq. (4.47)), which yields

Vi — K2€\<I>\2+|H+|2+|H7|2<|H+H_|2+ \H. B + |H_ D
(5.13)
+ (34D + |Hy [+ [H_) \<I>H+H_|2> .

The combined scalar potential V' = Vg 4+ Vp has a unique global minimum at
V =0 for

d=H,=0, H_=,/¢. (5.14)
More interestingly for us, if ® is large, we can have a local minimum with

V >0 and
H,=H =0. (5.15)

In this case, Vp = 0 and V = Vp ~ ¢%¢? > 0. Above a certain critical value
®..it the two fields Hy are fixed at zero and the potential V' > 0 drives the infla-
tionary expansion. Once ® = &, H_ develops a tachyonic mass, 7. e. Hy =0

6As was shown in [340,341], a constant Fl-term is actually inconsistent with a coupling
to supergravity. However, this is not the case if £ is actually field-dependent. This is precisely
the case for the FI-terms that arise in string theory, which depend on the moduli. Thus, one
should think of the D-term inflation model presented here only as an effective description
after fixing the moduli.
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is no longer a minimum and H_ starts to develop an expectation value while
moving to the true minimum at /€. To determine the critical value @, we
have to look at the mass matrix of Hy. It turns out that they have masses
given by

my, = k2|2 £+ g2€2 (5.16)

The first term is a supersymmetric mass term coming from the superpotential,
Eq. , and the second term is the mass splitting induced by the super-
symmetry breaking D-term contribution £¢%¢2. Since inflation occurs only as
long as ® > P and we would like to consider inflation with all field values
® < 1, we may approximate @i ~ g1/E/rk. The potential along ® turns out to
be classically flat for H. = 0. However, the mass splitting for Hy induced by
the D-term generates a Coleman-Weinberg-type potential [342] via quantum
corrections at the 1-loop level. For @3 < ® < 1, the effective potential during
inflation is approximately given by

242 442 2|2
9°¢ | g'¢ K|
Vet (P) = Vo + Vitloop = | , 5.17
#(®) = Vo + Vitoop 2+167r2n< Q? (5:17)
where () is some renormalization scale. This is independent of the phase of ®
and therefore we may identify the real part of ® as the inflaton.

The predictions for the CMB observables, however, are much more compli-
cated in this model since the breaking of the U(1) gauge symmetry at the end of
inflation leads to the formation of cosmic strings. These also contribute to the
CMB fluctuations, but their contribution is severely constrained. The energy
scale for £ is set by matching to the observed amplitude of scalar fluctuations,
A? ~ 2 x107? and the required number of e-folds, N, ~ 60, which typically
leads to /€ a bit lower than the GUT scale. However, this depends also on g
and x which cannot be too large, e. g. in [343}344] the following bounds on the
parameters &, g and k are computedﬂ

VES2x10Y GV, ¢<2x107%, k<3x107°. (5.18)

Basically, the constraints come from reducing the tension of the cosmic strings
to levels consistent with observations.

5.2.2 F-Term Hybrid Inflation

Hybrid inflation can also be obtained when supersymmetry is broken by an
F-term during inflation. The simplest model of this sort is very similar to
the D-term model just discussed. However, the D-term now vanishes and the
vacuum energy is due a non-zero F-term.

The model has the same field content and Kéhler potential as before in
Sec. [5.2.1} i. e. the chiral superfields ®, H,, H_ which are charged under a U(1)

"For ways to relax these constraints somewhat see e. g. [345-347].
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gauge symmetry with charges 0,+1, —1, respectively, and a canonical Kéhler
potential,
K= |®+ |Hy|* + |H_|*. (5.19)

But now the superpotential is given by [218-220]
W =r®(H,H. — M), (5.20)

and there is no Fl-term for the U(1), £ = 0.

Using again the standard formula, Eq. ({4.47)), to compute the F-term po-
tential, we find

Vi = r2el®PHH P+ -2 [ (1 — D2 + |(I>|4) \H,H_ — M??

B (1 + [P~ MPAL P+ |+ [P H, - M2AP) |
(5.21)

The D-term contribution Vp vanishes along the D-flat direction H, = H_
(to which the system is actually forced by the D-term potential). Neglecting
Mp-suppressed corrections and expanding for & < 1, the two mass eigenvalues

are
M: o ~ k2O £ k2 M? . (5.22)

Thus, now @,y =~ M and we again have a mass splitting due to supersymmetry
breaking, which will again induce a 1-loop correction of the Coleman-Weinberg-
type. Unlike in the D-term hybrid inflation model discussed, though, there
is now also a classical contribution. During inflation, when H, = 0, we can
expand the F-term potential for & < 1 and find

K2 M| D|*

Vi ~ k2M*
F K + 2M§. ’

(5.23)
where we have reinserted the powers of Mp. However, this contribution could
be subleading with respect to the Coleman-Weinberg (CW) potential induced
via quantum corrections since ® < 1. For ® > &, we can approximate the
CW potential as

KAM* 10}
Viiloop =~ 1 , 5.24
i = " () (5.21)
where we have switched to & = % without loss of generality since the phase of

® does not enter into the potential. Now the effective scalar potential during
inflation is approximately given by

2 4
Ve M (10 (2 o 5.25
T (+8w2“(¢cm 8 (5.25)

Which of the two terms dominates the slope of the potential depends on the
value of k.
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An advantage of F-term hybrid inflation over D-term hybrid inflation is that
one has more possibilities for the two fields H,.. Here, they are charged under a
U(1) symmetry, but in general they just have to be in conjugate representations
of some gauge group G, e. g. fundamental and anti-fundamental representations.
Thus, from a phenomenological point of view, this combines nicely with the
breaking of e. g. a GUT gauge group in the early universe. However, one again
has constraints from formation of topological defects and/or cosmic strings.
Values up to £ < 1072 seem to be consistent according to [348-350).

5.3 Supergravity n-problem and General
F-Term Inflation Models

Now that we have presented three rather simple supergravity models of infla-
tion, it is time to understand in more detail why these models actually work
and what the problems are one faces when going beyond these examples.

The Supergravity n-problem

The main obstacle for building a working model of slow-roll inflation is the
so-called supergravity n-problem [37-39]. It is a fundamental obstacle in the
sense that it is not about agreeing with observations, but really about slow-roll
inflation occurring at all.

To understand the problem and its origin, let us recall the general structure
of the supergravity F-term potential, Eqs. (4.47) and (4.48)), which is

_ = 3
Vi = eX/ME ((Ki]) ' D,WD;IWV — —2\W\2> : (5.26)
Mp
where the supergravity F-terms D,V are given by

1

P

Now let us assume that the vacuum energy during inflation is provided by
the F-term of a chiral superfield, say X, which may or may not be the one
which contains the inflaton. To keep things general, the superfield containing
the inflaton is denoted by ®. Moreover, we assume the Kéahler potential for ¢
and X starts with the canonical terms, 1. e.

K=|®P+|X[+.... (5.28)

Then, since during inflation only DxW # 0, we can expand the F-term poten-
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tial as

2 _ 3
VF = eK/MP ((KXX) ! |DXW’2 - W’WF)
P

~ EMEVy 4 (5.29)

ik )
=14+ +... | Vo+...,
( M2

with Vo = |DxW|?. Now we immediately face a problem: The slow-roll param-
eter 7 (cf. Eq. (3.29))) obtained from this potential is given by

V//
n=Mp—=1+..., (5.30)
V
where the prime denotes again a derivative with respect to the inflaton con-
tained in ® and the 1 comes precisely from the |®|?Vy/M3 term in the last
line of Eq. (5.29). Thus, the e* prefactor generically gives rise to masses for
the scalar fields which are ~ H2. To prevent these generic terms from spoiling
slow-roll inflation, there are basically two options at the level of effective field
theories:

1. Fine-tune the additional corrections denoted by the ellipsis in the last
line of Eq. (5.29)) to (almost) cancel the 1.

2. Forbid the mass term arising from the e’ prefactor, e. g. by imposing an
(approximate) symmetry.

We have already seen three simple models for slow-roll inflation in supergravity,
so let us now examine why they actually worked in the first place.

F-Term Chaotic Inflation This is an example of the second way of solving
the n-problem, namely by imposing a continuous global shift symmetry to make
el actually independent of the inflaton. If we would have added a correction
term to K of the form |®|*/M?2 to Eq. with an O(1) coefficient, we would
have spoiled slow-roll inflation even though this corresponds to adding a Mp-
suppressed dimension-six operator to the Lagrangian!

D-Term Hybrid Inflation Here, the vacuum energy was due to the D-term,
which has no e prefactor and therefore does not suffer from the above version
of the n-problem. However, these models inevitably lead to the formation of
cosmic strings whose contribution to the CMB fluctuations is strongly con-
strained by observations. Moreover, the n-problem may reappear via threshold
corrections of the gauge-kinetic function, see e. g. the nice explanation in [41]
in the context of string theory models of inflation.
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F-Term Hybrid Inflation This is an example of the first way of solving the
n-problem. Since the superpotential, Eq. (5.20)), is linear in ® and the Kéhler
potential, Eq. , is assumed to be canonical, the potentially dangerous
term discussed above cancels miraculously against the contributions coming
from the dots, leaving only a term Vp D V,|®|*/M}3, which is much less dan-
gerous for ® < Mp. However, if we would have added a term |®|*/M?% with
O(1) coefficient to the Kéhler potential in Eq. , we would again have
spoiled this cancellation and reintroduced the n-problem.

The upshot of this section is that the supergravity n-problem is deeply
related to corrections to the Kéahler potential. Unlike the superpotential, K is
not protected by a non-renormalization theorem and therefore it can receive
all kinds of possible corrections. To have slow-roll inflation occur at all, one
must assume either some special structure of the terms in K or fine-tune the
coefficients. For small-field models of inflation, the most relevant corrections to
K are the dimension-six operators induced by terms of the form

&0 -5 XXPD, (5.31)
J 5

where d*0 = d?0d?0 and X and ® are some chiral superfields.

A Guideline for F-Term Model Building

For more general models, if we intend to solve the n-problem via some special
structures (aka symmetries) in the Kéhler potential, it has been shown that
the following conditions are preferable 38},225,227-230}351}352|

DxW #0, DeW ~0, W=a0, (5.32)

where X # ® does not contain the inflaton field ¢. That is, we should not break
supersymmetry along the inflaton direction. This is precisely what has been
used in the F-Term Chaotic Inflation model of [225] presented above, which
introduced the extra field X to break supersymmetry along another direction.
This idea has been used recently in [229,230] to construct more general models
of F-Term chaotic inflation based on superpotentials of the form

W = Xf(®), (5.33)

with f(®) some general function. This can be supplemented, for example, by
the Kéahler potential in Eq. , or by a more general choice for the Kéhler
potential of ®. The important constraint on the Kéahler potential for these
models is to ensure X = 0 during inflation such that W ~ DsW = 0.

We will discuss hybrid inflation models in supergravity based on these
guidelines later on in this thesis, cf. Chap.
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Basics of Moduli Stabilization

In this chapter, we briefly introduce a few basic aspects of moduli stabilization
in string theory. For definiteness, we focus on flux compactifications of type
IIB string theory from ten to four dimensions. But the schemes for moduli
stabilization in type ITA or heterotic string theory are based on the same basic
ingredients, namely flures and non-perturbative effects.

Fluxes have become a basic ingredient of modern string compactifications
since they are important for moduli stabilization and can lead to warped ge-
ometries.

The term “moduli” originally referred to strictly massless scalar fields which
correspond to a motion in the vacuum manifold of the theory, 7. e. by chang-
ing the expectation value of a modulus field we can move “for free” to a new
ground state of the theory. However, we have not observed any massless scalar
fields in nature and there are strong constraints on light and weakly interact-
ing scalar fields. In this sense, “moduli stabilization” corresponds to finding a
mechanism (7. e. a non-trivial potential) which freezes the modulus such that
we can describe the low-energy theory in a fixed vacuum.

In string theory compactifications, there is always the dilaton which sets the
string coupling g, and in addition there are geometric moduli which parametrize
the “size and shape” of the compactification manifold. For Calabi-Yau 3-folds,
the geometric moduli can be divided into two classes, complex structure and
Kdhler moduli. The complex structure moduli control the sizes of 3-cycles while
the Kéhler moduli control the sizes of 2- and 4-cycles (due to Poincaré duality)ﬂ
For a Calabi-Yau 3-fold M, the number of inequivalent 3-cycles (i. e. complex
structure moduli) and 2-cycles (i. e. Kédhler moduli) is encoded in two num-
bers, the two dimensions of the (co-)homology groups denoted h(s,1)(M) and
h(1,1)(M), respectively, which are determined by the topology of M. For a CY
3-fold these are the only two numbers which can vary.

'Roughly speaking, a p-cycle of a compactification manifold M is a (sub-)manifold %, C
M with no boundary and which is not the boundary of some (p + 1)-dimensional manifold.
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By “warped geometries” we mean compactifications to four dimensions for
which the metric in the four external directions depends quite strongly on
the internal directions, which are interesting for various reasons. For example,
warped compactifications provide an alternative solution to the hierarchy prob-
lem [15]. Moreover, they typically also play an important role in gauge-gravity
dualities (see Sec. []).

For textbook treatments of string theory see e.g. [46-52|. Here, we will
not provide an introduction into string theory and only work in the low-energy
supergravity limit.

For comprehensive reviews on flux compactifications and their application
to moduli stabilization (especially in type II supergravity) cf. e. g. [96,/160-163|.
Here, we will mostly follow the original papers, but see the reviews for many
details and a more extensive list of references. The following sections are mainly
to setup the notation and state the important results.

6.1 Moduli Stabilization via Fluxes

The ten-dimensional supergravity descriptions of both type II and heterotic
string theory contain the 2-formf| B,. Its field strength is denoted by Hs,
1. e. H3 = dB,. In addition to Bs, the type II supergravity theories also contain
other p-forms C), with field strengths F},; = dC,,. Which values of p are allowed
depends on whether type IIA or type IIB is considered. The term “fluxes” refers
to non-trivial background configurations of these (anti-symmetric) tensor field
strengths. Of course, when compactifying to four dimensions, we would like to
preserve 4d Poincaré invariancd’] and thus these field strengths must either be
only along the internal directions or along all four external directions.

The field strengths Fj,1; fulfill the corresponding Bianchi identity, dF},;; =
0. One can show that similar to Dirac’s famous charge quantization [353] also
the fluxes are quantized [106-{108|. Namely, if we integrate F,.; over a (p +
1)-dimensional manifold 3,,; without a boundary, the “charge” must be an
integer, 1. e.

1
ﬂ_p / Fp+1 e’Z. (61)
Ypt1

Since X,;1 has no boundary and due to the Bianchi identity, only the coho-
mology class of F,1; is relevant.

2The appearance of a 2-form B, is actually very generic since a string world-sheet may
always source a two-form field. This is in complete analogy to the worldline of a charged
point particle sourcing a 1-form (or gauge field) A, = A, dz".

3More generally, we are interested in compactifications to 4d maximally symmetric spaces,
i. e. to Minkowski, Anti-de-Sitter or de-Sitter spacetimes, and demand that all of their re-
spective symmetries are preserved.
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A Quick Note on (Co-)Homology We do not discuss the interesting beau-
tiful mathematical theory behind (co-)homology classes of manifolds here, but
merely state the results important for us. In the language of differential forms,
the Bianchy identity dF, ;1 = 0 means that Fj,y; is a closed form. If F}, ., is
an ezact form, i. e. is obtained as Fj, 1 = dC, globally, the Bianchi identity is
trivially fulfilled. However, the more interesting possibilities are the non-trivial
ones which depend on the topology of the manifold M. These non-trivial pos-
sibilities are counted by the (dimension of) the cohomology groups of M. Im-
portant for our purposes is that one can specify a basis for the p-forms on
p-cycles in terms of harmonic p-forms w,. The w, also specify a basis of the
p-cycles. It should be noted that (co-)homology defines equivalence classes and
we are actually talking about representatives of these equivalence classes.

As a simple example, consider the two-dimensional torus 72. It has a 0-cycle
(the equivalence class of all point p in T?), a 2-cycle (1% itself) and two 1-cycles
a (red) and b (blue) corresponding losely speaking to the two inequivalent ways
of drawing a circle on the torus, cf. Fig. [6.1}

For the CY 3-fold, there are two types of geometric moduli [354]. Kdhler
moduli which control the sizes of 2-cycles and complex structure moduli which
control the sizes of 3-cycles. They are usually defined as parametrizations of
the Kéhler (1,1)-form J and the holomorphic (3,0)-form €2, respectively. A
CY 3-fold is a six-dimensional manifold but it is also a manifold with three
complex dimensions. That is, out of the six coordinate we can form 3 complex
coordinates and 3 complex conjugate coordinates. This “splitting” is encoded
in Q. The quantities of the form (p, q) refer to forms which are comprised out
of p holomorphic and ¢ anti-holomorphic coordinates.

For an introduction into (co-)homology and complex geometry for physi-
cists, see e. g. [175,1761355].

< >

Figure 6.1: Simplified illustration of the concept of “cycles” using a torus.

Basic Idea of Moduli Stabilization via Fluxes Roughly speaking, the
basic idea underlying moduli stabilization by fluxes is the following. Without
fluxes, the moduli corresponding to the volumes of some cycles have either a
runaway potential (either to 0 or co) due to a curvature contribution which is
minimized when the volume of the cycle shrinks to zero or blows up (depending
on the sign of the curvature contribution). When fluxes are switched on, the
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energy density stored in the fluxes depends on the volumes of the cycles. Thus,
by adding appropriate contributions from fluxes, we may fix the volumes of
the cycles supporting the fluxes at some finite values. This fixing of the cycle
volumes is the stabilization of geometric moduli.

Flux Compactifications of Type IIB Supergravity

From now on, we assume the six-dimensional compactification manifold Mg to
be a (conformal) Calabi-Yau manifold. Moreover, we consider only flux com-
pactifications of type IIB supergravity with background 3-form flux since this
is the setup which is reasonably well-understood and under control. In partic-
ular, because under certain assumptions the backreaction of the fluxes on the
internal space only leads to a non-trivial warp factor and the internal space is
a conformally-Calabi- Yau manifold. That is, it is still a CY up to a common
overall warp factor.

In this subsection, we closely follow [155] (for earlier work on moduli sta-
bilization via fluxes see [153.|154]).

The starting point is the low-energy limit of type IIB string theory which
is type IIB supergravity with the ten-dimensional action (in Einstein frame)

or)? 1G> R
(Im 7')2 12Im 7 4 -5l

M180 10
S:T/d N —g R10—2

S (6.2)
M§0/04/\G3/\G3
TS

+ Siocal + terms involving fermions
Im~
where M is the (reduced) Planck mass in 10d and ¢ is the 10d Einstein
frame metric and Rqq is the 10d Ricci scalar. The axio-dilaton S is a particular
combination of the dilaton ¢ and the Ramond-Ramond (RR) axion Cj,

S=e?+iC,. (6.3)

C} denotes the RR 4-form potential which gives rise to a field strength Fj. The
field strengths G5 and Fs appearing in the action are constructed out of Fj as
well as the RR 2-form C5 and the Neveu-Schwarz (NS) 2-form B, and their
respective field strengths F3 and Hs. They are defined as follows:

~ 1 1
F5EF5_§CQ/\H3+§BQ/\F3, (64)

Moreover, Fs is required to be self-dual and this has to be imposed as an
additional constraint at the level of the equations of motion. Finally, Siocal
contains contributions from various types of localized sources such as D-brane
and orientifold planes. In particular, these localized contributions may source
the metric and p-form fields.
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Let us consider ten-dimensional spacetimes which are a warped product
of a maximally symmetric four-dimensional spacetime My (for definiteness we
take 4d Minkowski space with metric 7,,) and a six-dimensional manifold M,
1. e. a metric of the form

ds? = Wy, datda” + e 24 WG, dy™dy" . (6.6)

Here, A(y) is the warp factor and gy, is the metric on the internal space with
coordinates y™. To preserve 4d Poincaré invariance, the background values
of the fields must fulfill certain conditions. As mentioned already above, the
fluxes must either extend only along the six internal directions or span all four
external dimensions. For the concrete case of type IIB supergravity this means
that G5 is only extended in the internal directions and the self-dual Fy must
be of the form

Fy = (14 x10) da(y) A da® A dzt A daz® A da® (6.7)

where 19 denotes the 10d Hodge star operator. Moreover, the axio-dilaton can
only be a function of the internal directions, i. e. S = S(y). By taking the trace
of the Einstein equations, one can show that in the absence of localized sources
the fluxes must vanish and the warp factor is constant [356,1357]. However,
this no-go theorem can be evaded if sources with negative tension are included
[155]. These objects are indeed present in string theory, for example orientifold
planes or anti-branes, but they are subject to certain consistency conditions, in
particular the tadpoles of the D-brane charges must vanish. Also note that both
anti-branes and orientifold planes break supersymmetry. Type IIB on a Calabi-
Yau manifold preserves N' = 2 supersymmetry in 4d, but orientifold branes
break it down to N’ = 1 while anti-branes completely break supersymmetry.

We may also add D3-branes, which either fill all four external dimension or
wrap a 4-cycle (so-called Euclidean D3-branes), or D7-branes filling all four ex-
ternal dimensions. In [155], it was shown that any type of localized sources sat-
isfying a certain BPS-like condition on their energy-momentum tensor (which
all sources mentioned so far do satisfy) lead to solutions with

*GG;J, = ZGg s (68)

W = a(y),

with x¢ denoting the Hodge star operator in the internal dimensions. The first
line states that the flux G5 is imaginary self-dual (ISD), while the second line
relates the 5-form flux and the warp factor. In addition, F3 and Hs must satisfy
their Bianchi identities

Moreover, if we would like to preserve 4d N = 1 supersymmetry, the flux G5
should be a (2, 1)-form [358}359).
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From the point of view of the 4d effective AN/ = 1 supergravity theory, the
flux G5 gives rise to a superpotential of the Gukov-Vafa-Witten form [152],

Wﬁux_/Q/\Gg, (6.11)
M

where 2 is the holomorphic (3,0)-form. This superpotential depends on the
complex structure moduli U, via €2 and on the dilaton S via G3. In the 4d
effective supergravity theory, the axio-dilaton S is the lowest component of a
chiral multiplet S (by the “standard” abuse of notation we denote the superfield
and its lowest component with the same symbol).

The tree-level Kahler potentials for the complex structure moduli and the
dilaton are given by [354]

K,=—In —z’/Q/\Q , (6.12)
M
and
Ks=—-In(S+59), (6.13)

respectively. For simplicity, we will focus on the case of a single Kahler modulus
here, ©. e. h1 1) = 1. Its tree-level Kéhler potential is given by

K=-3In(T+1T), (6.14)

where ReT o V?/3. Note that this Kihler potential for the 7} satisfies the
no-scale property
KKK, =3, (6.15)

which is trivially fulfilled for a single T, but its holds generically at tree-level
also for h(1,1y > 1. Due to this no-scale property, the F-term potential simplifies
significantly and becomes a sum over contributions from only the F-terms of
the dilaton S and the complex structure moduli U,. Through fluxes, we may
then stabilize both U, and S in a supersymmetric way, 7. e. such that

Dy W = DgW =0. (6.16)

For an explicit example, namely the complex structure modulus of a conifold,

see Sec. [T.3]

Henceforth, we assume throughout this work that the dilaton and the com-
plex structure moduli are stabilized with sufficiently large masses by an appro-
priate choice of fluxes. However, note that the above superpotential does not
depend on the Kahler moduli 7;. Their stabilization requires additional ingre-
dients described in the next section.
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6.2 Moduli Stabilization via Non-Perturbative
Effects

The scenario proposed by Kachru, Kallosh, Linde and Trivedi (KKLT) in [40]
uses additional non-perturbative corrections to the superpotential to stabilize
the Kéahler moduli in a type IIB flux compactification. This leads to a 4d
supersymmetric AdS minimum and they proposed to slightly overcompensate
the negative cosmological constant of the AdS vacuum by adding anti-D3-
branes. In the following, we briefly review the KKLT setup for the case of a
single Kéahler modulus T' (essentially following [40]).

The starting point is a flux compactification where all complex structure
moduli U, and the dilaton S have acquired masses around the string scaleEl
My, After integrating them out, the flux-induced superpotential Wy, (cf.
Eq. (6.11)) reduces to a constant contribution

WO = <Wﬂux<S, ch)> . (617)

Assuming a single Kéhler modulus 7', it has a no-scale Kahler potential (at
leading order in the o/-expansion),

K=-3In(T+T). (6.18)

We may now add a stack of Np; D7-branes which extend along the four external
directions and wrap the 4-cycle whose size is controlled by 7. On the world-
volume of this stack of D7-branes one has a SU(Np7) Super-Yang-Mills (SYM)
gauge theory. The 4d gauge coupling of the wrapped branes is set by T as

8 2
S =27 ReT. (6.19)

9ym

In the absence of light charged matter, this SYM theory undergoes gaugino
condensation, 1. e. it develops an expectation value of the form

(M) ~ A? (6.20)

which gives rise to a non-perturbative contribution to the superpotential [158|,
360-362|

Wye = Ay = Ae 5T, (6.21)
where b = by/3 and by = 3Np7 is the coefficient of the 1-loop [-function. A

similar contribution to the superpotential can also arise from Euclidean D3-
brane instantons which then has b = 1.

41f the overall volume of the compactification manifold is V ~ RS, the complex structure
moduli and the dilaton acquire masses of the order m ~ o'/R? 40|, where o/ = £2.
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In summary, due to the non-perturbative correction from either a gaugino
condensation on a stack of D7-branes or from Euclidean D3-brane instantons,
we end up with a superpotential of the form

Wi = Wo + Ae= T , (622)

where a = %’T. The F-term scalar potential following from the above K and W
reads

a2A2€—a(T+T) aAWOe—aT + h.c. N 2@A2€_a(T+T)

Without loss of generality, we now take Wy, A and a to be real, and A >
0, Wy < 0. Then there exists a supersymmetric minimum determined by

Vi =

(6.23)

DiW =0 = Wy=—Ac" (1+5(T+T)). (6.24)

Denoting the real and imaginary parts of 7" as T' = ¢ + i«, one can see that
for our choice of phases we have v = 0 and oy determined by solving

2
Wy = — Ae=a70 (1 + C;U‘)) . (6.25)

At the minimum, the potential energy is negative,

2A2 —2ao0p
S — (6.26)

o=09 600

VAdS = —36K|VV|2

i. e. we have a supersymmetric AdS-minimum. To have a controlled supergrav-
ity approximation and to justify keeping only the single instanton contribution
in the superpotential, we require ¢ > 1 and aoc > 1, respectively. In terms
of the parameters of Wxkpr, this means |Wy| < 1 and a < 1. Note that the
assumption of Wy < 1 can be relaxed in the LARGE Volume Scenario [159],
which adds the leading order o/-correction to the potential [156] and involves at
least two Kéhler moduli and a particular structure in the Kahler potential. But
here we confine ourselves to the case of a single Kéahler modulus for simplicity.

Including the contributions from fluxes and non-perturbative effects, we
end up with an AdS-minimum which needs to be uplifted to a Minkowski or
dS-minimum. In the KKLT construction this uplifting is achieved by a stack of
anti-D3-branes at the tip of a warped throatEl such as the Klebanov-Strassler
solution (cf. Sec. . The supergravity solution corresponding to anti-D3-
branes at the tip of Klebanov-Strassler is a metastable state which breaks
supersymmetry [363] and the backreacted solution has been found only re-
cently [364H368| (for earlier work see [369-373]). In the literature, also other
possibilities for uplifting exits, see e. g. [199,328,374-378|. For instance, [374]
makes use of D-terms induced by world-volume flux on D7-branes.

>The anti-D3-brane in a warped throat of a flux compactification with only ISD flux
experiences a force which drives it to the tip.
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Figure 6.2: Plot of the KKLT modulus potential as a function of ¢ = ReT. The
solid black line is the F-term contribution Vg, the dotted blue line is the uplifting
contribution Vj,;, and the solid red line is the sum of the two contributions. The
parameters haven been chosen as follows: Wy = —107%, A =1, a = % and Cyp =
6.68 x 1071, All three contributions have been rescaled by an overall factor 5 x 10%°.
The positions of the minima with and without uplifting are oy, ~ 182.1 and oy ~
180.8, respectively. We have also indicated the depth Vaqs of the potential prior to
uplifting and the barrier Vp towards decompactification.

It gives rise to an extra contribution to the scalar potential of the form [272]

Cup

m , (6.27)

%p:

where (), is a constant which depends both on the number of anti-D3-branes
and on the warp factor at the tip of the throat. By adjusting these two parame-
ters, one can (almost) cancel the negative contribution Vy4g to obtain a vacuum
with (almost) vanishing vacuum energy, i. e. obtain a Minkowski vacuum or a
dS-vacuum with a small cosmological constant. Including the uplifting term,
the full scalar potential is

V= Vit Vip. (6.28)

The position of the minimum receives only a small correction due to the up-
lifting term, 7. e.
Uup ~ 0gp. (629)

See Fig. for a plot of the resulting potential V' and its individual contribu-
tions Vr and V. The resulting vacuum is only metastable since the vacuum
energy vanishes completely as 0 — oo and as a consequence the uplifted mini-
mum is not a global minimum. Thus, the vacuum can decay quantum mechan-
ically via tunneling. To estimate the decay rate (or lifetime) of a metastable
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vacuum, one usually considers the Coleman-de Luccia instanton [379|. In [40],
the lifetime of the uplifted vacuum was estimated in this way and it exceeds
the age of our universe by many orders of magnitude for realistic parameter
choices.

The above construction can be applied also to the case with more than one
Kaéhler modulus by adding appropriate terms to the superpotential. However,
note that the presence of such non-perturbative effects is related to certain
properties of the 4-cycles associated to the corresponding (combination of)
Kéhler moduli, see e. g. [15§]. In particular, it was shown in [210] that there
is generically some tension between having non-perturbative corrections and
having a chiral MSSM-like sector[f] We will revisit the KKLT scenario when
combined with inflation later on in Chap.

6In [211], a possible way out was suggested which uses instantons carrying flux and 2-forms
with negative parity under the orientifold involution.



CHAPTER 7

Basics of Warped Conifold Throats

An important consequence of flux compactifications are warped throats, i. e. re-
gions of the compact manifold which are strongly warped. Such strongly warped
regions have been argued to be a generic feature of type IIB flux compactifi-
cations [209,1380-384]. This chapter is devoted to reviewing some basic facts
about a special class of warped throats based on conifold singularities and their
resolutions.

We begin by briefly recalling some basic facts about the AdS/CFT- or
gauge/gravity correspondence [109-112] in Sec. Next, we review the Klebanov-
Strassler (KS) solution [135] in Sec.[7.2] Finally, in Sec. we review how the
KS throat is embedded into type IIB flux compactifications [155].

This chapter is essentially following the lecture notes [113]| as well as the
review [385] and we refer to these for many details and an extensive list of
references. In the following, we will introduce the very basics of the AdS/CFT-
correspondence albeit in a brief way. For a more thorough introduction see for
instance [114.|115}386|,387].

7.1 Basics of the AdS/CFT-Correspondence

Putting a stack of N D3-branes on top of each other in flat space, one obtains
an N = 4 Super-Yang-Mills (SYM) theory with U(N) gauge group on the
world-volume of the D3-branes. This theory describes a conformal field theory
in four-dimensions.

As an alternative point of view, we can “integrate out” the D3-branes by
computing their backreaction on the space-time geometry. The result is a strong
deformation of space-time which in the “near-horizon limit” described below is
AdS; x S° with type IIB closed superstrings propagating in it. AdS is the
abbreviation for Anti-de-Sitter space and refers to a space of constant negative
curvature. AdS-spaces are highly symmetric spaces. For instance, the isometries
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of AdS; are equivalent to the superconformal group in four dimensions. This
fact is one of the important tests of the AdS-CFT correspondence.

Putting the N D3-branes into 10d flat space, their backreaction induces a
metric of the form

ds* = h(r)~?n,,dadx” + h(r)/2ds? (7.1)
4mg,No'?
h(r) =1+ —a (7.2)

The decoupling limit or near-horizon limit corresponds to o — 0 while N, g,
and r /o’ are kept fixed. This limit essentially amounts to dropping the 1 in the
expression in Eq. (7.2)), i. e. approximating h as

4ng,Na®  4mg,Na'
A ~ rd :

h(r) =1+ (7.3)
The resulting geometry of this space is AdSs x S5. Defining u = r/a’, the
metric becomes
du? a2 .
ds* = RQF + e’z + R2dO2 (7.4)
with R* = 4mg,Na'? setting both the curvature scale of the AdS factor and the
radius of the S°. The trace left of the N D3-branes are N units of Fy flux on
the S° which simultaneously determines the scale of the curvature of the AdSs
and the radius of the S°.

The matching between the parameters on the gravity (or string theory)
side and in the dual gauge theory is as follows
A
ATgs = G2y = —
g Iym N
R? 9
) =gymN = A,

(7.5)

where the 't Hooft coupling |116] is defined as A = ¢g2,;N. The perturbative
string theory expansion in powers of gs (i. e. string loops) and o (i. e. higher
derivative corrections) is related to the 1/N and 1/ expansions for fixed N of
the gauge theory, respectively. For large-N and A > 1, the string theory side
is weakly coupled while the gauge theory side is strongly coupled. This is why
the AdS/CFT-correspondence has become useful for studying aspects of the
dynamics of strongly coupled gauge theories. There is a (one-to-one) mapping
between bulk fields in AdS and operators in the dual CFT, albeit it is in general
not known explicitly. That is, unless one constructs the backgrounds explicitly,
e. g. using D-branes.

Let us write the metric of AdSs in conformally flat coordinates

2
ds® = % (Nuda"da” + d=?) | (7.6)
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and perform a KK reduction on the S°. This yields, in particular, a bunch of
scalars ¢ with 5d masses m. The solutions to the equations of motion for z — 0
take the form

$(2) ~ 2 2o + 22(0) (7.7)

where m? = A(A — 4). The coefficients ¢y and (O) correspond to the source
and the expectation value of the CFT operator O which is dual to the bulk
field ¢.

One can then state the AdS/CFT-correspondence in the following way:

= ZSUGRA

<ef d4x¢o(w)0(x)> 7 (7.8)

¢(0,$):¢0 (J?)

CFT

which is valid in the limit of large-N and large-\.

An important point to notice is that the radial direction of AdSs can be
related to the renormalization scale or energy scale in the dual gauge theory.
Thus, one can interpret the equations for the radial dependence of the bulk
fields as the renormalization group equations in the dual field theory.

To reduce the amount of supersymmetry, one way is to place the D3-branes
at conical singularities, 1. e. spaces Cg with a metric of the form

dsg = dr® + rds%, . (7.9)

If the space X5 is a five-dimensional Sasaki-Einstein manifolcﬂ, the space Cg is a
Ricci-flat Calabi-Yau manifold [394H398|. The AdS/CFT correspondence then
uses AdSs x X5 instead of AdSsx S°. The resulting theory is less supersymmetric
than the S° case and the amount of supersymmetry preserved depends on Xj.
However, there is no general way known so far to derive the world volume theory
(i. e. the dual gauge theory) from the geometry of X5. The cases where the world
volume theory is known explicitly are constructed by placing stacks of D-branes
at the singularities and considering the decoupling (or near horizon) limit. In
general, the (effective) number of D-branes shows up as fluxes threading the

various cycles of X5 and it is roughly related to the rank of the gauge groups
involved £

The two systems introduced so far have an AdS-factor which implies that
both dual gauge theories are conformal. This can be understood by noting that
the isometries of AdSs coincide with the superconformal symmetry group in

!The simplest examples known are S® and 71! = SU(2) x SU(2)/U(1), but see e. g. [388
393| for more general examples.

2For example, in the Klebanov-Witten solution |394] which has X5 = T%! and N D3-
branes at the conifold singularity, the dual gauge theory is an SU(N) x SU(N) gauge theory.
In the Klebanov-Tseytlin solution [399] there are in addition M D5-branes which act as
fractional D3-branes such that the dual gauge theory is SU(N+ M) x SU(N). The Klebanov-
Strassler solution (cf. Sec. is essentially a deformation of the Klebanov-Tseytlin solution
which is regular everywhere.



90 CHAPTER 7. BASICS OF WARPED CONIFOLD THROATS

4d. In the next section, we discuss an example of a non-conformal gravity back-
ground. The breaking of conformal invariance manifests itself as a deviation
from AdSs in “the IR” (i. e. “small” r) while in “the UV” (7. e. “large” r) the

space is approximately AdSs.

7.2 Klebanov-Strassler Solution

The Klebanov-Strassler (KS) solution [135] is based on the warped deformed
conifold. The conifold (see e.g. [400]) is a cone over the manifold TH! =
(SU(2)xSU(2))/U(1), which we can write as the set of points w € C* satisfying

> wl=0. (7.10)

T has a SO(4) x U(1)g ~ SU(2) x SU(2) x U(1)g isometry and an Einstein
metric on it is given by

2 2 2
1 1
dsgn, = 5 <d¢ + ;:1 cos 0; dgbz> + 6 g (d6? + sin®0; d¢7) (7.11)

=1

with ¢ € [0,47) and (6;, ¢;) each parametrizing an S?. Concerning the isome-
tries, each SU(2) acts on one of the S?’s while the U(1)g corresponds to shifts
in 9. From the metric Eq. (7.11]), one can see that 7! is an S' bundle over
S? x S2. Moreover, it can also be written as an S* bundle over S? which is
topologically trivial (see e. g. [394]) such that TU! is essentially S® x S2. That
is, T™! has a non-trivial 2-cycle and a non-trivial 3-cycle on which we can wrap
branes. At the tip of the cone, both the S* and the S? shrink to zero size.

Placing N D3-branes in the conifold yields the Klebanov-Witten solution
[394], an SU(N) x SU(N) gauge theoryf]] with two sets of chiral superfields A;
and B; which transform in the (N, N) and (N, N) representations, respectively
and a superpotential

W =h €ij€pq Tr (AprAJBq) . (712)

The dual gravity theory is type IIB supergravity on the background AdSs x T,
The complete KK spectrum of type IIB supergravity compactified on T is
known [401,402] and it agrees with the spectrum of operators in the CFT.
To turn this into a non-conformal background, one way is to add fractional
D3-branes which are D5-branes wrapped around the vanishing S? (i. e. the 2-
cycle of T11). These fractional branes are stuck at the singularity and make

3 Actually, one find a U(N) x U(N) gauge theory, but in general any U(1) factors are not
captured by the dual gravity solution in the AdS/CFT-correspondence [112| and hence we
ignore them here.
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the theory non-conformal. The resulting gauge theory for N D3-branes and M
fractional branes at the conifold singularity is SU (N + M) x SU(N) with again
two sets of chiral superfields 4; and B; transforming in the (N + M, N) and
(N + M, N) representations, respectively, and with 7, j denoting SU(2) x SU(2)
indices.

The gauge couplings of the two factors of the gauge group are determined

by the dilaton ¢ and the NS 2-form Bs asEl
1
g

1 1
———2~ (5/32 — =1 . (7.14)
91 92

In the corresponding supegravity solution, also known as the Klebanov-
Tseytlin (KT) solution [399], the fractional branes source M units of Fy flux
through the S® (i. e. the 3-cycle of T*!) and via the equations of motions then
B, becomes a non-trivial function of the radial direction. The latter can be
understood as a running of the two gauge couplings in the dual field theory. As
a consequence of the 3-form flux, the warp factor has an additional logarithmic
factor such that the metric becomes [399|

ds? = h(r)"Y2da? + h(r)"/? (dr2 + TQngﬂl,l) ,
81 o In(r/ry) (7.15)

/
o \Ys M )
g (950’ M)" —3

which is valid for the region above the tip, 7. e. for r 2 r,. Due to the extra
logarithmic factor, the metric in the UV is only approximately AdSs; which
signals the breaking of conformal invariance.

1 _
—2 ~e?, (7.13)
93

h(r) =

The KT solution, however, has a naked singularity at the tip of the cone.
The Klebanov-Strassler (KS) solution [135] resolves this singularity by moving
to the deformed conifold which is obtained from

> wl=e (7.16)

This way of resolving the singularity is called the deformation and blows up
the S? to a finite size at the tip [400]. The alternative way of resolving the
singularity by making the size of the S? finite is called the (small) resolution.
However, since we have 3-form flux on the S®, we opt for the deformation.

The metric of the deformed conifold can be written as

gi/3 dr*+ (£3)  cosht
—K
y K@) ( 3K (7)3 2

(Gt Bttt

dsg: 2(

e1€1 + €263) |

(7.17)

4These relations hold with and without fractional D-branes.



92 CHAPTER 7. BASICS OF WARPED CONIFOLD THROATS

where i
K(r) = (2"3sinh7) " (sinh(2r) — 2r)"/* (7.18)

and the e;, €; are defined as follows: e; » are given by
€1 = d(gl s €y = — sin 91 d¢1 s (719)
while ¢;, €5 are given by

€1 = sin sin Oy dpo + cos ) dby (
g9 = o8 sin by dpy — sin 1) db (7.21
g3 = —dip + cos Oy dos (
€3 = 3+ cosb doy , (

_1

as well as de; = —3

€ijkEj N €.
The regqular supergravity solution obtained from the deformed conifold is

the KS solution [135|, which has a metric of the form
ds?, = h(1)"Y?da? + h(r)?ds?, (7.24)

where ds? is given by Eq. (7.17) and

[e.9]

thr —1
hr) = (g:Ma)? 22/36_8/3/d1‘% (sinh(2z) — 2z)"* . (7.25)

The axio-dilaton S = const and the antisymmetric p-form background fields
are given by

Mo/
Bgzg 1 [(f+l{3)(62/\€1+€2/\61)+(/{3—f)(62/\81—61/\62) s
Mot _
F3: 1 [83A(62/\61+52/\€1)+(1—2F)63/\<€2/\81—61/\82)
+F’d7/\(e%+e%+€f+s§)],
F5:(1+*)f5,
5M2 12
f5:B2AF3:%(f(l—F)+]€F>61/\€2/\81/\82/\53.
(7.26)
The functions f(7),k(7) and F(7) are given by
sinh7 — 7
F —
(7) 2sinh 7
TcothT —1
_ hr —1 7.27
1) 2sinh 7 (coshr ) ( )
th —1
k(T) = TCOMAT T (coshT+1) .

2sinh 7
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The radial coordinate r used previously is related to the radial coordinate 7
used here. For large 7, one has r ~ e™/3.

The KS solution is dual to an SU(N + M) x SU(N) gauge theory and
it exhibits a cascade of Seiberg dualities [403| (see also [404] and references
therein) and in the deep IR one eventually ends up with a pure SU(M) gauge
theory. The reduction of the effective number of D3-branes can be seen from
the RR 5-form field strength which in the UV limit is given by

3g,M?>

Fs ~ Neg(r) vol (Tl’l) ; Neg(r) =N+ In (r/ro) , (7.28)
with the reference scale o chosen such that Neg(rg) = N. Neg decreases while
moving towards the IR and this is interpreted as a lowering of the rank of the
dual gauge group via a cascade of Seiberg dualities |399|E|

An important property of the KS solution is that it is the supergravity dual
of a confining gauge theory, which is signaled by the warp factor approaching a
finite, non-zero value at the tip (7 = 0)[f] One can then show that the deforma-
tion parameter ¢ sets the (IR) scale of the confining gauge theory. In addition
to confinement, the KS solution also shows chiral symmetry breaking. Namely,
the U(1)g symmetry is first broken to Zyp, by non-perturbative effects and this
Z5y; symmetry is then broken spontaneously to Zs.

7.3 Klebanov-Strassler in Type IIB Flux
Compactifications

The KS solution belongs to the class of type IIB flux compactifications de-
scribed in Sec. [6.1] since the dilaton S is constant and one may show that the
combination G3 = F3 — 1S Hj satisfies the ISD condition

*6 G3 = ZG3 . (729)

We now review how to embed the non-compact KS solution into a type 11B
flux compactification as shown in [155].

A Calabi-Yau manifold may develop singularities at special points in its
moduli space. The most common type of singularity is the conifold [400|. Let
us denote the S3-cycle of the conifold cycle A and its Poincaré-dual cycle B. In
the conifold, the cycle B is non-compact (it is essentially the S? times the radial

5Actually, the last step in the cascade is presumably on the so-called baryonic branch
[135,/405]. We will give more details on the baryonic branch of KS later on in Chap.

®Confinement is usually investigated by considering Wilson loops (see e.g. [112]) and if
the warp factor h~'/2 of the 4d part of the 10d metric approaches a finite, non-zero value one
has fundamental strings with a finite tension. These strings will be localized in the region
where the warp factor has its minimum, i. e. at the tip.
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direction), but it becomes a compact cycle in the full flux compactification. We
then place F3 and Hj integer fluxes on the cycles A and B, respectively, i. e.

e | P G | K i
A

B

As in [155], we describe the deformed conifold by the equation

Zwi =z. (7.31)

Note that z is related to the parameter ¢ introduced earlier by z = 2.
The flux-induced superpotential Eq. (6.11)) is given by

Wiae = (27)2 | M / Q- KiS / Ql . (7.32)
B A

The two integrals here are called periods and define the complex structure of
the conifold. For the collapsing cycle A one defines the coordinate z as

- / Q. (7.33)

A

Then one can show that the integral over the Poincaré-dual cycle B yields

/Q =G(z) = 2i In z + holomorphic . (7.34)
i
B

With these two results, the superpotential Eq. ([7.32)) becomes
Wi = (27)%d’ (MG(2) — KiSz) . (7.35)

Assuming K/Mg, > 1, the minimization condition D,IW = 0 is essentially

given by
M K
ONﬁan_Z;7 (736)

which then stabilizes z at an exponentially small value
2~ e 2 K/Ms (7.37)

This exponentially small value implies a large hierarchy between “the UV”,
where the KS throat is glued into the compact manifold, and “the IR” described
by the tip region of the KS solution. The KS solution is actually the prime
example of a warped throat geometry in type IIB flux compactifications.

We will revisit the KS solution (or more specifically its baryonic branch)
later on in Chap. [I3



CHAPTER 8

Basics of Warped Brane Inflation

Warped throat geometries such as the Klebanov-Strassler solution discussed in
the previous chapter have many applications in particle physics and cosmology.
In this chapter, we briefly introduce the application of warped throat geometries
to realize a particular string theory scenario for inflation often referred to as
warped brane inflation [272] (for further developments see e. g. [41,279-296] or
the reviews [27,250,251] as well as references therein)[] We have illustrated the
basic idea in Fig. 8.1

compact space

anti-D3

Figure 8.1: Illustration of warped D-brane inflation. There is an anti-D3-brane
sitting at the tip of a warped throat region inside of a compact space and the D3-
brane falls towards the anti-D3-brane.

The discussion presented here essentially follows [27,251] and is mainly
meant to introduce the concept of identifying the inflaton field with the position
of a Dp-brane in a warped throat geometry.

IFor earlier work on brane anti-brane inflation see [273H278].
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8.1 Basic Idea of Warped Brane Inflation

We will be concerned with probe D3-branes which fill out all four external
space-time dimensions and move along the radial direction r of a warped throat
background in a type IIB flux compactification. These backgrounds have a
metric of the form

dszt - eQA(y)ng:E“dx” + 6_2A(y)§mndymdy", (8.1)

where §,,, is a Calabi-Yau metric. We assume that in some region §,,, can be
approximated as a cone over some Einstein manifold X5, 7. e.

Grndy™dy" = dr? + r?dsk, . (8.2)

The prime example for such a warped throat geometry is the KS solution with
X5 =T (cf. Sec. since such throats are indeed present and actually quite
common in type IIB flux compactifications (cf. Sec. . The radial coordinate
r ranges from the tip at rg to some value ryy where the throat is glued into a
compact space. In the regime rgp < r < ryy, the warp factor for a KS warped
throat is approximately given by [399)

4
1
6—4A(7") ~ R_ In (L) , R4 = % (gsMa,)z , (83)

rt o \TR

and ryy and rr are related by

Truv 2r K
l = . 8.4
" (T1R> 3gsM ( )

There is also a 5-form background, i. e. a non-trivial Cy background, to which
the probe D3-brane couples. The self-dual 5-form background is assumed to be
of the form

Fy = (1 +%10) da(y) A v/—gadz® A dat A da? A da. (8.5)

The Einstein frame action for a probe D3-brane in such backgrounds is then
given byf]

Sps = —T3/d4x\/ —04 €4A\/1 — e MGyt + Ty / Cy, (8.6)

where the dots represent derivatives with respect to time ¢. Expanding this
action to quadratic order in the time-derivatives, one can see that the potential
for the D3 is determined by

Vo = T3 (e" —a) = T30_. (8.7)

2Here we assume a “static gauge” for the worldvolume coordinates £®.
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Note that in a background with only ISD fluxes (cf. Sec. the quantity ®_
vanishes such that a probe D3-brane in those backgrounds experiences no force
(at leading order in gs and o).

In the warped brane inflation scenario of [272], there is an anti-D3-brane
at the tip of a KS throat which leads to a Coulomb-type contribution to the
potential for the D3-brane. The leading terms in a multipole expansion are

given by [272]
27  hot
V.=Dy[1- 0 8.8
0( 3272 Ty 7t ) ’ (8.:8)

where Dy = 2T3hy! with hy' denoting the warp factor at the tip (notice that
h(y)~' = e*®). Due to the suppression by the warp factor this potential is
sufficiently flat. Inflation ends once the distance between the D3-brane and the
anti-D3-brane drops below a critical value a tachyonic mode develops and the

brane and anti-brane annihilate each other and subsequently the universe is
reheated [406-412).

Unfortunately, the Coulomb potential is not the full story and inflation is
actually generically spoiled by an important contribution coming from stabiliz-
ing the overall volume as in the KKLT scenario [272]. In the N' = 1 supergravity
language, this can be understood as follows. The overall volume V is no longer
given by the real part of the Kéhler modulus 7', but instead depends also on the
position y of the D3-brane such that the Kéhler potential is of the form [413]

K==3(T+T—k(y.7)) - (8.9)

Stabilizing T" via contributions to the superpotential W (T) ~ e~T, gives rise

to a mass term for the inflaton H?*p? (¢ is the canonically normalized inflaton).
Alternatively, this contribution can be understood as arising from the coupling
S¢*R4 — ¢ is a conformally coupled scalar. During inflation R4 ~ 12H? and
thus this coupling precisely leads to a term H?¢? in the scalar potential [272].
However, there are also additional contributions, e. g. from various other kinds
of bulk effects. Thus, the full potential and the corresponding contributions to
the slow-roll parameter n may be written as

Vie) = Volp) + H*¢® + AV () (8.10)
+

no= ne + An. (8.11)

Wl

The contribution 7. from the Coulomb potential V, is typically very small,
Ine] < 1. Therefore, n ~ O(1) unless the extra corrections An from e. g. bulk
effects conspire to cancel the generic % contribution. This is essentially a string
theory version of the supergravity n-problem introduced in Sec. .3}
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8.2 Capturing Effects from Bulk Physics

In the this section, we briefly outline how to capture the corrections to the D3-
brane potential from bulk effects along the lines of [282-284| (see also |279-
281},287,[2881291},294-296] ).

The supergravity equation for determining ®_ is of the form
V20~ |G P+ Ry, (8.12)

where G_ = (x¢ — 1) Gi3 is the imaginary anti-self-dual (IASD) component of
the 3-form flux G35 and R, is the 4d curvature. This equation is then solved as
a perturbative expansion around the KS Solutiorﬂ by expanding all fields into
the harmonic functions on the base T%! of the conifold. For example,

A(L)
O_(p,0) =Y Dy (ﬁ) Y (1) + cec. (8.13)

Here, ¥ collectively denotes the angular coordinates of %! and most impor-
tantly the ¢-dependence by the eigenvalues A(L) of the Laplace operator in
the angular directions. The possible values of A(L) are known from the KK-
reduction of type IIB supergravity on T [401,402|. Thus, the structure of the
D3-brane potential are of the form

Vbs = Ts0_ = > @™ fa(¥). (8.14)
A

The perturbations of ®_ are either normalizable or non—normalizableﬁ modes.
It is also interesting to note that the corrections to the inflaton potential can
also be computed on the gauge theory side via the AdS/CFT-correspondence
[282-284]. The normalizable modes are deformations of the state of the gauge
theory while the non-normalizable modes correspond to deformations of the
gauge theory Lagrangian by adding sources for operators. The eigenvalues A
are then related to the dimensions of the operators in the dual gauge theory.

Considering only the non-normalizable modes (which are sourced by gluing
the throat into a compact space), the possible values for A are [282-284]
3
A:1,§,2,.... (8.15)
The A =1 term does not contribute to 7. Situations where either the A = %
or the A = 2 case dominate have been investigated in the literature. If the

3In practice, one expands around AdSs; x TU! which is approximately the same as the
UV of KS up to a logarithmic correction.

4 Actually, these modes are also normalizable but only once the throat is glued into a com-
pact space. The difference between normalizable and non-normalizable modes is essentially
the difference between IR and UV localized modes.
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first contribution with A = % dominate, inflation occurs around an inflection
point [280-282,2911294]. Or if the A = 2 mode can be projected out (see [282])
and the dominant contribution is from A = 2. This essentially leads to a
scenario with a tuneable mass term [272,287]28§].

Recently, in [295,296] a more sophisticated approach was employed. Namely,
by not taking limits where only a few terms dominate the potential, but actu-
ally using all terms up to a certain order and drawing their coefficients from a
random distribution. Then if inflation works it is typically an inflection point
scenario where the inflection point arises since many terms in the potential
conspire to yield a flat enough potential in a certain region.

We will consider a version of warped brane inflation later in this thesis in
Chap. [[4] which uses the baryonic branch of the Klebanov-Strassler solution.
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CHAPTER 9

4d Effective Supergravity for Heterotic
Orbifold Compactifications

Both the type IT A/B string theory and the heterotic string theory are theories
of closed strings. The excitations of the string can be decomposed into left-
moving and right-moving excitations. In the type II case, both the left-moving
and the right-moving sector are supersymmetric, while in the heterotic case
only one (say the left-moving sector) is supersymmetric (see e. g. [46-52]). As
a consequence, the heterotic string contains non-Abelian gauge fields in 10d.
That is, unlike for type II string theory, there is no need to introduce open
strings (. e. stacks of D-branes) to introduce a non-Abelian gauge group.

The low-energy limit of heterotic string theory is heterotic supergravity.
The bosonic field content is given by the 10d metric Gy;y, the NS 2-form
By, the dilaton ¢ and a gauge field Ay, with either Fg x Eg or SO(32) gauge
group. At leading order in o/, the effective action in ten dimensions is the sum
of a NV = 1 supergravity action and a N' = 1 Super-Yang-Mills action (see
e. g. |414] or the textbooks [46-52]).

Orbifold compactifications of heterotic string theory are among the simplest
possible compactifications, but they already lead to models with MSSM-like
spectra, e. g. the “heterotic mini-landscape” models [177,/178,415-417]. Also
these models already contain a surprisingly rich phenomenology, see e. g. [182,
200,418-421|. In some sense, they can be viewed as “toy models” for more
complicated Calabi-Yau compactifications via resolution of the orbifold singu-
larities, cf. e. g. [180,[422H429][]

The aim of this chapter is to review some facts about the 4d N' = 1 effective
supergravity description of such models which we will need later on in Chap.
For an excellent and comprehensive review of orbifold compactifications see
[432].

For some MSSM-like models obtained from Calabi-Yau compactifications see e. g. [183-
1871[430L431].
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The structure of this chapter is as follows. In Sec. 0.1}, we give a brief intro-
duction into heterotic orbifold compactifications. Next, in Sec. [0.2] we review
the A/ = 1 supergravity action, in particular, the constraints on the low-energy
effective action. Afterwards, we briefly comment on non-perturbative correc-
tions and on how to generate expectation values in Sec. [9.3 Finally, Sec.
contains a qualitative discussion on how moduli stabilization is achieved in
heterotic orbifold compactifications.

9.1 Heterotic Orbifold Compactifications

In orbifold compactifications of the heterotic string, the six internal directions
are compactified on a torus 7° modulo a discrete symmetry group, e.g. a Zy
group. The compact dimensions can be organized into three complex coordi-
nates:

ZlEX4+iX5,ZQEX6+?:X7,Z3EX8+’iX9. (91)

Each can be viewed as parametrizing a torus 72, which is obtained from the
complex plane parametrized by Z; upon imposing the identifications Z; ~ Z;+1
and Z; ~ Z; + 7 for some 7 € C.

The orbifold is characterized by a three dimensional ‘twist’ vector v, which
encodes the twist acting on the coordinates Z; as Z; — e*™iZ; for i = 1,2, 3.
For example, the heterotic ‘mini-landscape’ models [177,/178,/415-417] based on
Z¢_rr have the twist vector v = %(1, 2,—3), i. e. a rotation by (60°,120°,180°)
of the first, second and third torus, respectively. The vector v defines the first
twisted sector of the theory, and the k-th twisted sector is defined by the twist
vector

n;(k) = kv; modl, (9.2)

where 0 < n;(k) <land k=1,..., N —1 for Zy orbifolds and one requires in

addition
Zm(k‘) =1. (9.3)

Field Content

The field content of heterotic orbifolds is therefore devided roughly into two
classes: untwisted and twisted sector fields. Roughly speaking, untwisted states
come from strings which are both closed on the orbifold and on the original
toroidal compactifications while twisted states come from strings which are
closed only on the orbifold, i. e. which are closed up to a twist in the torus.

Geometrically, this classification distinguishes fields propagating in all 10
dimensions (untwisted) from those propagating only in 6 or 4 dimensions
(twisted). The latter are the two types of twisted fields which can arise: they
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can be either confined to a fixed planeﬂ or to a fixed point. This depends on
the particular twisted sector, 7. e. on whether the twist leaves one torus unro-
tated or rotates all three of them. Note that these sectors also have a different
amount of supersymmetry: the untwisted sector has N' = 4 supersymmetry,
while the two types of twisted sectors have N’ = 2 and A = 1 supersymmetry,
respectively.

Dilaton and Geometric Moduli

Orbifold models have various moduli, in particular, there are always the dilaton
S, which controls the strength of the string coupling g, and three untwisted
Kéhler moduli 7; associated to the volumes of the three orbifold planes. In
principle, there can be also complex structure moduli U, for the three planes, if
they are not fixed by the orbifold projection. For example, the “mini-landscape”
models have three Kahler moduli, 4. e. h(;1) = 3, and one complex structure
modulus Us, for the third complex plane, . e. hz1) = 1.

Denoting the metric on a T? by G;, the geometric moduli 7" and U asso-
ciated to this torus are given by (see e. g. [433])

T = % (@+ i312> LU= Gin (\/5+ iG12> . (9.4)

B;; denotes the components of the 2-form inside the torus. If one introduces
an explicit parametrization of the metric G;; on this torus as follows

. R% R1 R2 COS 4912
Gij o (Rle COS 912 R% ! (95)
with R; measured in string units, then the moduli 7" and U are given by
1 R R
T=- (R1R2 sin 912 -+ iBlg) s U= 2 sin 012 + ’l—2 COS 612 . (96)
2 Ry Ry

Note that U depends only on the ratio of the radii and thus determines the
shape of the torus, while T' determines the overall size of the torus.

In general, there are also twisted moduli corresponding e. g. to blow-up
modes of the orbifold singularities (cf. e.g. [180,1422-429]), but we neglect
them here for simplicity.

9.2 Effective 4d N = 1 Supergravity

In this section, we review some facts about the “generic” structure of the 4d
N = 1 supergravity action for heterotic orbifold models. We begin with the

2This fixed plane can be either a torus or an orbifold.
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structure of the (tree-level) Kéhler potential K in Sec. Afterwards, we in-
troduce target space modular invariance and see how it constraints the moduli
dependence of terms in the superpotential W in Sec. [0.2.2] Then in Sec. [9.2.3]
the gauge kinetic function f, and the Green-Schwarz counterterm are intro-
duced. For this section, we are following the review of the general structure of
heterotic orbifolds presented in Sec. 2 of [166] to a large extent (see also [432]).

9.2.1 Tree-level Kahler Potential and Heisenberg
Symmetry

The matter fields in 4d arise from components of the gauge fields A,, in the
compact internal dimensions while the moduli fields arise from the internal
components of the metric G,,, and 2-form B,,, as well as from the dilaton S.
Both sets of fields can be described by chiral superfields.

If we ignore the matter fields, the Kéhler potential for the geometric moduli
is given by [434-437|
h(i1) hz2,1)
K=- log(T;+T:) — Y _log(Us + Ua), (9.7)
i=1 a=1
where A1) and A1) count the number of untwisted Kahler moduli T; and
complex structure moduli U,, respectively. There are at least three Kéhler
moduli, 7. e. 1,1y > 3 corresponding to the volumes of the three orbifold planes.
The number of untwisted complex structure moduli, h(2,1), is model-dependent
since some or all of them might already be fixed by the orbifold projection.
Note that we do not consider any twisted moduli and focus on the three Kahler
moduli, which parametrize the volumes of the three orbifold planes.

An important property of the tree-level Kahler potential for the untwisted
matter fields @, ; is that it enjoys a so-called “Heisenberg symmetry” [438] once
the complex structure of the i-th torus is fixed such that the tree-level Kéhler
potential depends only on the combination [434-H437]

pi=Ti+Ti =Y |Pul? (9.8)

Note that this is only a symmetry of the Kéhler potential and is not preserved
by the superpotential. The p; are related to the radii R; of the ¢-th torus in
the presence of a non-trivial background for the ®,;, i. e. p; ~ R?, because the
moduli 7; have to be redefined (see e. g. [433]). The Heisenberg symmetry acts
on T; and the @, ; simultaneously as [438]:

T—-T+ia , a€eR, (9.9)
and

THT+B<I>+%BH,

b—-o+p5 , peC.

(9.10)
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In |439], the 10d origin of the Heisenberg symmetry was discussed. The sym-
metry appears in the limit of vanishing superpotential and gauge coupling and
can be traced back to a shift of the 10d gauge fields A$; by a harmonic form
Al

ALY — AY + A (9.11)

and a corresponding shift of the 2-form Bjy;x by

1
BMNHBMN_\/; ﬁw }XV] (912)

Upon compactification on an orbifold these transformations induce the Heisen-
berg symmetry transformations on the fields 7; and @, ;.

For fixed complex structure moduli U,, the tree-level Kahler potential in-
cluding the Kéhler moduli 7; and both untwisted matter fields ®,; and twisted
matter fields W, is of the following form

KO = _Zlogpl + Z (le—‘ﬁ> “Ija’27 (913)

where the exponents ¢, ; are determined by the corresponding twist vector (cf.
Eq. ) In general, these are rational numbers and there can be two cases:
either all three ¢;’s are non-zero or exactly one of them vanishes [91]. If one
expands the Kéhler potential for the untwisted matter fields ®,; to quadratic
order, the tree-level contribution has the same form as for the twisted matter
fields with g,; = 0. Note that the Kéhler potential in Eq. is valid
in the limit where ReT; is much larger than the matter fields ®,; and ¥,,
i e. <ReT‘z> > <|¢)a,i|>a <|\Pa|>

There are two different formalisms to describe the dilaton which are closely
related: the string spectrum contains the antisymmetric tensor field B,,. We
can combine this field with the dilaton ¢ in a linear multiplet L. Alternatively,
we can perform a duality transformation to implement this tensor field as
an axion and describe it together with the dilaton as a chiral multiplet S.
Both formalisms are believed to be equivalent even at the non-perturbative
level [440]. In the chiral multiplet formalism, the tree-level Kéhler potential for
the dilaton is given by

Kg = —log(S +9), (9.14)

while in the linear multiplet formalism it is instead given by
Ky, =log L. (9.15)

At tree level, the two formalisms are related by

= (9.16)
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where ¢ and s denote the lowest components of the linear multiplet and chiral
multiplet, respectively. Thus, the weak-coupling limit, g; — 0, corresponds to
¢ — 0 or s — oo. However, Eq. is subject to both perturbative and non-
perturbative corrections and we will see the required modifications of Eq.
in Sec. @311

9.2.2 Target Space Modular Invariance

The low-energy effective supergravity action for heterotic orbifolds is subject
to strong constraints from target space modular invariance, which is preserved
to all orders in perturbation theory. We will now discuss these transformations
and the restrictions they impose, in particular, on the superpotential.

The modular transformations of the Kéhler moduli 7; and complex struc-
ture moduli U, are often elements of SL(2,7Z) [434-437,441./442|. There is one
such SL(2,Z) group for each modulus M € {7}, U,} which acts on M as

aM —ib

ﬁm, ad—bc:l, a,b,c,dEZ. (917)

Hence, the log(M + M) terms appearing in the Kihler potential are not in-
variant but instead transform as

(9.18)

— M+ M
log(M + M) —>log( i ) :

(icM + d)(—icM + d)

Therefore, the modular group induces a transformation of the Kéhler potential:

h(i,1) h(2,1)
K — K+ loglic,T; + di|* + ) loglicalUs + dol*. (9.19)

=1 a=1

Since the F-term scalar potential is necessarily invariant and depends only on
the combination G = K + log|W|* (cf. Sec. , the superpotential must also
transform under modular transformations. The transformaton Eq. has
the form of a Kahler transformation and thus W transforms as

han ha,ny
W — T T GeTi+di) " (icala + do) ™ W (9.20)

i=1 a=1

Moreover, in addition to the moduli, also the matter fields ®, = {®,,, U, }
transform under the modular group as

ha,1) Pz
¢, — H H (ic;T; + di) "% (icaUs + dy) P2 @, . (9.21)

i=1 a=1
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The exponents ¢, ;, pao in Eq. (9.13) and (9.21)) are called modular weights
[91,92]. They are determined by the orbifold twist vector of the given sector

ni(k), cf. Eq. (9.2)), as follows

Gai = (1 - Th(k)) + Nz - Nz for 77@<k) 7é 07 (922&)
Gi=  Ni—N; for n;(k) =0, (9.22b)

where the N; and N; are integer oscillator numbers of left-moving oscillators
a; and q;, respectively. Similarly, the p, ; are given by

Paa = (1= 1a(k)) = No + N, for na(k) # 0, (9.23a)
Paa = —N, + N, for n,(k) = 0. (9.23b)

For a given polynomial in the matter fields to be used in the superpotential,
the correct transformation of W can be ensured by appropriate powers of the
Dedekind n-function multiplying this polynomial. Under modular transforma-
tions, the n-function transforms (up to a phase) as

n(M) — (icM + d)"/*n(M), (9.24)
with (M) defined as
,r](M) — 6—7FM/12 H (1 - 6—27‘1’7‘LM) ) (925)
n=1

Thus, a generic term in the superpotential has the following structure

h(1,1) h2,1)

wo I n@y 1 nway [T @ (9.26)

a

where ®, denotes both untwisted and twisted matter fields and the exponents
of the n-functions are given by 0, = =1+ )" n.qa; and 0o = =1+ > NDaa-

For ReT; > 1, we can approximate 7(T;) by exp(—=%) and hence if a term

in the superpotential depends on Tj it is generically of the form ~ e~¢7i at large
radius (i. e. for large ReT;) with some constant c. The interpretation of this
e~T dependence is that the corresponding interaction in the superpotential is
generated by a non-perturbative effect: The strings have to stretch over the i-th
torus to reach each other which then leads to a suppression of this interaction
by the volume of the torus. In general, there are also term in W which do not
depend on the moduliﬂ For instance, the coupling of three untwisted fields
associated to three different planes or of three twisted fields living at the same
fixed point will not have any moduli dependence.

The superpotential for the matter fields starts at cubic order in the fields
(see e. g. [434]). Thus, for instance any mass term has to be generated by some
other fields acquiring non-zero expectation values.

3Up to modular invariant functions which we do not consider here.
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9.2.3 Gauge Kinetic Function and Green-Schwarz
Counterterm

So far, we have reviewed the structure of the Kahler potential K and the
superpotential W. The last function required to specify the action of the
chiral superfields is the gauge kinetic function f,. At string one-loop level,
the modular transformations are anomalous and this anomaly is cancelled by
the Green-Schwarz mechanism and threshold corrections from massive string
modes, which in turn modifies the effective action. In particular, in the chiral
multiplet formalism the dilaton S will generically mix with the Kahler moduli
T; and the complex structure moduli U,,.

The gauge couplings are determined by the gauge kinetic function f, as
—2 = Re f, with a labeling the different gauge groups G,. At tre-level, one has
universally f, = k.S, but at string one-loop level f, is given by [443H447]

ha,1) h2,1)
—kS+Z — kablys) log(n(T1))* + > (aff — kabgss) log(n(Ua))®
a=1

(9.27)
where k, is the Kac-Moody level of the group (typically k, = 1), and the
model-dependent constants of, are defined as

. = {l(adj) — Z€ repa)(1 4 2qa;) . (9.28)

rep 4

Here, ¢(adj) and ¢,(rep 4) are the Dynkin indices of the adjoint and matter field
representations of the corresponding gauge group factor G, respectivelyEl The
Green-Schwarz coefficients 54 are given by [446]

;2

B . R 9.29
a, GS ‘D‘/‘DZ’ ( )

where bﬁ{fz is a beta function coefficient of the gauge group G, for the i-th
torus. These coefficients are non-zero only if there is some twisted sector with
N = 2 supersymmetry and if this twisted sector does not rotate the i-th torus.
The factors |D| and |D;| are the degree of the twist group D and the little
group D;, which leaves the i-th unrotated, respectively. For example, the mini-
landscape models have D = Zs_;; and then |D| = 6, |Dy| = 2 and |Ds| = 3
since the little groups under which the second and third torus are fixed are 7,
and Z3, respectively. The first torus is rotated in all twisted sectors.

The §%,¢ terms are introduced to cancel a sigma-model and Kéhler anomaly
of the modular group. This anomaly induces a non-trivial modular transfor-

4The Dynkin indices are determined from the normalization condition Tr(7;7;) =
L4 (rep)d;; of the generators 7; in the given representation.



9.3. NON-PERTURBATIVE CORRECTIONS AND EXPECTATION
VALUES 109

mation of the dilaton in the chiral formalism:

ha, h,1)
S— S+ Z Stiglog(ic; Ty + d;) + Z dgglog(icaUy + dy) - (9.30)
i=1 a=1

The anomaly is cancelled (partially) by the so-called Green-Schwarz countert-
erm, which modifies the Kéhler potential at string one-loop level. Neglecting
the matter fields, the modified Kéhler potential is given by

h(l,l) h(2,1)
K =-logY =Y log(Ti+T;) — Y log(Us+ Ua), (9.31)
i=1 j=1
where
haiy he,1)
Y =8+8-> 64slog(Ti+Ti) — Y dtglog(Ua + Ua). (9.32)
i=1 a=1

In general, the Green-Schwarz mechanism will not cancel the complete modular
anomaly completely. The remaining part of the anomaly is cancelled by thresh-
old corrections from massive string modes [446|. These threshold corrections
are moduli-dependent since the masses of e. g. the Kaluza-Klein and winding
states depend on the radii.

9.3 Non-Perturbative Corrections and
Expectation Values

9.3.1 Non-Perturbative Corrections

So far, we have described the structure of the effective supergravity theory at
tree-level and introduced perturbative corrections. Now we will introduce also
non-perturbative corrections. These are an important ingredient for success-
ful moduli stabilization in string theory and in heterotic models they are in

particular crucial for stabilizing the dilaton S (cf. Sec. [0.4).

Non-perturbative corrections can be either of a field-theoretic [448] or a
stringy origin [449| (see also [450-452]). Field-theory instantons (such as gaug-
ino condensates) scale like e~!/ 9 while string theory instanton effects scale
like e='/9, where ¢ is the coupling constant. Corrections to the Kéhler poten-
tial are much harder to compute than corrections to the superpotential. But
we may parametrize the non-perturbative corrections and treat the coefficients
as essentially free parameters.

In the following, we first briefly comment on non-perturbative effects in
the chiral multiplet formalism and then we turn to their description in terms
of the linear multiplet. The discussion here follows [453-456].
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The Chiral Multiplet Formalism

In the chiral multiplet formalism, one has non-perturbative corrections to both
the Kéahler and the superpotential,

K = Ktree + errt + Knp ’

(9.33)
W= Wtree + Wnp .

The non-perturbative superpotential is due to the presence of a gaugino con-
densate and thus one has [447,[457-459]

3
Wap = Ae T n(T) 2, (9.34)
i=1

where b is related to the beta-function coefficient of the condensing gauge group
and the n-functions are introduced to ensure covariance of the superpotential
under modular transformations. The non-perturbative corrections to the Kéh-
ler potential are typically parametrized in terms of Re S, cf. e. ¢g. [460,461] for
some examples.

The kinetic mixing between the dilaton and the Kahler moduli, cf. Eq. ,
however makes finding flat directions more complicated in the chiral multiplet
formalism. Thus, we will consider the linear multiplet formalism and since the
two formalisms are believed to be equivalent there should be no physical dif-
ference.

The Linear Multiplet Formalism

In the linear multiplet formalism, the dilaton is invariant under modular trans-
formationsEl The Green-Schwarz counterterm is then implemented somewhat
differently [443]462,463|. Neglecting the complex structure moduli, it is given
by

Vas = — Z S log(Ti +T) - (9.35)

In this thesis, we will assume that Vg preserves the Heisenberg symmetry,
i. e. that it is actually given by the tree-level Kéahler potential [464]:

Vas = — 257&5 log pi + ZPa"I’aF (H Pi_q?> ’ (9.36)

with the unknown contribution of the twisted matter fields ¥, to the Green-
Schwarz term parametrized by the coefficients p,. Upon including this term,
the effective Kéahler metric for the fields is modified to

K& = K +0VE®. (9.37)

ab a

50ne can make a field redefinition of the dilaton in the chiral formalism in order to make
it invariant under modular transformations, cf. e. g. [443)].



9.3. NON-PERTURBATIVE CORRECTIONS AND EXPECTATION
VALUES 111

In the linear multiplet formalism, the superpotential is independent of the
dilaton since it is not a chiral superfield. The non-perturbative corrections to
the Kéhler potential may be parametrized by a function g(L) as

K=logL+g(L)+..., (9.38)

where the dots denote the terms involving the other moduli and matter fields.
The gauge coupling constant (at the string scale) also receives non-perturbative
corrections which we parametrize by another function f(¢):

, 2
T

The relation between the linear and the chiral multiplet formalism gets modified
by both perturbative and non-perturbative effects:

l 1
— , 9.40
1+ f(0) s+5+ Vs (9.40)

where Vg is given by Eq. (9.36]).
The two functions g(¢) and f(¢) in Egs. (9.38]) and ((9.39) are related by
f

(9.39)

=f 0, J(=0)=g(t=0)=0. (9.41)

The differential equation and the boundary conditions ensure a canonical nor-
malization of the Einstein-Hilbert term and the correct behaviour in the weak-
coupling limit ¢ — 0, respectively.

Following [453-456|, we parametrize f({) as

f(6)=B (1 + A\/%) e/l (9.42)

The function g(¢) is then determined by solving Eq. (9.41)).

During inflation, the gaugino condensate is expected to be negligible and
hence the effective scalar potential for vanishing D-terms is given by [464]

d _
V=ef ((ﬁ dg + 1) W2 —3|W|*+ Z (K~ Fan> , (9.43)

where the indices a,b run over the scalar components of the Kéhler moduli
T;, the untwisted matter fields ®,; and the twisted matter fields ¥,. The
supergravity F-terms F},, are given by

F,=W,+ K,W. (9.44)
The effective Kéhler metric in the last term of Eq. (9.43)) is given by
K = Ko 4 (0P (9.45)
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while the K to be used in Eqgs. (9.43)) and ((9.44) is given by

K =log(f) + g(f) — Zlogpi +) (H p[qg> val?, (9.46)

which is obtained by replacing all superfields with their scalar components
(denoted by lower case letters) and dropping the perturbative corrections. Note

also that in Eq. (9.46) we use p; =t; +; — >_,|04]°.

9.3.2 Anomalous U(1)4 and Generating Expectation
Values

In this section, we review how to generate expectation values for matter fields
via D-terms of an anomalous U(1)4 and subsequently through F-terms. For
more details and examples in the present context of inflationary model building,
see e. g. |464},465|, which we will closely follow here.

D-term Expectation Values

In many orbifold models there exists an anomalous U(1) 4. The anomaly is can-
celled via a Green-Schwarz counterterm, which gives rise to a Fayet-Iliopoulos
contribution to the D-term D,. Thus, we have a contribution to the scalar
potential from the D-term,

2
2
VD = % (Z QA,aKa¢a + €A> 5 (947)

where the index a runs over both twisted and untwisted matter fields, ga,
denotes the charge under the anomalous U(1)4 (not to be confused with the
modular weights ¢, ;), the gauge coupling ¢? is given in Eq. , ¢, denotes
the scalar component of the ®, = {®,,, V,} and the Fayet-Iliopoulos D-term
€4 (in the linear multiplet formalism) is given by

5 _QKTTQA
AT ooz

with Q4 the generator of the anomalous U(1) 4. Using the Kéahler potential of
Eq. (9.13)), the D-term potential in Eq. (9.47) becomes

Vp = %92 [Z (H p["“’i) qaalal® + €4

Cancellation of the D-term requires some matter fields to pick up non-zero
expectation values of the form

M = const - { - (H pﬁ”) . (9.50)

dA,a

(9.48)

2

(9.49)
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These expectation values driven by the cancellation of the D-term of an anoma-
lous U(1)4 are important also for the phenomenology of heterotic orbifold
models. For example, they are required to get rid of extra exotic states in the
mini-landscape models [177,|178}/415-417].

F-term Expectation Values

Via the superpotential, D-term expectation values can induce other non-zero
expectation values. To illustrate this, let us review the example of [464,/465|.
Consider the following modular-invariant expression of the three fields x, ¢, ¢':

I = xo¢/ Hn ), (9.51)

where 0; = )" Gai, @ = X, ¢, ¢'. Assume also that ¢ and ¢ acquire non-zero ex-
pectation values, e. g. through the cancellation of a D-term as described above.
Using this expression, we may build a possible superpotential contribution of
the form

W(T) = (waﬂnm)?"i) (co+cil) (9.52)

with some constants cp; # 0 and o, = —14+>_, @5, b =¥, ¢, ¢’. Such a term is
allowed if the products ¥ ¢p¢’ and Y@@' are gauge invariant. We can find a critical
pointﬂ with a non-zero F-term for ¢ if (¢)) = 0 and I' = —¢1 /¢y = const. Hence,
the non-zero D-term expectation values for ¢, ¢’ induce a non-zero expectation

value for y
<¢)¢ H/r] 22 Qa1>

with a = x, ¢, ¢'. Note that if (¢) and (¢') are induced by the D-term cancella-

tion as above, we see from Egs. and (9.50) that |(x)|* o< £72. Also note
that in principle (x) can involve 77(T) to some power.

-2

()" = const - (9.53)

The important lesson from the above considerations is that in general the
VEVs induced by either D-terms or F-terms carry some dependence on the
geometric moduli 7;, U, and the dilaton /.

9.4 Moduli Stabilization in Heterotic Orbifolds

Moduli stabilization in heterotic orbifold compactifications works somewhat
different than in the type IIB picture presented in Chap. [6] This is due to
the absence of fluxes which in the heterotic case would strongly deform the

6Whether this critical point is actually a minimum depends also on the other matter fields
present [465].
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compact manifold and are therefore not switched on in this class of models.
Hence, for heterotic orbifold models, the moduli have to be stabilized entirely
by invoking non-perturbative effects. The discussion here will use the chiral
multiplet formalism for the dilaton to make the similarities to the type II1B
case clearer.

As reviewed in Sec. the moduli of a heterotic orbifold compactification
are the dilaton S as well as A1 1) Kahler moduli T; and h(;) complex structure
moduli U,. In the simplest orbifold models, their tree-level Kéhler potential is

ha h2,1)
K=-In(S+8) =Y Wm(L;+T:)— > I(Us+Ta) . (9.54)
i=1 a=1

In general, there are corrections to both the superpotential and the Kéahler
potential. While the former receives only non-perturbative corrections, the lat-
ter receives both perturbative and non-perturbative corrections. In the phe-
nomenologically interesting regime, the dilaton is most likely stabilized in a
regime where both kinds of corrections are important [448|. Indeed, stabilizing
the dilaton crucially relies upon non-perturbative corrections to either W or
K or both. For two recent approaches on moduli stabilization in heterotic orb-
ifold models see [166}|167]. Here, we only want to briefly outline the qualitative
picture.

Non-Perturbative Superpotential Terms The geometric moduli 7;, U,
enter the superpotential via worldsheet instantons which induce certain cou-
plings between matter fields. The dependence of the superpotential terms on
these geometric moduli is constrained by target space modular invariance, cf.

Sec.[90.2.9

The dilaton does not enter the superpotential at any order in perturbation
theory, but may enter at the non-perturbative level through gaugino conden-
sates. The gaugino condensate depends on the dilaton S since the dilaton
sets all tree-level gauge couplings [360, 361,466,467 and it in general also
carries a dependence on the geometric moduli 7;, U, due to threshold correc-
tions [91,445,/446|. Thus, a typical contribution from a gaugino condensate is
of the form

Wy = Ae7057aTi (9.55)

where b is determined by the [g-function coefficient of the condensing gauge
group and a;, ¢; are determined by modular invariance[l

In [419], it was noted that the superpotentials of the heterotic “mini-
landscape” models |177,178,415-417] have an approximate R-symmetry which
is only broken at high orders in the matter fields. Based on this observation,

"There is a sublety here which has to do with redefinitions of the chiral superfield S
containing the dilaton beyond tree-level. If we define a modular-invariant dilaton S’, all the
a; = —2 [447).
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one may construct KKLT-like setups for moduli stabilization for the dilaton of
the form [166,419]
W D wpe ™ et (9.56)

But note that the stabilization of T is of a racetrack form. The e~7-dependence
is required again by modular invariance and wy = wy ({(®,)) arises due to a set
of matter fields acquiring VEVs.

Non-Perturbative Kahler Potential Terms In addition to the inevitable
loop corrections, the Kéahler potential may also receive non-perturbative cor-
rections. These can be of a similar for as the gaugino condensates, i. e. depend
on the dilaton as ~ e~*%, but there can be also stringy non-perturbative effects

of the form ~ e ?VS+5 [43,1448 449, 453-456,1460,461]. And this latter type of
correction is typically the more important one of the two.

Qualitative Picture

Depending on which terms are considered, we may roughly distinguish two
classes of models: Racetrack-like and KKLT-like models or “Kéahler Stabiliza-
tion” models. In both classes, the superpotential W must depend on the moduli
and then the parameters controlling the moduli dependence of W and/or K
are adjusted such that a stable minimum is obtained.

Racetrack-like and KKLT-like models Neglecting the non-perturbative
corrections to the Kéhler potential, there are two options for stabilizing the
moduli. The resulting potential for the dilaton can be of a racetrack form,
where two gaugino condensates contribute |458}459,468|469],

W ~ Ae™ "9 4 Be %25 (9.57)
or of a KKLT-like form with only a single condensate [166}419)|,
W~ wy + Ae™ (9.58)

In both cases, the dilaton can be stabilized for suitable parameter choices. As
noted above, the gaugino condensates carry also some dependence on (some
of) the geometric moduli 7}, U,. This dependence may already be sufficient to
stabilize them [457,459,469-471] and the remaining ones may then be fixed by
worldsheet instantons involved in twisted field Yukawa couplings [447]. Alter-
natively, the T;, U, are also fixed by a racetrack-like structure, see e. g. [166].

Kahler Stabilization Including the non-perturbative corrections K,, leads
to the scheme of Kdhler stabilization [43,448,453-456,460,461], which requires
the presence of only a single gaugino condensate. Without K,,;, a single gaugino



CHAPTER 9. 4D EFFECTIVE SUPERGRAVITY FOR HETEROTIC
116 ORBIFOLDS

condensate is not sufficient to stabilize the dilaton, but we may include non-
perturbative corrections to K parametrized for example as

et = efo 4 efie (9.59)

e = ¢ (S +5)" eIV SIS, (9.60)

The parameters in K, are chosen such that p,¢q > 0 and K” > 0 (the prime
denotes a derivative with respect to ReS). Suitable parameter choices allow
for stabilization of the dilaton [453}455,1460,461|. Stabilization of the Ké&hler
moduli 7; and complex structure moduli U, works as in the models with only
non-perturbative contributions to the superpotential. We will employ a version
of this stabilization scheme later on in this thesis in Chap. [[2

The authors of [166] considered a model where the set of bulk moduli S, T
were stabilized with non-zero F-terms and in addition there is an uplifting con-
tribution from a non-zero F-term for a matter field driven by the cancellation
of the D-term of an anomalous U(1)4. They then argued that within such a
framework generically all flat directions of heterotic orbifold models, including
those corresponding to twisted (matter) fields, should be stabilized.

In [167], the authors tried to take into account all bulk moduli and the
dilaton for a few examples from the heterotic mini-landscape models [177}[178]
415-417] and searched for stable de Sitter vacua. So far, they did not succeed
in finding any explicit examples of a stable dS vacuum but only unstable ones.
However, their analysis did not include non-perturbative corrections to K and
some other kinds of moduli-dependent corrections. Thus, at present, the pos-
sible existence of metastable dS vacua for the mini-landscape models remains
an open question.
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CHAPTER 10

Combining Low-Energy Supersymmetry
and High-Scale Inflation

After having reviewed the required basic material, we now move on to the actual
work done in the course of this thesis. First, we discuss results for models of
inflation in effective supergravity theories in this part. Later on, in Part [[V] we
discuss a new model of D-brane inflation.

This chapter is based on Ref. 2|, where my collaborators and I proposed
a new solution to simultaneously combining low-energy supersymmetry and
high-scale inflation. These two seemingly uncorrelated subjects actually turn
out to be deeply connected via moduli stabilization, especially in the context
of string theory compactiﬁcationsﬂ

Apart from other implications of moduli stabilization for supersymmetry
breaking and single-field slow-roll inflation, there is a very profound one during
inflation. Namely, the very presence of an inflationary sector may destabilize
the moduli, as was pointed out by Buchmiiller, Hamaguchi, Lebedev and Ratz
and by Kallosh and Linde [43145| ] In this chapter, we are concerned with a
particular version of this problem sometimes called the Kallosh-Linde (KL)
problem [45]. That is, to avoid destabilization of the volume modulus during
inflation one often has an upper bound on the Hubble scale during inflation
determined by todays gravitino mass,

Hjnf S mg;;lay . (101)

Thus, a gravitino mass mg/, ~ O(TeV) would allow only for a very small Hub-
ble scale during inflation, which is much below the values needed for many

inflationary models and in addition also much below the sensitivity of experi-
ments searching for primordial gravitational waves.

Basically, the problem appears since there is effectively only one scale in-
volved, which sets both the gravitino mass today and the height of the bar-

1See Chap. |§| and references therein for a review on moduli stabilization.
2For earlier work discussing problems of moduli related to inflation cf. e. g. [247-249).
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rier towards decompactification. Invoking only fluxes and non-perturbative ef-
fects, one ends up with an AdS-minimum which is then turned into a (nearly)
Minkowski minimum via a supersymmetry breaking uplift. Thereby, a bar-
rier towards decompactification is created and its height is related to todays
gravitino mass. Inflation in such a setup can often be viewed as an additional
uplifting which induces a runaway potential for the modulus. If the contribu-
tion of the inflationary sector becomes too large, the barrier and hence the
minimum disappear. We will review the problem in more detail in Sec. [I0.1]

In Ref. [2|, my collaborators and I proposed a new resolution of the problem
which uses two different mechanisms to stabilize the moduli during and after
inflation. During inflation, the modulus receives a large mass proportional to
the inflationary vacuum energy. This is achieved, for example, by a suitable
moduli-dependence of the Kéahler metric of the field driving supersymmetry
breaking during inflationf] At the end of inflation, the vacuum energy goes
to zero and we invoke a KKLT-like stabilization mechanism relying on non-
perturbative terms in the superpotential. The general idea is illustrated in a
simple example: chaotic inflation protected by a shift symmetry combined with
a KKLT-type superpotential. However, let me stress that the framework can
also be applied to more general setups.

This chapter is organized as follows. We review the KL problem in more
detail in Sec. [[0.1} Afterwards, we outline our general framework for solving
the KL problem in Sec. This general framework is then illustrated in an
explicit example in Sec.[[0.3]and in a less explicit example in Sec.[10.4] Finally,
we summarize the results and discuss the relation to other works in Sec. 10.5

10.1 Review of the Kallosh-Linde Problem

The Kallosh-Linde (KL) problem was discussed in [45] in the context of moduli
stabilization in type IIB string theory within the KKLT scenario [40]. Below
the scale where the complex structure moduli and the dilaton are stabilized via
fluxes as in [153H155|, the K&hler potential K and the superpotential W for
the volume modulus 7' = o 41 «, which controls the overall size of the compact
space, are given by [40]

= — + W = o + Ae al , .

respectively. Note that throughout this part of the thesis we work in units
where Mp = 1. In the following, we consistently set the imaginary part a = 0,
which corresponds to a particular choice of phases for wy and A, and consider
only the potential for the real part ¢. The resulting F-term potential has a
supersymmetric Anti de Sitter (AdS) minimum and consequently the depth of

3Such couplings have been first used to stabilize moduli during inflation in [351].
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this minimum is given by
Vadgs = —3 etF)oaas |<W>0'Ads|2’ (10'3)

where 04 is the position of the AdS minimum. To turn this into a Minkowski
or de Sitter (dS) minimum, one has to add an uplifting term to the potential,
which is typically of the form AV ~ Clup H The value of Cy, is fine-tuned such

0-2
that the value of the potential at the new minimum is equal to the present value

of the cosmological constant. The uplifting usually induces only a small shift
in the position of the minimum which is negligible, i. e. one has o¢ &~ gaqs. The
uplifting procedure also creates a barrier that prevents the field from running
away to the Minkowski vacuum at ¢ — o0, i. e. towards decompactification.
The height Vp of this barrier turns out to be Vg ~ O(1)|Vaqs|-

The gravitino mass in the uplifted minimum is given by
1
m35(00) = €0 (W), | & el (W) | = 2 |Vaas| (10.4)

Thus, the height of the barrier is related to the gravitino mass in the present
vacuum,
VB ~ |VAdS| ~ mg/Q. (105)

The gravitino mass ms/, is directly related to the scale of supersymmetry
breaking since the almost vanishing of the cosmological constant,

1
Vinod = Ve +Vp = ‘F‘2_3m§/2+§D2 ~0, (106)
automatically implies
1
3m3, ~ |F|* + 5D2 : (10.7)

When an inflationary sector is added to the moduli stabilizing sector, the
generic form of the potential becomed]

V;nf(¢) )

%ot - Vmod(o-) + 3
g

(10.8)

Even for a perfectly suitable inflationary potential Vi,(¢), once the value of
Vint(¢) becomes large enough, the second term in Eq. (10.8)) dominates and o

4This choice for V,;, is motivated by introducing D3-branes at the tip of a warped throat.
The constant Cy,, is tuneable by adjusting the strength of the warping at the tip.
5If we add an F-term driving inflation, the scalar potential during inflation is

% T C
V=K (KXX IDxW|? + K™T DWW 2 — 3|W|2) + 2
o
For all known candidate inflation models, the inflationary potential Vips ~ e KX X |D XVV|2
vanishes as some inverse power of ¢ for & — oo. Typically, this power is 0~3 from the eX
prefactor. Thus, adding inflation to V,0q can be viewed as an additional uplifting.
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Figure 10.1: Schematic picture of the destabilization of the uplifted minimum due
to adding an inflationary sector. The moduli potential after inflation is given by
the solid black line. The dashed red line corresponds to the contribution from only
Vint(¢) /03, while the solid red line corresponds to Vinod (o) + 072 Vine(¢). The other
solid colored lines correspond to different increasing values of Vine(¢). The dashed
grey line indicates the height of the barrier Vz. The scale on the vertical axis is
arbitrary.

becomes a run-away direction. This is actually independent of the particular
form of the moduli stabilizing sector (for now, it is KKLT), i.e. there is al-
ways an upper bound for the inflationary energy scale. Empirically, it has been
argued that to avoid decompactification for the KKLT moduli stabilization
scheme, we have to require [45|

Vit SO(1)Vp. (10.9)

We illustrate the destabilization of the uplifted minimum for the modulus
due to inflation in Fig. Obviously, by increasing Viy¢(¢), at a certain critical
value of Vi,¢(¢) the minimum disappears and the modulus runs away to infinity.

For the KKLT scenario, however, the height of the barrier is related to the
gravitino mass in the present vacuum, cf. Eq. (10.5]), and thus with H2; ~ Vi

inf
the upper bound becomes
Hint < m;;;gay . (10.10)

This is at odds with having a high scale of inflation and low-energy supersym-

metry, which requires Hi,s > mg(;(;ay EI

The solution suggested by KL [45] is to add a second non-perturbative
contribution to the superpotential. Then the value of the gravitino mass in the

In the context of the LARGE Volume Scenario |159|, the upper bound becomes even

3/2
more severe, namely Hing < (m‘;)(;gay) in Planck units [259].
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present vacuum can be disentangled from the height of the barrier. To achieve
this decoupling, the terms in the superpotential must be fine-tuned.

The crucial issue of the KL problem arises from the notion of having a
single, common scale to the moduli stabilization mechanism during and after
inflation. In this thesis, we propose a scenario where two different mechanisms
stabilize the modulus during and after inflation. In particular, we consider mod-
els where a certain term in the Kéhler potential is responsible for stabilizing
the volume modulus during inflation, whereas a standard KKLT-type super-
potential stabilizes the modulus after inflation, and thereby sets the gravitino
mass in the present vacuum. In the next section, we will outline the general
setup of our scenario, followed by an explicit example.

10.2 Resolution: A General Framework

We consider generic superpotentials of the following form
W =Win(X,P,...) + Whea(T), (10.11)

with X denoting the field whose F-term drives the inflationary vacuum energy
and ® containing the inflaton. The dots in the argument of W, represent
possible other fields, e. g. some waterfall fields to realize hybrid inflation. The
F-term potential during inflation takes the form

Vi = e KX Dy Wi + Vinoa (@) + Vinis (10.12)

where Vi,oq(0) originates solely from the modulus sector Wy,0q(T') and is re-
sponsible for moduli stabilization only after inflation when the F-term of X
(the vacuum energy) - the first term in Eq. - has vanished. Since the
Hubble scale at the end of inflation is much smaller than the Hubble scale dur-
ing inflation, Wy,0a(7T) need not be necessarily large in contrast to the usual
setup where Wi,0q(T) is responsible for moduli stabilization both during and
after inflation. Vj,;, denotes possible additional mixing terms, in particular,
the contributions due to Krx # 0. In principle, there can be also other mix-
ing terms, e. g. due to K47 # 0, but we assume those to be negligible in the
following.

During inflation, moduli stabilization is achieved by a suitable moduli-
dependence of the first term. Moreover, since we focus on setups where Wiy¢
satisfies [38,225,227-230,,351,1352] (see Sec.

Wing =0, Win,x #0 and Wiy izx =0, (10.13)

the minimum for 7" during inflation has to be generated by the prefactor of
the first term, e KXX. Below we give a simple example (on which we will be
more explicit later in section [10.3]), where we keep a no-scale Kéhler potential
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for T' and modify the Kéhler metric for X in an appropriate way to stabilize
the modulus during inflation. But keep in mind that our framework allows
for more general possibilities, e. g. if one breaks the no-scale structure in the
Kéhler potential by including o/-corrections [156].

Wioa(T) is responsible for stabilizing the modulus at the end of infla-
tion. Upon including the necessary uplifting term, SUSY is broken in the
present vacuum. As long as the Hubble scale after inflation is smaller than
the TeV-scale, the modulus will always remain stable since TeV-scale SUSY
breaking generically induces moduli masses which are of the same order or
heavier. Therefore, we can decouple low-energy SUSY breaking from the in-
flationary scale, thereby evading the KL problem, that is we can generically
assume |Wiod|, | DrWinod| < [Wing x|

From now on, we restrict ourselves to a particular form of the Kéahler po-
tential, which contains the aforementioned coupling between 7" and X, namely

K=-=3WT+T)+|XPQ-p(T+T)—~X|*)+.... (10.14)

It has been argued in [1] that couplings (qualitatively) similar to the second
term in the brackets in Eq. can arise as moduli-dependent string-loop
corrections in heterotic orbifold compactifications (see also Sec.[12.2)). For sim-
plicity, we have dropped a possible overall factor of (' + T)~ (with p some
rational number) for the terms in the brackets in Eq. , which does not
change the results qualitatively. A discussion of the origin of such terms in type
IIB string theory is beyond the scope of the present work and we defer it to
the future.

Due to the —y| X |* term, X generically acquires a large mass during infla-
tion [225] for v 2 O(1)] and remains near zeroff] Schematically, for |X| < 1,
Vr is given by

[Wx|?
a3 (1—-200)

In the limit Wy,,q — 0, we have X = 0 and the potential during inflation
is entirely given by the first term. Thus, let us concentrate on the first term
for a moment: If 3 > 0, this term stabilizes o at oy ~ 3! with a large
mass proportional to HZ; ~ |Wx/|*/o3,. More precisely, taking into account

inf inf*
the non-canonical kinetic term for 7, we find m2 ~ O(10) HZ;. At the end

inf*
of inflation, the vaccum energy goes away and the modulus would become
unstable. However, in this phase, Viyoda(0) begins to dominate and stabilizes
the modulus. The novel feature of this setup is that the mechanisms for moduli

stabilization during and after inflation are a priori unrelated. Therefore, the

VF ~ + Vmod(O') + O(X) . (1015)

"There exists a nice geometric interpretation for this requirement in terms of the sectional
curvature along the Goldstino direction, cf. [331H336].

8Note that X is not stabilized exactly at zero since the non-vanishing gravitino mass
m% /2 X |[Wnod|? induces a shift away from zero. However, this shift is parametrically small

for small |[Wieal, cf. Eq. (10.34)).
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gravitino mass in the present vacuum is independent of the inflationary scale,
which evades the KL problem.

The presence of the moduli sector induces potentially dangerous correc-
tions to the inflationary trajectory. However, for low-energy SUSY breaking
(in particular for TeV-scale SUSY breaking) and high-scale inflation, these cor-
rections are parametrically small, as we show in section [10.3.3]for a KKLT-type
superpotential and in appendix for a generic choice of Wi,0q(T).

The price we have to pay is that the minima during and after inflation
do not have to be the same. Since there seems to be no dynamical mechanism
involved, we choose them to (almost) coincide by tuning the parameters appro-
priately. This imposes a relation between the parameter 5 and the parameters
controlling Wi,,q, but does not affect the possiblity of having low-energy SUSY
breaking and high-scale inflation at the same time.

10.3 Resolution: An Explicit Example

100 150 200 250 300 350 400

o
Figure 10.2: Schematic plot of the two moduli stabilizing potentials during inflation
(red) and after inflation (black). The grey dashed lines indicate the displacement Ao
of the two minima and the height of the barrier of the minimum after inflation. The
grey region in the right part marks the regime where our effective field theory at

second order in the derivatives ceases to be valid. The scale on the vertical axis is
arbitrary.

In this section, we illustrate our general idea in a simple toy model: shift
symmetric chaotic inflation combined with a KKLT-type superpotential. Re-
sults for hybrid (or tribrid) models and inflationary scenarios based on a Heisen-
berg symmetry will appear elsewhere [472].
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For simplicity, we consider a chaotic inflation model [225] based on the
superpotential
Wing(®, X) =m X &, (10.16)

where ® contains the inflaton and X is the field whose F-term drives the
inflationary vacuum energy. For the modulus sector, we consider a KKLT-type
superpotential [40],

Winea(T) = wo + Ae 7. (10.17)

We consider a no-scale Kahler potential for 7" and the coupling between 7" and
X introduced in Eq. . To solve the supergravity n-problem, we assume
a shift symmetry for the inflaton directionﬂ That is, we consider a Kéhler
potential

_ 1 _ _
K=-3m(T+T)+5(®+ ) 4+ X2 =B (T+T)|X[2—~|X|*. (10.18)

The first term is invariant under a shift symmetry for the imaginary part of
®, which protects this direction from the supergravity n-problem. Recall that
the last term ensures that X is stabilized near X = 0 with mx = Hi,e during
inflation if v 2 O(1). The coupling between 7" and X in Eq. stabilizes T
during inflation, while the superpotential Wi,q fixes T after inflation. As noted
in section since the minimum generated by Wi,.q is a supersymmetric
AdS minimum, we need to uplift it to a dS minimum with a tiny cosmological
constant. To achieve this, an uplifting contribution is added to the potential,
Vap = L_Q, (10.19)
(T+T)
which is motivated by introducing anti-D3-branes at the tip of a warped throat
in a string theory realization of such a setup. Here, however, we do not refer
to a particular string theory embedding of our scenario and simply view the
above setup as an effective parametrization for the potential of the modulus T'
and the inflationary sector with X and ®.

Note that we assume the absence of any mixing between 7" and ® and only
a mixing between 7" and X given by the second term in the Kéhler potential
in Eq. (10.18). We comment on possible effects of such a mixing later on.

We denote the real and imaginary parts of the scalar components of the
chiral superfields as follows

T=oc+ia,d=¢p+i¢;, X =xr+izs. (10.20)

The vacuum expectation values of o during and after inflation are denoted by
ot and g, respectively. In addition, we choose the phases of the parameters in

9We do not discuss the naturalness of the shift symmetry with respect to quantum (grav-
ity) corrections here. For our purposes, we assume a solution to the 7-problem and effectively
parametrize the resulting inflaton potential by Wi, in Eq. and a negligible breaking
of the shift symmetry in the Kéhler potential Eq. .
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Winod such that the minimum is at o = 0. More precisely, for the superpotential
in Eq. (10.17), we choose wy to be real and negative and A to be real and
positive.

A schematic plot of the two moduli stabilizing potentials generated by
the F-term of X (cf. the first term in Eq. (10.15))) and the one induced by the

KKLT-type superpotential and the uplifting term (cf. Egs. (10.17)) and ([10.19)))
can be found in Fig. [10.2

To analyze the effects of the presence of a general W4 during inflation,
the basic idea is to perform a perturbative expanson in Wioa, DrWinoa, W/ oq
etc., with dimensionless expansion parameters given by Wi,0q/Wx ete. (up to
appropriate powers of Mp). They parametrize the impact of the modulus sector
on the inflationary trajectory and for low-energy SUSY breaking and high-scale
inflation these expansion parameters are parametrically small, thereby making
our treatment self-consistent. For the KKLT-type superpotential in Eq. ,
this procedure is essentially equivalent to an expansion in small |wg| < 1 and
large a0 > 1. Results for a general Wy,,q(T') are presented in Sec.

10.3.1 Stability of the Vacuum after Inflation

We now discuss two possible problems which lead to constraints on the param-
eter space. First, since the two minima during and after inflation generically do
not coincide, we may not end up in the true minimum. In particular, we may
overshoot the minimum and roll away to infinity. Second, without Wy,,q and
Vup, the vacuum after inflation is ® = X = 0 and there are two flat directions
corresponding to the real and imaginary parts of T'. If we add Vj,0q, these two
flat directions are stabilized. However, we may induce some instabilities for
® and X. The implications of these two issues for the model parameters are
discussed below.

Overshoot Problem

To avoid overshooting of the modulus after inflation (as long as there is no
dynamical mechanism ensuring a smooth transition between the two minima),
we will require that the positions of the minima are sufficiently close to each
other, i.e. oy = oy (c.f. Fig. . This relates the parameters controlling
Winoa to the parameter  in the Kéahler potential. For the specific case of the
KKLT superpotential, Eq. , if we ignore the shift due to the uplifting
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potential Eq. (10.19)), we can estimate o asEl

oo = —O(l)éln %‘ . (10.21)

During inflation, V04 induces only a tiny shift which we can neglect and the
position of the minimum is approximately given by

3
~ O = — . 10.22
0~ Ot = g (10.22)
For the KKLT superpotential, one typically uses A ~ 1 and a ~ ZW” for some

integelﬂ N such that effectively wy determines the value of oy and thus also
the size of the gravitino mass after inflation.

For the two minima to be roughly at the same position, oy ~ oy,¢, we have

to tune the parameters such that

1 ~ 1 Wo
5= -0 I’ . (10.23)

We will assume this condition to be satisfied to a good approximation.

Stability Bound on wj

There is yet another condition leading to a bound on wy, as we now discuss.
Let us start by noting that, due to the absence of any mixings, the masses for
¢r and ¢; are simply given by

oV m? [ Winea(0)|?
003 83 (1—2p30y) 4op ’

(10.24)

and

oV m?

0¢? 83 (1—2B0y)’
respectively. To avoid a tachyonic mass for ¢;, we have to require that oy
satisfies

(10.25)

< ! (10.26)
go Qﬁ .

10 Actually, there is a slighlty better approximation for the position of the AdS-minimum,
namely

11 wo 1
oo~ ——In|——5—-—
T T | A1— 2%

However, for our purposes here, the approximation in Eq. (10.21) is sufficient since we neglect
the uplifting and only need a rough estimate for oy.
HFor the effective field theory to be valid, we must have N > 1 such that o > 1.



10.3. RESOLUTION: AN EXPLICIT EXAMPLE 129

Note that this condition is also necessary to avoid a wrong sign for the kinetic
term of X El independently of the stability condition for ¢;. From also avoid-
ing an instability for ¢, we get an upper bound on the size of Wi,.q at the
minimum in terms of m:

2

m
Wino G ———— )} 10.27
where the last step assumes og &~ oy = %. There is no further constraint

from the stability of zr ;. Using the superpotential in Eq. (10.17)), the bound
in Eq. (10.27) becomes a bound on wy in terms of m:

w2 < (3+2a0p)?
0~ 8a20f (1 —2B0y)

where in the last step we again assumed oy ~ oy, and expanded for a oy > 1.
Note that this bound will not be affected by adding the uplifting sector as
long as the uplifting term V,,, Eq. , does not depend on ®. Moreover,
if any mixing between 7" and ® would be present, the bound is not directly on
Wiod, but on a particular combination of Wi,,q and DrW,0,q depending on the
mixing terms. For the KKLT superpotential and the no-scale Kéhler potential,
one typically has |DrWioa(00)| ~ |[Wmoea(oo)| at the uplifted minimum and
thus the bound would be essentially again on the size of |Wiod(09)].

2
m2 ~ 2m? + O (m—> , (10.28)

a oy

The important lesson here is that vacuum stability puts some constraint on
the size of supersymmetry breaking after inflation, but for high-scale inflation
it still allows for a large range of possible values of wy, in particular those
leading to low-energy SUSY breaking.

10.3.2 Comment on the Cosmological Moduli Problem

Since the moduli stabilization mechanisms during and after inflation are of
completely different origin, the minima for the modulus field during and af-
ter inflation generically do not exactly coincide. This means the modulus field
will oscillate and eventually dominate the universe. If it decays too late in the
history of the universe, in particular if it decays after Big Bang Nucleosynthe-
sis (BBN), it causes the well-known cosmological moduli problem [145-151].
However, since for the KKLT case there is a little hierarchy of scales [194-199],

mr ~ 167> mym ~ (167%)% mgops (10.29)

we can assume that the modulus (and also the gravitino) is heavier than about
30 TeV such that it will decay before BBN and thus the cosmological mod-
uli problem is avoided. We leave a more detailed investigation of both the
non-thermal history and the issue of relaxing the tuning oy ~ oy, €.g. by
implementing a dynamical mechanism, for the future.

2For values too close to the upper bound, i. e. oy ~ %, it is no longer justified to work
only at second order in the derivatives and our effective field theory ceases to be valid.
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10.3.3 Corrections to the Inflationary Trajectory

The inflationary trajectory is shifted due to the presence of the modulus sector.
If we neglect Wiyoq and Vi, the trajectory is given by o = oy = %, o= O,
X =0, ¢g = 0 and ¢y # 0. Except for the derivative with respect to ¢;, the
only other non-vanishing derivatives along this trajectory are

V. A?ae?* (6+T7ac+2a*0?) wyAce " (24 ao) 3a? ogw?

do 603 203 o3 (3+2a00)2’
(10.30)
and 5V 5
m
T = 4031 (wo + Ae™7) (10.31)

To (slighlty over-) compensate the negative cosmological constant in the would-
be AdS-vacuum, we tune the uplifting potential V,, by choosing (recall that

Op =~ UAds)

3‘Wm0d(0'0)‘2 6&2 Uo’wg
Cup > = . 10.32
P 20 (3+2a0p)? ( )

Hence, we see that the last term in Eq. (10.30)) is precisely the contribution
from V.

As mentioned above, we compute the shifts in a perturbative expansion for
|lwo| < 1 and ao > 1. At leading order, the shifts in ¢ and z; during inflation
are given by

~ Uinfw(Q)
~2m? (1+4327¢7)
N A% e722%n1 (3T + a oine (2 + (3 + 647)97))

oo

10.33
6m2 ¢2 (1 + 32 ¢2) .
+ Ae”" 7m0 gingwo (607 + a oins (2 + (3 4 647)67))
6m? o7 (1+327 ¢7) ’
and 598
Wmo Wmo 2 A o
2 b1 (Wanod + a) _ 2¢r(wo+ Ae ) (10.34)

m(1+32vy¢2) m (1 + 32~ ¢?)
Note that the shift dz; vanishes as ¢; — 0 such that ® = X = 0 at the end of

inflation. More interestingly, this shift is entirely controlled by the value of the
gravitino mass during inflation — for ¢; > 1:

1 (Wanod + Winoa) Mgy ot (10.35)
m (14327 ¢?) mer |

6[[’]2

13 Without Wyed, @ is not fixed at zero, but effectively frozen since it becomes massless
in the limit Wi,,q — 0. As noted above, we choose the phases in Wiy,,q such that it has
a minimum at a = 0. Thus, once we include Wy,oq, the minimum both during and after
inflation is at o = 0.
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with ms/, given by the usual expression
m3, = e (W) (10.36)

Due to the suppression by the large inflationary F-term Wyx ~ me¢;, dxg is
parametrically small for small values of the gravitino mass.

Including these shifts, the potential along the inflationary trajectory is
given by

m2 2 2 w, —'-Aefaa'inf 2
¢I + Vmod(ainf) + ¢I( 0 )

Vint & ——— ;
' 4Uiif 4Uiif(1 +327¢§))

(10.37)

where the first term is the standard contribution (up to the factor of o3 ) and
the last term corresponds to the contribution from ~ m?z?# since now xz; # 0.
The other terms combine to the moduli potential V,,,q, which is induced by
Winoda and Vy,, evaluated at oi,. Recall that to ensure my 2 H during inflation
we require v 2 O(1). Thus, the inflaton-dependence of the potential at large
values of ¢; is not significantly affected by the addition of the last term in
Eq. . Together with the bound from Eq. , w¢ < 2m?, and the

assumption oy &~ oy, we can already anticipate at this stage that no large
corrections are expected.

The next step is to compute the corrections to the inflationary observables.
Note that the parameter m has to be redefined, both due to the factor of 3 ; in
the first term of Eq. and due to the other additional terms. As usual, it
is fixed by matching the amplitude of the scalar perturbations to the observed
value.

Assuming inflation ends at ¢; ~ 0, we can compute the number of e-
folds N, in terms of ¢;. The two slow-roll parameters which determine the
inflationary predictions are

1 AW &
€= 2 (V) and 7 = Mf—,v. (10.38)

The amplitude of the scalar power spectrum is given by

1 V3/2
pL2_ M 10.39

As usual, the parameter m is fixed by matching the observed value for the
amplitude of the scalar power spectrum to the predicted one. To leading order,
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the amplitude of the scalar power spectrum 7371{ % is given by

N, 2 (g /9 3 21n(128~ N,) — 3
Pt L 1+%(0 f(———ln(4Ne))+ n(1287 N.) )
2 anol m2N, \op \16 3 256

woAe 4 int Q Oint 2In(128y N,) — 3
— 2In(4N,) — 3
m2N, ( 7 (ZIn(4Ne) =3) + 128
A2e~200ins a? o? ¢ Q Oinf
— L (2In(4N,) — 3) — 2In(4N,) —
(- 2 ) - ) - 22 (2la(a,) -
N 2In(128y N.) — 3
256y '

(10.40)

Obviously, compared to the inflationary scenario without the modulus sector,
we only need to redefine m to account for the prefactor of’n/fQ. The extra terms
are all negligible and only would give rise to higher order corrections in the
expressions for € and 7 so we can ignore those.

Having fixed the parameter m, we can calculate the predictions for the
observables. For example, the scalar spectral index ny, =1 — 6¢€ + 27 is given

by
e —1~ — 2w (30w (2In(4N,) — 5) N 21n(128~ N,)
N, m?N? 87 128~
woAe™ "7 [ a0 21n(128~ N,)
— 2In(4N,) — 2207 Ne)
m2 NEZ ( 2 ( Il( 6) 5) + 647

2 (10.41)
o (2In(4N,) = 5) — =™ (2In(4N,) - 5)

Ale2a0umt (g2 g
m? N2 ( 6

2In(128 v N,)
128 v ) ’

and the tensor-to-scalar ratio r = 16 € is given by

8 N w? 3oime(In(4N,) —2)  In(128y N,) — 2
TTN, T mEN? o0 16
Aot In(128~ N,) — 2
%(M%fon(we)—z)— n( Sg ) )
m
oot /42 2 ! (10.42)
inf
+ ST ( 3 (IN(AN,) = 2) + daoi(In(4N,) - 2)
In(128y N,) — 2
16~ ’

Note that all the correction terms start at order N2 (up to some logarithms).

Thus, they are suppressed with respect to the leading contribution ~ N1,

as expected since we perform a perturbative expansion in Wy,,q/Wx etc. and
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W2 = m? ¢? ~ m? N,. This suppression is sufficient to keep the corrections in-
duced by the modulus sector small even if we saturate the bound in Eq. (10.28)).
Most importantly, for high-scale inflation and low-energy supersymmetry, the
inflationary predictions are not significantly affected: the corrections are sup-
pressed by mg/Q/F)z( and F?/F%.

10.4 Resolution: A Less Explicit Example

In this section, we present some results for a generic choice of Wy,0q(T'). The
moduli superpotentials we have in mind are of the form

Winod(T) = wo + Y Ay e, (10.43)

but their precise form is irrelevant for our discussion. We still restrict ourselves
to the chaotic inflation model from section [I0.3] 4. e. we consider

W=mX®+Wnea(T), (10.44)

and
K= =3l (T+T) + 3 (8 +8)° + X~ (7 +T) [X]" ~|x[". (1049

If necessary, we allow for the possibility of adding an uplifting term of the form

Cu
Vip = ——2> (10.46)

(T+T)"
where the constant Cy, is tuned to have an (almost) vanishing cosmological
constant. Here, we do not consider other possibilites for uplifting such as those
discussed e. g. in [199,328,374-378]. As before, we choose the phases of the
parameters in W04 such that the minimum for the imaginary part of T is at
a=0.

The general strategy is to perform a perturbative expansion in W4,
DrWinoa, W), q and higher derivatives to determine the effect of the modu-
lus sector during inflation. Recall that this is an expansion with dimensionless
expansion parameters given by Wieq/Wx etc. (up to appropriate powers of
Mp), which parametrize the impact on the inflationary trajectory by adding
the modulus sector. Note that this expansion breaks down towards the end of
inflation since Wx vanishes as ® — 0. For simplicity, we assume the absence

of any mixing between T and ® and only a mixing betweeen T and X given
by the second term in Eq. (10.45).

In many schemes for moduli stabilization, at the minimum o, one has an
upper bound |DrWied(00)| S [Wined(00)], €. g. for the KKLT mechanism one
has | D7rWinoa(00)| ~ [Winea(00)|, while for the KL scenario one has | DyWiea(00)| <
|Winoa(00)]. We restrict our discussion to moduli stabilization scenarios which
obey such an upper bound.
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10.4.1 Stability of the Vacuum after Inflation

If Winoa and V, are not present, the vacuum after inflation is given by ® =
X =0 and both the real and the imaginary part of 7" remain as flat directions.
These two flat directions are stabilized upon adding W,,,q. However, we may
induce some instabilities for ® and X.

Since there are no mixings, the masses for ¢ and ¢; are simply given by

»rv m? [ Winod(00)[?
dpt — 8o¢ (1 —2P0p) 4o ’

(10.47)

and
o*V m?

dp? — 8a3(1—200g)’
respectively. As in the explicit example we discussed in section [10.3.1} oy has
to satisfy the upper bound

(10.48)

op < % , (10.49)
which is necessary to avoid both a tachyonic mass for ¢; and a wrong sign for
the kinetic term of X. From the stability condition for ¢z, we get an upper
bound on the size of W,,q at the minimum in terms of m:

2

Wasal00)* S 57 =5 550 = 27 (10.50)
where the last step assumes g & oj,¢ = %. There is again no further constraint
from the stability of ;. Note that this constraint will not be affected by
adding the uplifting sector as long as the uplifting term V,,,, Eq. , does
not depend on ®. Furthermore, if any mixings between 7" and ® would be
present, the bound is not directly on Wi,,q, but on a particular combination of
Winoa and DpWi,0q depending on the mixing terms. However, since we consider
only setups where |DrWiod(00)| < [Winoa(00)|, the upper bound does not
change qualitatively.

10.4.2 Corrections to the Inflationary Trajectory

The presence of the moduli stabilizing sector shifts the inflationary trajectory.
Without V04, it is given by 0 = oj,¢ = %, a=0X=0,¢gr =0and ¢; # 0.
Upon adding V04, only o and z; receive shifts since except for the derivative
with respect to ¢; the only non-vanishing first derivatives along the would-be
inflationary trajectory are

do 203 60 302 4030

(10.51)

av o (DTWmod Wmod DTWmod Wi;od + e ) _2’DTVVmod|2 _3|vaod(0-0>|2

14See foonote

Y
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and
3V . m gbj

8_951 803
Note that we have tuned the constant C, in Vj, such that it (slighlty over-)

compensates the negative cosmological constant assuming one obtains a super-
symmetric AdS vacuum without V,,,, which yields

Cup ~ 3‘Wmod(‘70) ‘2

(Winod + Winod) - (10.52)

(10.53)
20 0
Thus, the last term in Eq. is precisely the contribution from V. If
no uplifting is necessary, the corresponding terms in Eq. and in all of
the following equations simply have to be dropped. If the minimum is a non-
supersymmetric AdS or Minkowski minimum, Cy,, is fixed in terms of Wi,eq(00)
and DrWiea(0p) instead of just Wiea(op) and it is straightforward to change
to the correct approximate expression for C\,, in all the equations.

In the following, we present the results of a perturbative expansion in W4,
DrWioa and W) .. Note that unless stated otherwise it is implicit that these
functions are evaluated at ¢ = oy = %. To leading order in the expansion,
the shifts dz; and do are given by

b1 (Wmod + Wmod) N U?n/fg mg ;2

m(1 + 32v¢?) mor

dry =~ (10.54)

and

— 2
O—i2nf|I/Vm0d(0_0)‘2 . Oinf (Wmod + Wmod) 2 O'ignf ’DTWmod‘Q
dm2oopy 16m?2 (1 + 32v¢2) Im2¢p?

-/ JE—
— (O-i4nf DTWmOd mod +e C) + ( O-iQIlf DTWmOd W d +ec C)

00 ~

18m2¢? 8m2(1 + 327¢2)

4 3 U?fDTWmOd_
4 in Wood + .. |
" <(¢% i +32w%> 24m? e

(10.55)

The first term in o is induced by the uplifting potential V,,. Note that the shift
dxy is entirely controlled by Wi,.q, . e. by the gravitino mass during inflation.
These shifts induce some changes to the potential along the ¢;-direction, in
particular, the shift of x; away from zero is potentially dangerous. To leading
order, the inflaton potential including the shifts is now given by

m2¢2 ¢% (Wmod + Wmod)2
V;n = ! Vmo inf) — y 10.56
' dogy i (i) 1603, (1+327¢7) ( )

where the second term is the pure moduli potential evaluated at o = oy, 1. €.

DrWiodl*  3[Wiod|>  3|[Who 2
Vmod(Uinf):| L d| - | d| + | d(00)| 5 (1057)

3 2
6 Oins 0. 80500

inf




136 CHAPTER 10. LOW-ENERGY SUSY AND INFLATION

with the last term in Eq. coming from the uplifting potential V,,
Eq. , with (), tuned as in Eq. . The first term in Eq. is
the standard Chaotic inflation potential, which is simply rescaled by a factor
—% from the eX prefactor in Vr and the last term is simply ~ m? 62

Oinf

Since we must have v 2 O(1) to ensure that X has a mass mx 2 H during
inflation, the ¢;-dependence of the potential at large values of ¢; is not signif-
icantly affected. Moreover, recall that from the stability of the vacuum after
inflation and with oy,s &~ 09, we must obey the upper bound |[Wieq| < V2m,
cf. Eq. . Thus, already at this stage, we see that no large corrections
should be expected in the regime where our treatment is valid.

In the next step, we have to compute the impact of the extra terms on the
inflationary predictions. Since we perform a perturbative expansion, we do not
expect to get very large effects, but the bound on W,,q might change. Note
that the parameter m has to be redefined frorn its “standard” value, both due
to the o, factor in the first term of Eq. ( and due to the extra terms.
However, as we will see below, the latter turns out to be irrelevant.

Assuming inflation ends at ¢; ~ 0, the number of e-folds N, in terms of
the initial value of ¢; at leading order in our perturbative expansion is given
by

Ne ¢% + 1nf’DTWm0d‘2ln¢I + 30inf’Wmod<0—0)|2 In ¢I
3m?2 4m2o
—2
1 + 32/7 ¢I) ln( + 32 Y (b%) Wr?lod + Wmod (1058)
5127 (14 327¢2) m?
In(1+ 32~ ¢? Winodl?
—1921n(¢;) — n(l+32v9¢7) | dl _
7 (1432 ¢I) ¥ 256 m?

There is some additional ¢;-dependence, but it is rather weak at large values of
¢r. Thus, we again perform a perturbative analysis to determine the required
initial value ¢; as a function of N,, which yields for N, > 1

) ~ 2\/@ . 30mf|Wm0d(00)|21n(4Ne) . O'i2nf|DTWm0d|21n(4Ne)
8m?y/N.og 6m?2y/ N,
(W%d + Wmod) In(128~ Ne) . (967 In(4N,) + In(128 v N,.)) [Winodl?

512m?2 /N, 256 v m? \/Ne( \
10.59

+
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Plugging this into the definitions for € and 7 yields at leading order

1 n 02 ¢ | DrWinod|*(In(4N,) — 2) n 3 Gint| Winod (00) |*(In(4N,) — 2)
€~

2N, 12m? N? 16 0pm? N2
=2+ 967(In(4N,) — 2) + In(128 7 N)|Winoa|?
512y m? N?
(128 Ne) = 2) (W2q + Wioa)
a 1024~y m?2 N2 ’

(10.60)

and

y~ 1 N 02 ¢ | DrWinod |*(In(4N,) — 1) N Tint| Winod (00)|?(In(4N,) — 1)

2N, 12m?2 N? 16 0 m? N2
~ —1+967(In(4N.) — 2) + In(1289 No)[Winoa|?
512y m?2 N2
(01287 N,) = 1) (W2oi + W)
a 1024y m?2 N2 ’

(10.61)

respectively. Note that all the corrections start at order N;? (up to some
logarithms): They are suppressed with respect to the leading contribution by
W2 /W% etc. since m?N, ~ m?¢? = W3.

Before we continue, we have to fix the parameter m by matching the pre-
diction to the observed amplitude of the scalar power spectrum 73712/ ®. We find

P2 A, mN, (1 B 02| DrWinoa?(2In(4N,) — 3) B 3 Oint| Winoa (00) [2(2In(4N,) — 3)

R 9 /B3red? 12m2 N, 16m2 N, o,

inf
(21n(1287 N,) = 3) (W2a + Wna)
1024 vm? N,
n (—=3+967 (2In(4N,) — 3) +21In(128 y N,)) [Winoa|?
512y m?2 N, '

+

(10.62)
Thus, except for the factor cr?n/fQ, the mass parameter m needs to be redefined
only at second order in W,,q and DrW ,,q. Consequently, this affects the above
expressions for € and 7 only at higher orders and we drop these corrections in
the following. What matters, however, is the rescaling of the mass parameter

m by af’n/g compared to the standard chaotic inflation scenario.

Now we can calculate the scalar spectral index ng =1 — 6¢€ + 27 and the
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tensor-to-scalar ratio r = 16 €, for which we find

2 02 | DrWinoa|?(2In(4N,) — 5) B 3 Oint| Winoa (00) [2(2In(4N,) — 5)

s — 1~ —

" N. 6m2N? $m2N2o,

N (=5 +96v(2In(4N,) — 5) + 2In(128 7 N.)) |Winod|*

256y m? N2
(2101285 V) = 5) (Wloq + Wioa)
* 512y m? N? ’
(10.63)

and

8 A0 [DrWnoa’((AN,) ~2) | 30uWinoa(00) " (n(4Ne) — 2)
N, 3m?2 N? oom? N?
—2 4+ 96v(In(4N,) — 2) + In(128 7 N.)[Winoa?
32~y m? N?
(128 Np) = 2) (W2q + Wa)

64~y m? N2 !

r

(10.64)

respectively. Obviously, the corrections with respect to the leading term are
small. They also appear at a higher order in the large N, expansion since the
corrections are suppressed by W% = m2®? ~ m?N, with respect to the leading
contribution. Low-energy supersymmetry and high-scale inflation correspond
to DrWiea and Wieq being parametrically small compared to the F-term
DxW . Consequently, all the corrections are parametrically small as well since
we have to require oy &~ i, to avoid the cosmological moduli problem and we
assume that DpW ,oq and W04 do not vary too strongly between oy and oyys.

In summary, the upshot of the somewhat lengthy calculation above is that
the predictions for ng — 1 and r are essentially unaffected from what one would
obtain from standard chaotic inflation. In short, the general analysis above tells
us that the corrections due to the presence of a sector responsible for moduli
stabilization and low-energy supersymmetry breaking (encoded in Wy,0q(7))
are completely negligible. The reason is that the scalar spectral index ng and
the tensor-to-scalar ratio r receive only corrections of the form

n3—1:—N% <1+O<<§—i>2(%)2>> , (10.65)
rz%(l—k@((?—i)Q,(%)Z)) , (10.66)

with the terms in brackets being parametrically smaller than 1 precisely when
we have high-scale inflation and low-energy supersymmetry breaking.
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10.5 Summary and Discussion

We have proposed a general scenario for moduli stabilization where low-energy
supersymmetry breaking can be accommodated together with a high scale of
inflation. In our proposal, the KL problem is resolved because the stabilization
of the modulus field during and after inflation is not associated with a single,
common scale, but instead relies on two different mechanism to stabilize the
modulus during and after inflation.

More explicitly (c.f. Sec. , we suggest to consider a Kéhler potential
which features a coupling between the modulus field and the field whose F-term
drives inflation in such a way that the term Vi, ~ e KXX |DxW|? creates a
minimum for the modulus which stablizes it with a large mass during inflation.
After inflation, when DxW vanishes, a “standard” mechanism involving non-
perturbative terms in the superpotential can take over to stabilize the modulus
as usual. The way we avoid the KL problem in this setup works essentially as
follows: The gravitino mass mg;gay now only sets the scale for moduli stabiliza-
tion after inflation and therefore remains small all the time. During inflation,
the scale for moduli stabilization is set by the inflationary energy scale H;y¢
itself and no longer also by mg}gay. This allows us to consistently combine low
scale SUSY and high scale inflation.

There is of course a price to pay: Since the two minima for the modulus
during and after inflation generically do not coincide, we have to make sure
that there is no overshoot problem after inflation. This requires, for instance,
that the two minima for the modulus are not too far apart (c.f. Sec. [10.3.1]).
Without a dynamical mechanism to guarantee a smooth transition between
the two minima, achieving oy ~ oj,f may require some amount of tuning of the
model parameters. However, notice that also the KL solution requires some
tuning to disentangle the height of the barrier from the gravitino mass today.
Also note that, for a KKLT-type stabilization mechanism after inflation, the
mass of the modulus is my ~ 16m% mg/s, which means it can be heavy enough
to decay before BBN, avoiding the standard cosmological moduli problem.

We have illustrated our general strategy in a simple model of chaotic in-
flation with a shift symmetry supplemented by a KKLT-type superpotential
and an uplifting term (c.f. Sec. . Moduli stabilization during inflation is
achieved considering a certain type of couplings in the Kéhler potential be-
tween the field X which drives the inflationary vacuum energy by its F-term
and the modulus T'. We also showed that in the limit of high-scale inflation and
low-energy supersymmetry breaking, . e. for W, DrW < DxW | the correc-
tions to the inflationary observables from the modulus sector become negligible.
We also presented the results for a general moduli stabilizing superpotential
Winoa(T') combined with the simple chaotic inflation model (cf. Sec. which
also lead to the same conclusion that one can successfully combine high-scale
inflation and low-energy supersymmetry breaking.
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Even though many ingredients of our scenario are motivated from a string
theory perspective, we did not consider a particular embedding in a string the-
ory compactification here and defer this discussion to the future. It is plausible
that something at least qualitatively similar to our proposal could be realized.

We emphasize that our general strategy may work for more general sce-
narios. Results for hybrid (or tribrid) inflation models and models based on a
Heisenberg symmetry instead of a shift symmetry will appear elsewhere [472|.

To conclude this summary, we comment on the relation of our proposal to
previous works on solutions to the KL problem.

As a solution to the problem, KL [45] suggested to add a second non-
perturbative contribution to the potential. This allows one to disentangle the
gravitino mass in the present vacuum from the height of the barrier. That is,
choosing the gravitino mass at the TeV-scale one can always independently
increase the height of the barrier such that high-scale inflation models do not
destabilize the modulus. This is done by a fine-tuning of the terms in the
superpotential.

Following the approach of KL, in the context of volume modulus inflation
in a racetrack setup, the problem has been addressed when one of the exponents
of the non-perturbative terms is positive and /or introducing extra terms in W
and/or K [198,473-476]. However, this can be done only at the expense of
introducing more parameters in the theory.

In the large volume scenario, attempts have been made to accommodate
a small gravitino mass with a high scale of inflation, when inflation happens
exponentially far away from the present Minkowski vacua. Other than some
inevitable fine-tuning, the working models have several phenomenological dif-
ficulties [259]. Dynamical avenues for the case of chaotic inflation [477] and
hybrid inflation [478| have also been explored, where the gravitino mass be-
comes inflaton-dependent in a suitable way.

Difficulties related to the realizations of high-scale inflation together with
low-energy SUSY breaking have been discussed in [479,/480] and some reso-
lutions have been proposed in [479,481|. However, this has been successfully
achieved only for the superpotential of [45]. Combining chaotic inflation and
supersymmetry breaking within the KL scheme has recently been discussed
in [482] for the general chaotic inflation models of [229-231|. For other ap-
proaches to the KL problem see e. g. [483].

In summary, all solutions known so far require some amount of fine-tuning
to solve the problem or introduce extra terms beyond the minimal KKLT setup.
The same is true for our solution, but one may imagine to find a dynamical
mechanism to smoothly transfer the modulus from the minimum during in-
flation to the post-inflationary minimum, thereby relaxing the required fine-
tuning for our model.



CHAPTER 11

Matter Inflation in Supergravity

We now come to the results from Ref. [1], in which my collaborators and I
studied models of matter inflation. First, we consider matter inflation from an
effective supergravity point of view in this chapter. The subject of Chap.
is to discuss the conditions under which such models can be embedded into
heterotic orbifold compactifications.

This phenomenologically motivated idea for inflationary model building
has been applied also to other situations. For instance, the particular models
studied in [297] used a superpotential that is well-suited for sneutrino hybrid
inflation [221]. Their model has two phenomenologically interesting properties
associated to the waterfall phase transition at the end of inflation. Namely, a
dynamical breaking of some larger gauge group Ggur to Gsym and a dynamical
generation of the masses for the right-handed neutrinosEl Phenomenologically
it is particularly appealing to identify the phase transition at the end of hybrid
inflation with the breaking of some GUT group or flavor group, see e. g. [217,
218,232].

Here, we consider a generalization of the models of [297] in various as-
pects. First, the form of the superpotential couplings is extended to include a
more general tribrid structure. Second, the constant couplings are replaced by
moduli-dependent functions. Finally, the energy scale for inflation is assumed
to be set dynamically, e.g. driven by the cancellation of the D-term of an
anomalous U(1) 4 gauge symmetry.

The outline of this chapter is as follows. We begin by explaining/reviewing
the basic ideas underlying our supergravity models in Sec. [I1.]]} in particular,
the ingredients required to realize inflation in the matter sector. Afterwards,
in Sec. , we present our generalization of the models of Ref. [297]. Moduli
stabilization during inflation for our setup is discussed in Sec. and we
discuss sources for a slope of the inflaton in Sec. [I1.4] Finally, we summarize
the findings of this chapter in Sec.

'For other models of sneutrino inflation see e. g. [484,485|.
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11.1 Basic Ideas for Matter Inflation

11.1.1 Tribrid Inflation

In Sec. p.3] we have given an important guideline for F-term inflation model
building in supergravity. Namely, that the following conditions should hold
during inflation:

wa%o, D@W%O, W%O, (111)

where X # ® is some direction other than the inflaton. Then the supergravity
n-problem can be solved by assuming some form of the Kéhler potential [38].

An interesting class of supergravity hybrid inflation modelsﬂ, dubbed “trib-
rid” inflation, is based on superpotentials of the following form [228| 351E|

W = kX (H* — M?) + g(®)H?, (11.2)
where the three fields X | H and ® play different roles:

e The driving field X provides the large vacuum energy driving inflation.
e The waterfall field H allows inflation to end via a phase transition.

e The inflaton ® provides the “clock” determining when inflation ends.

This class of models fulfills the conditions in Eq. since inflation takes
place while X = H = 0 and & is above its critical value. The scale M sets
both the expectation value of H at the end of inflation and the size of the F-
term of X during inflation (i. e. the vacuum energy). The g(®)H? term in the
superpotential provides a positive $-dependent mass squared for the waterfall
field H. Possible choices for g(®) include, for example, g(®) = A®" /A" for
any n > 1 and some cutoff scale A. The two most common choices in the
literature use either the renormalizable choice g(®) = A\® (see e.g. [216]) or
the choice g(®) = A®%/A (see e. g. |35,221[227,[228,351]). Note that both of

these choices provide a mass term for ® after inflation.

11.1.2 Heisenberg Symmetry

The tribrid superpotential can be supplemented by a Kahler potential with a
shift symmetry for ® [35,216},227,[228| or a “Heisenberg symmetry” [351|. Here,

2For a review of hybrid inflation in supergravity see Sec. and references therein.

3Note that in “conventional” hybrid inflation models H? is often replaced by H, H_ such
that a U(1) symmetry is spontaneously broken at the end of inflation when one of the fields
acquires an expectation value. More generally, instead of H; H_ one may use any pair of
fields H H¢ in conjugate representations of some gauge group G. But to understand the basic
physical picture, it is best to set this slight complication aside for a moment
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we opt for the Heisenberg symmetry for reasons which will become clear soon.
That is, we consider Kéahler potentials of the form

K =k(p)+|XP?+|H?+d(p)|X]*+..., (11.3)

where the dots represent all kinds of higher order terms such as | X |* or | X|?| H|?
and p contains the inflaton ® and a modulus 7" in a combination invariant under
the Heisenberg symmetry:

p=T+T—|D*. (11.4)

Some working examples for the functions d(p) and k(p) can be found below in
Sec. and in [351]. The Heisenberg symmetry acting on 7" and ® consists
of the following two transformations [438|:

T—-T+ia , a€R, (11.5)
and
_ 1_
T—>T—|—ﬁq>+§ﬁﬁ,
b—-d+p5 , peC.

(11.6)

The Kahler potential in Eq. is a general expansion in H and X and
is assumed to preserve the Heisenberg symmetry. The field X provides the
vacuum energy by its F-term and the function k(p), in combination with a
suitable choice of d(p), can stabilize p during inflation (see Sec. [L1.3).

Since these models fulfill W = Wg = Wy = 0, Wx # 0 during inflation
when X = H = 0 and since K preserves the Heisenberg symmetry, the inflaton
direction is protected from the supergravity n-problem [38,351]. A slope is
induced via quantum corrections to the tree-level flat potential due to the
symmetry breaking term ¢(®)H? in the superpotential [351].

11.1.3 Inflation from the Matter Sector

An interesting aspect of the Heisenberg symmetry is that unlike a shift symme-
try it allows the inflaton ® to be a gauge non-singlet matter field. We allow for
this possibility following [297], where an explicit example of matter inflation in
the context of supersymmetric Grand Unified Theories was constructed. This
requires a modification of Eqs. and . In particular, one has to in-
troduce multiple matter fields ®, in order to satisfy the constraints required to
impose D-flatness (i. e. vanishing D-terms). Note also that now the parameter
[ in the symmetry transformation in Eq. has to be replaced by a set of
parameters (3,.

We replace the field H by by two matter fields H, H¢ in conjugate rep-
resentations of some gauge group G. The ®, are also matter fields charged
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under some gauge group QEl Then the term ¢(®,)HH® in the superpotential
Eq. must be gauge-invariant and this restricts the possible forms of
g(®,). For instance, the choice made in [297] is g(®,) = APP°/A with &, P°
in conjugate representations of the gauge group G. The simplest possibility
would be &1 and H. for a U(1) gauge group. Note that since the @, are gauge
non-singlets, g(®,) is a least quadratic in the ®,.

Note that in general there can be more possibilities for gauge-invariant
terms which lead to inflaton-dependent mass terms for H, H¢. To illustrate this
and the constraints imposed by D-flatness, let us consider the superpotential
used in [297] to embed inflation into a SUSY model with a Pati-Salam (PS) or
an SO(10) GUT gauge group:

o :
W =krX (HHC — Mz) + fFiFjHCHC + %EFCHHC + %FCFCHH +.,

(11.7)

where F;, H and F¢, H¢ are in conjugate representations of the same gauge

group G. For instance, in the 16 and 16 of Ggur = SO(10) or in the (4,1,2)

and (4, 1,2) (or vice versa) of Gps = SU(4)c x SU(2), x SU(2)g, respectively.

The Kéahler potential is assumed to be of the form
K =k(p)+ (1+d(p) — sx|X]) [ XP+|H + [HP + ..., (11.8)

with p = T+T - ,|F;|*— |F¢|? and k(p), d(p) some functions of p only, which
are suitable for stabilizing p.

Assuming a constant diagonal gauge kinetic function fu, = g, %04, the
D-term potential during inflation when H = H® = 0 is of the form

2
g LT a [CTax IC
Vo =Sk (p) > (ETF,— F'T"F*) , (11.9)
where 7, denotes the generators of the gauge group G in the appropriate repre-
sentation. Inflation is supposed to proceed along a D-flat direction, 7. e. along

a direction where Vp = 0.

The explicit examples considered in [297] have only F' = Fj, F° # 0 and
F,z1 = 0. In addition, the authors consider inflation along the (right-handed)
sneutrino direction, i.e. F, F¢ = 0 except along vp,vpe and then D-flatness
imposes a relation between vr and vpe. Finding the unstable direction of the
waterfall field in such models is more involved than in the simplest hybrid
inflation models due to the extra terms in Eq. , but it is straightforward.
For generic choices of the parameters, the unstable direction is (a combination
of) the sneutrino directions of H, H¢ [297].

4A priori, H, H® and ®, could be charged only under orthogonal subgroups of the full
gauge symmetry. However, this might lead to problems with the generation of topological
defects.
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The Heisenberg symmetry is an approximate symmetry in the limit of
vanishing superpotential and gauge couplings. We will discuss corrections to
the inflaton potential later in Sec.[11.4] The predictions in [297] were obtained
assuming the slope of the inflaton potential to be dominated by the Coleman-
Weinberg 1-loop corrections.

Summary: Basic Requirements for Matter Inflation

To summarize this section, the important points that lead to a working model
are the following requirements.

e A D-flat and F-flat direction of matter fields acting as the inflaton.
e An approximate symmetry protecting the inflaton from the n-problem.

e During inflation, DeW =~ 0 and W = 0.

The aim of the next section is to generalize the above ideas in various respects.

11.2 A More General Class of Models

We now turn to generalizing the class of matter inflation models described
above. The generalization is done keeping in mind what might be viable in
heterotic orbifold compactifications, but the models described below are them-
selves genuine supergravity models of inflation.

The superpotentials and Kéahler potentials we consider from now on are a
further generalization of the “tribrid” structure introduced in the last section:

W = a(T) X (W(T) HH* — (5)?) + o(T)) g(®,) HH* (11.10)
+Wm0d(T‘z)

_Zlogf’z (sz ) [ X]* (1 +d(ps) — kx| X[?) (11.11)

3 3
+ (H pi_QH,i> |H|2 + (Hp—ch ) |Hc|2
i=1 =1

where the p; are given by

pi=Ti+Ti— ) [Pail”. (11.12)
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Structure of the Kahler Potential

The first term in the Kéhler potential Eq. is the analog of k(p) used
in the previous section. Notice that we have introduced three combinations p;
instead of the single one used previously. The T;, i = 1, 2,3 are moduli fields
and their Kéhler potential satisfies the no-scale property, i. e.

KK, K;=3, i,j=T,TTs, (11.13)

and in principle each of them comes with a set of associated matter fields ®, ;.
With out loss of generality we associate the inflaton with ps, i. e. the inflaton
is a D-flat combination of the ®, 3, and from now on we set ®,;, = 0 for 7 =1,2

and &, = @, 3.

The terms in the second line of Eq. are non-canonical terms for
the waterfall fields H, H® with qp;, qre; some rational numbers — typically
positive and O(1). The remaining part of the first line is the Kéhler potential
for the driving field X which is of a somewhat different non-canonical form and,
in particular, the couplings ~ d(p3)| X |* and ~ —kx|X|* will be important for
stabilizing both p3 and X during inflation (see Sec. . The dots denote
further terms denote possible higher order terms and other fields which can be
present (but not relevant for the inflationary dynamics).

Structure of the Superpotential

Concerning the superpotential, Eq. , first notice that we have replaced
all constant couplings in the superpotential by functions depending on the T;
(compare to Eq. or ([L1.7)). Additionally, the scale M has been replaced
by the expectation value of a (collection of) field(s) (3J). This expectation value
is assumed to be driven for example by the cancellation of the D-term of an
anomalous U(1) 4 or induced through other terms in the superpotential.

The function a(7;) must depend only on 7}, in order not to spoil the
flatness of the potential at tree-level. But the functions b(7;) and ¢(7;) may de-
pend on all three moduli since H, H¢ = 0 during inflation. We have added also
a piece Wiod(T;) to the superpotential which is responsible for moduli stabi-
lization after inflation (and may lead to low-energy supersymmetry breaking).

The waterfall fields H, H® are matter fields in conjugate representations of
some gauge group G. The &, are gauge non-singlet matter fields and g(®,) is
supposed to be a gauge-invariant product of the ®, such that a D-flat combi-
nation of these fields can act as the inflaton. That is, the inflaton is a certain
combination of the ®, specified by the requirement of vanishing D-terms. As
noted above, the simplest choice would be g(®,) = AP, P_/A, but we allow
for more general possibilitiesﬂ The cutoff scale A required in g(®,) is a priori

For example, the product of N and N of SU(N) as well as the product of three 27’s of
Eg form a gauge-invariant combination.
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undetermined, but in a heterotic orbifold model it would be given by the string
scale, i.e. A ~ M,. Note that F-flatness is ensured by construction since for
sufficiently large values of the ®, we have H = H¢ = 0 during inflation.

11.2.1 Effective F-Term Potential During Inflation

The field X receives a large F-term during inflation when H = H¢ = 0, thereby
driving the inflationary vacuum energy, and it is fixed at X = 0. This is
enforced by the term kx| X|* with rx > O(1) [225] (see also Secs. [p.1] and [10.2]
as well as references therein). Inflation ends as usual in hybrid inflation once
a combination of H, H¢ becomes tachyonic and develops an expectation value.
The first term in the superpotential Eq. (11.10) then provides a mass for X
such that it is at X = 0 also after inflation’

Throughout the remainder of this chapter, we assume that the parameters
in the superpotential are adjusted such that during inflation

DxW #0, DW~0, W=0, (11.14)

where the index « runs over all fields other than X. In particular, there should
be no large F-terms for ®, and T3. Therefore, in this limit, the F-term potential
during inflation is given by

AT e ) el T () (11.15)
_<H<TZ+T1) ) 1+d(ps) ps

where p; = —1 + gx; and the overall scale of the potential is set by (¥).

11.3 Moduli Stabilization during Inflation

The moduli fields 7} have to be stabilized during inflation. Since none of them
is the inflaton, we would like to stabilize them with a high mass at least of the
order of the Hubble scale H;,¢. For T7 and T5, stabilization is achieved by a
suitable form of the function a(73,T3) in Eq. (L1.10]), which enters the F-term
of X. Moreover, the modulus T3, or rather the combination p3 in Eq. , is
fixed by an appropriate moduli dependence of the Kéhler metric of X, i. e. by an
appropriate choice of d(p3). We now discuss how both stabilization mechanisms
work in a simple toy model. Note that due to the product structure of the
moduli dependence in Eq. we can discuss the stabilization of T3, T5 and
p3 separately.

6Note that X = 0 actually means X ~ 0 since the sector responsible for moduli stabiliza-
tion after inflation generically induces a small shift of X away from zero, cf. e. g. Sec.
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Figure 11.1: Form of the potential following from Eq. (|11.16) for the example values
p= —%, v =0.01 and # = —0.05, which has a minimum at (p3) =~ 6.73. The pole is
at p3 =~ 20.2. The overall scale of the potential has to be set by (¥).

11.3.1 Stabilization of p;

We stabilize p; during inflation with the F-term of X combined with a suitable
kinetic term for X in order to give it a mass m 2 Hi,r. The moduli dependence
of the F-term potential Eq. not only depends on Ky x and a(7;) but
also on (X). Due to the moduli-dependent non-canonical Kéhler potentials (and
superpotential) terms, the expectation value () typically inherits some moduli
dependence (cf. Sec. . For example, assuming that the ps dependence is
inherited from the Kéhler potential, we have (X) o pi for some rational number
g>0.

The function d(ps) is assumed to preserve the Heisenberg symmetry to a
sufficient amount and must be of a suitable form to stabilize p3. That is, we
assume that d(ps3) is such that we can stabilize ps without inducing a large
mass for the inflaton[] To illustrate what “suitable form” means, consider the
ps-dependence of the F-term potential, which is of the fornﬂ

VP (11.16)
1+ d(ps)
with some rational number p > —1. In order to get a minimum suitable for
inflation, let us make the simple ansatz d(p3) = v + Ops. If p < 0, < 0 and
v > —1, this yields a minimum at

_ p(l+9)
<P3>* (p—l)ﬂ

"We will comment on relaxing this assumption somewhat later on in Sec.
8If (X)) is independent of p3, we have p = —1. Otherwise it is some rational number > —1.

>0. (11.17)
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For this choice of d(ps), the potential has a pole at p3 = —(1 + ~)/3, which
provides the barrier towards ps — oo. For p < 0, the p} factor prevents the
field from rolling to p3 — 0. Therefore, the parameter p is constrained to be
-1 < p < 0. Fig. shows a schematic plot of the ps-dependence of the
potential (in arbitrary units) for an illustrative choice of parameters.

We expect the pole in the potential to be an artefact of our approximation:
we work at second order in the derivatives and the pole appears when Ky 5 — 0
(recall that Vp oc (Kyxg)™'). Therefore, this approximation breaks down close
to the pole and higher derivative corrections become important. In particular, if
one would like to address issues such as stability of the minimum with respect
to tunneling, higher derivative terms have to be included. Note that in the
region to the right of the pole, Ky < 0 and thus X has a kinetic term with
the wrong sign. For our present purpose we only need that the potential given
by Eq. is a good approximation if we are not too close to the pole and
we will assume that we are confined within this region.

To determine the physical mass of p3 around its minimum in units of the
Hubble scale H;,¢ during inflation, we have to take into account that the Kéh-
ler potential Eq. ([11.11)) leads to a non-canonical kinetic term for p3, namely
p32(9,p3)%. Hence, the physical mass is given by

m2, = 2p(p — 1)Vp, (11.18)

P3

where V{ denotes the value of the potential at the minimum — recall that we
have set Mp = 1 and thus HZ; ~ Vy. For p < —0.15, we have m,, = Hinf,

which should be heavy enough such that p3 settles to its minimum sufficiently
fast.

11.3.2 Stabilization of T 5

As noted above, stabilization of T} and T5 requires a “suitably chosen” function
a(Ty,Ts). Assuming again that a possible moduli-dependence of (X) is only due
to the non-canonical Kéhler metric, the dependence of the scalar potential on
T, and T, takes the fornﬂ

V (T1 +Tl)pl (T2 + Tg)pg |CL(T1, T2>|2 s (1119)

with p; and py rational numbers > —1. A simple choice for a(77, Ty) which does
the job is a(T, Ty) = e T1+@212 1f q; > 0 and p; < 0, this will yield a minimum
for Re T} and ReT5: The exponentials diverge as ReT; — oo and similarly the
power law factors diverge as ReT; — 0. The minima are at

pA

(ReT)) = -2 >0, (11.20)
V2a,
9If () is independent of Tj, we have p; = —1+¢x ; and otherwise it is some other rational

number.
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Figure 11.2: Form of the potential following from Eq. (11.19)) with respect to T;

for the example values p; = —% and a; = {5 ~ 0.26, which has a minimum at

(Re T;) =~ 0.96. The overall scale of the potential has to be set by (3).

which is typically O(1). Again, taking into account canonical normalization,
also T7 and Ty are stabilized with masses m ~ Hi,¢. A plot of the T;-dependence
of the potential (in arbitrary units) for a sample choice of parameters is shown
in Fig. [11.2

Some Remarks

Note that in both situations, Eq. (11.16) and Eq. (11.19)), for our choices of

d(p3) and a(Ty,T3) the axions associated to Im 7; only receive a potential from
the terms contained in Wy,0q(7;). However, this is not a problem for the infla-
tionary scenario discussed here: The axions are effectively frozen during infla-
tion due to the strong Hubble damping [351].

Once the moduli have settled to their minima, the functions a(7;), b(T;)
and c(7T;) can be effectively treated as constants. Similarly, the non-canonical
kinetic terms only amount to a rescaling of the fields by a constant.

We will later interpret ReT} and p3 to parametrize the volume of some
compact extradimensions, see Eq. , as follows (in units of the fundamental
scale)

V= <T1 + Tl)(TQ + T2) P3 - (1121)

The illustrative choice of parameters used for Figs. and yields (ReTi 5) ~
0.96 and (p3) ~ 6.73 and thus (V) ~ 24.81.

Actually, the choices for a(73,7,) and d(p3) in this section are not made
purely for illustrative purposes, but are motivated from what we expect to find
in heterotic orbifold compactifications, cf. Chap. [12]



11.4. HYBRID MECHANISM AND A SLOPE FOR THE INFLATON 151

Note that after inflation a different mechanism for moduli stabilization is
required which gives rise to Woa(7;). We have seen in Chap. how this can be
achieved for a model of chaotic inflation using essentially the same mechanism
to stabilize the modulus p3 during inflation. But we do not discuss this here in
detail and leave this issue for future work along the lines of Chap. [I0]

11.4 Hybrid Mechanism and a Slope for the
Inflaton

So far, we have generated a large vacuum energy and stabilized all the mod-
uli during inflation. But if the Heisenberg symmetry was exactly preserved,
there would be no slope for the inflaton and hence no way to end inflation. In
this section, we briefly discuss how we expect inflation to end via the hybrid
mechanism and what sources could generate a slope within our setup.

11.4.1 Hybrid Mechanism

Once the inflaton ¢ reaches a critical value ¢, one of the waterfall fields
H, H¢ becomes tachyonic and triggers the waterfall phase transition, thereby
ending inflation. This assumes that the inflaton slope drives ¢ towards gbcritﬂ

During the phase transition, topological defects such as cosmic strings could
be formed if the waterfall fields are charged under a gauge symmetry e. g. a U(1)
(if they are charged under a larger gauge group also other kinds of topological
defects could form). Without a specific model it is difficult to decide whether
these are problematic or not. First, if the symmetry is broken also during
inflation, i. e. if the inflaton is also charged under this gauge symmetry, we
expect that as in [297] topological defects could be avoided due to corrections
to the inflaton potential, which lift the degeneracy. Second, the analysis of
[348-350], who considered the somewhat similar scenario of standard F-term
hybrid inflation, finds that the consistency of cosmic strings with WMAP data
depends not only on the value of the gauge coupling but also of a parameter k.
This parameter is related to the inflationary superpotential used in standard
F-term hybrid inflation W = x® (HH¢ — M?), where ® is the gauge singlet
inflaton field. Values up to x < 1072 seem to be consistent with the bounds. In
any case, the issue of topological defects should only be addressed in a more
specific model and therefore is beyond our present scope.

10Tf this is not the case, we will at some point leave the regime of validity of our effective
field theory when p3 becomes too small.
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11.4.2 A Slope for the Inflaton

A slope for ¢ can be induced by various types of sources, for example

e by 1-loop CW corrections induced by ¢(®,)HH¢,
e through loops involving gauge fields,
e through a violation of W a 0, W, ~ 0 (Va # X) e. g. induced by Wi0q,

e or via Heisenberg symmetry breaking terms in K.

For the latter two cases, achieving a sufficiently small slope and, in particular, a
sufficiently small |n| < 1 can arise essentially in two ways. First, the corrections
induced by these terms are parametrically small compared to the contribution
controlled by the F-term of X (see Sec. , which generically requires some
tuning of parameters. Second, there can be accidental cancellations with many
terms conspiring to give a small value |n| < 1. If this is the dominant source
for the slope, one would expect a scenario somewhat similar to inflection point
inflation. A detailed investigation of this scenario is left for the future.

If instead the Coleman-Weinberg corrections dominate, we expect simi-
lar inflationary dynamics as those discussed in [297] (with parameters appro-
priately rescaled). This is probably also the most predictive scenario since it
involves the fewest parameters.

Finally, we now comment on the corrections to the inflaton potential from
taking into account loops involving gauge bosons and gauginos following the
discussion [297|, where the one-loop and two-loop corrections to the inflaton
mass have been computed in a specific model.

The one-loop Coleman-Weinberg potential is given by the expression

Vioop = 64—;2 STr [M“(cba) (log (%) - ;)} : (11.22)

where () is a renormalization scale and STr denotes the supertrace, which
is taken over all bosonic and fermionic degrees of freedom with alternating
signs. We are interested in the ®, dependence of all the masses since this
dependence can induce a slope for the inflaton. However, only sectors with a
mass splitting between the bosonic and fermionic degrees of freedom contribute
to the supertrace in Eq. . The waterfall sector has such a mass splitting
induced by the non-zero F-term for X (the g(®,)HH® term is effectively a
supersymmetric mass term for the waterfall fields).

In addition to the waterfall sector, the gauge sector may contribute to the
one-loop effective potential since the inflaton is a associated with a gauge non-
singlet matter field. Its expectation value induces masses for some of the gauge
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fields. However, unlike the waterfall sector, the gauge sector has no mass split-
tings unless direct supergravity gaugino masses are present. The supergravity
gaugino masses are given by

L gangino ~ <eG/2 G; (G af“b> + h.c., (11.23)
ofod

where G = K + log|W|?, fu, denotes the gauge kinetic function and a, b label
different gauge groups while 7, j label different scalar fields. In our case, during
inflation we have X ~ 0, W ~ 0 and only Wy # 0. Thus, the gravitino mass
mg e ~ el9/2 ~ eE)/2(|W]) & 0, which already suppresses most contributions
to the gaugino masses in Eq. . Namely, since X ~ 0 and only Wx # 0,
the only contribution which survives in the limit W — 0 (i. e. which is not
suppressed due to the small gravitino mass) vanishes if we assume

<%f;(”> =0. (11.24)

More precisely, we actually only have to require that this expectation value
does not depend on the inflaton, i. e. there should be no terms such as X g(®,)
contained in f,. Note that we also have to forbid this kind of terms in the su-
perpotential. This can be achieved for example by discrete symmetries which
either forbid X g(®,) at all or force it to appear only together with some addi-
tional field(s) whose expectation value(s) vanish. Thus, the corrections from the
gauge sector at one-loop are expected to be under control (they are essentially
controlled by the small value of the gravitino mass mg/s oc |[(W)]).

There are also potentially dangerous corrections from the gauge sector at
the two-loop level [486|. In [297], it was shown that in the large gauge boson
mass limit the various two-loop corrections to the inflaton mass are suppressed
by a universal factor dm?/H? o x?/(4m)*, where in our case k = a((T})) b((T})).
For k < 1 we the two-loop contributions are negligible. This suppression is also
related to the fact that the non-zero inflaton VEV (¢) already breaks the gauge
symmetry during inflation to some subgroup G’ C G (i. e. some of the gauge
bosons acquire masses My ~ g{(¢)). But the inflaton is a gauge singlet under
the unbroken gauge symmetry G'.

11.5 Summary and Discussion

Let us summarize what we have obtained so far. We have explained the basic
ideas for constructing models of matter inflation in Sec. The important
ingredients are a D-flat and F-flat direction of matter fields ®, which is pro-
tected from the n-problem by some approximate symmetry and during inflation
D, W =0, W = 0.

Based on these ingredients, we have constructed a class of supergravity
models of matter inflation, 7. e. models of inflation where the inflaton resides
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in the matter sector of the theory, which are a generalization of the models
presented in [297] in various points (cf. Sec. [L1.1)):

1. We allow for a more general form of the tribrid structure in the superpo-
tential, 7. e. a more general choice of g(®,) than &d°.

2. The couplings in the superpotential are determined by the expectation
values of a set of moduli fields T;.

3. The scale of the F-term driving the inflationary vacuum energy is gener-
ated dynamically.

We have discussed in detail under which conditions the moduli 7; are suc-
cessfully stabilized during inflation in Sec. [[I.3] To stabilize the two moduli
T} 5 not associated with the inflaton, we introduced a suitable dependence of
the F-term of X on them, namely Wy oc e171722T2 (cf. Sec. [11.3.2). The mod-
ulus ps associated to the inflaton is stabilized differently via a suitable moduli
dependence of the Kéahler metric Ky (cf. Sec. E| Therefore, T} 5 and
p3 (as well as X)) are stabilized with masses m 2 Hi,s during inflation.

We briefly commented on the hybrid mechanism and the potentially dan-
gerous production of topological defects in the phase transition (cf. Sec. .
Whether these are problematic or not requires a more specific model and is be-
yond our present scope.

The models presented here are (by assumption) essentially flat at tree-
level. We discussed sources for generating a slope at tree-level and loop-level in
Sec. In corners of the parameter space where the slope of the inflaton is
dominated by the Coleman-Weinberg one-loop potential, the inflatonary phe-
nomenology is expected to be similar to [297|. The corrections induced form the
gauge sector are shown to be generically small if a certain condition is fulfilled
(cf. Eq. and the discussion below). The slope could also be dominated by
a breaking of the Heisenberg symmetry in both K and W. We leave a detailed
investigation of this corner of the parameter space for the future.

In the next section, we discuss under which circumstances matter inflation
can be successfully embedded into heterotic orbifold compactifications. This
was in fact the main motivation for the work published in Ref. |1].

"' This is a version of the mechanism we proposed in Chap. to solve the KL problem.



CHAPTER 12

Towards Matter Inflation in Heterotic

Orbifolds

The aim of this chapter is to determine the conditions which allow the matter
inflation models of the previous chapter to be realized in orbifold compact-
ifications of the heterotic string. For example, since these models feature a
Heisenberg symmetry protecting (to some extent) the inflaton direction, it is
important to check whether such symmetries indeed arise in a string theory
compactification. We have reviewed the structure of the effective supergravity
theory of heterotic orbifolds in Chap. [9] and indeed a Heisenberg symmetry
arises at tree-level for the untwisted matter fields [438}439).

We will identify the moduli 7; with Kéahler moduli of the orbifold compact-
ification. The form of the superpotential in heterotic orbifolds is constrained
by target space modular invariance, in particular, its dependence on the mod-
uli 7; (cf. Sec. . However, in addition to the T;, there is at least one
extra modulus, the dilaton which determines the size of the string coupling
and therefore also of the 4d gauge couplings. Its stabilization is quite diffi-
cult and here we employ a moduli stabilization scheme called Kahler stabi-
lization [43,,448./453H456| 460,461 which allows to stabilize the dilaton during
inflation [464,/487]. What is different in our models is the stabilization of the
modulus T3 (or p3) associated to the inflaton. We argue that moduli-dependent
loop corrections to the Kahler metric of the driving field X may lead to a mech-
anism for moduli stabilization similar to the one presented in Sec. [I1.3.1]

This chapter is organized as follows. We begin by describing how to embed
the field content and the constraints on the superpotential in Sec. [[2.1} Next,
we suggest a form of the loop corrections to the Kéhler metric of the driving
field in Sec. and in Sec. [I2.3] we will use these loop corrections to stabilize
p3 together with the dilaton, which is stabilized by non-perturbative corrections
to the Kéhler potential. After discussing some sources for the inflaton slope in
Sec. [12.4] we summarize the results of this chapter in Sec. [[2.5
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12.1 Field Content and Superpotential

We now begin to identify the field content of our general class of models of
matter inflation within heterotic orbifold compactifications. We also discuss the
constraints imposed on the superpotential by target space modular invariance.

Field Content

The identification of the field content of Sec.[11.2]is straightforward: The moduli
T; are identified with the three untwisted Kéhler moduli present in any heterotic
orbifold, which determine the radii of the three tori. g(®,) is a product of
untwisted matter fields ®,, associated without loss of generality with the third
torus with modulus 73. We neglect the complex structure moduli U; here,
assuming that they are either fixed by the orbifold projection or in a similar
way to the T;. We also neglect any twisted moduli or additional “off-diagonal”
Kéhler moduli.

We take X to be a twisted matter field in a twisted sector with N/ = 2
supersymmetry. This is necessary to have a non-trivial moduli dependence in
its Kéhler metric, which is parametrized by d(p3) in Eq. (cf. Sec. [12.2).
We expect this moduli dependence to arise from string threshold corrections,
cf. Sec. and we assume here that it preserves the Heisenberg symmetry
up to terms which are exponentially small in the large radius limit. In order to
receive moduli-dependent corrections to its Kéhler metric, X must be charged
under (part of) the gauge group of the N' = 2 subsector. We will for simplicity
assume that the inflaton (and the waterfall) fields are neutral with respect to
this gauge group factor. Recall also that the inflationary setup of Sec.
requires a negative quartic |X|* term in the Kéhler potential and we assume
that this term exists. However, the Kéhler potential of twisted matter fields is
only known to quadratic order so far and our two assumptions on the Kéhler
potential terms involving X need to be checked in the future.

Constraints on the Superpotential

The superpotential starts at cubic order in the matter fields and thus the F-
term of X has to arise from non-vanishing expectation values for some other
fields, which were collectively denoted by ¥ in Eq. . As reviewed in
Sec. such expectation values are generically moduli-dependent and there-
fore modify the moduli dependence of the effective scalar potential. In order to
generate expectation values, such as (X), we require the presence of an anoma-
lous U(1)4. Moreover, we assume that g(®,) carries a zero net charge under
U(1) 4. Note that such a U(1)4 is essential to the phenomenological success of
the mini-landscape models [177,/178,415-417| since it allows to give masses to
unwanted exotic states via expectation values for SM singlet fields.
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An important property of the setup presented in Sec. is that during
inflation only Wy # 0 while in particular Wg ~ 0, W = 0. This property is
well-suited for realizations of inflation in heterotic orbifolds [38./464]. We now
require that a superpotential of the form in Eq. is present. It remains
a task for the future to find explicit compactifications where this structure is
realized and in particular whether this is possible in phenomenologically inter-
esting setups such as the mini-landscape models [177,|178,415-417|. However,
this seems plausible since we can e. g. allow for terms of the form ®, V¥’ in W
if U, ¥’ ~ 0 during inflation.

The functions a(T;), b(T;) and ¢(T;) in the superpotential, Eq. (11.10]), are
constrained by modular invariance: They are given by appropriate powers of
the n-function n(7;), cf. Eq. (9.26)). For example, we must have (for Re T3 2 1)

o(T;) o n(T3)* ~ e 1275 (12.1)

since g(®,) involves at least two untwisted fields from the same sector. Note
that in general it will also depend on 7} and 7% in a similar way. During
inflation, the waterfall fields vanish, H, H¢ = 0, and therefore the moduli de-
pendence of b(T;) and ¢(T;) enters the effective scalar potential only through
loops involving the waterfall fields.

There is a complication compared to the scenario of Sec. namely that
the functions a(7;),b(T;) and ¢(T;) in principle may involve the expectation
values (V) of some matter fields, which can alter their moduli dependence. In
particular, (X) directly affects the moduli dependence of the scalar potential
and thus the stabilization of the moduli because it can depend on the moduli,
as explained in Sec. [9.3.2] Therefore, achieving successful moduli stabilization
imposes some constraints on the functional form of |a(T;)[*|(X)|* (which en-
codes the moduli dependence of the F-term of X). As we will see below in
Secs. and [12.4] we require it to dependend on T3 only via ps, i.e. to be
independent of 1(73), and to depend only on inverse powers of 7(7} ).

12.2 Loop Corrections to the Kahler Potential

We have seen in Sec. [I1.3] that p; is stabilized during inflation for a suitable
form of the function d(ps3). In this section, we propose a functional form of d(ps)
which we expect to arise in heterotic orbifolds. First, we consider known results
for the string one-loop corrections to the Kéhler metric of untwisted matter
fields. Based on these results, we suggest a generalization in the presence of
background values for matter fields. It will be of a form similar to the simple
example discussed in Sec. [[1.3] but in addition to a part linear in ps there is
also a logarithmic contribution. Moreover, the corrections are proportional to
the dilaton ¢ which controls the string-loop expansion. We also argue why the
Heisenberg symmetry might be broken only by exponentially suppressed terms
in the large radius limit.
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The result of [488| for the string one-loop corrections to the Kéhler metric
of untwisted matter fields in N' = 2 orbifolds has the following form:

K& = Ko 4+ 0K,;°%, (12.2)
with
Kloop — tree (v+B8Y(T,T)) , (12.3)
where B B
Y(T,T) =log [[n(T)|"(T +T)] , (12.4)

and / is the loop counting parameter, the lowest component of L ~ (S + S5)~!.
3 is related to the A/ = 2 beta function coefficient of the torus associated
with 7" and the gauge group which acts non-trivially on the matter field under
consideration. The moduli-independent constant v is the effect of the N’ = 1
subsectors. The moduli-dependence of Y (T,T) in Eq. originates from
loops involving massive string states, namely Kaluza-Klein and winding modes,
whose masses depend on the moduli, especially on the radius. Note that the
moduli-dependent correction Y (T, T) arises only from A = 2 sectors, which
leave the plane associated to the matter field unrotated and therefore only
depends on the moduli of that plane.

For ReT > 1, we can approximate Y (T, T), Eq. (12.4)), by

™

Y(T,T) ~log(T +T) 5 (T+T)+ 0 +cec., (12.5)
as can be easily seen from Eq. . The dependence on Im T is only through
the additional terms ~ e~2"7, which are exponentially suppressed for large
ReT, 1. e. for a large compactification radius. In other words, the continuous
shift symmetry 7' — T + i (which is broken to a discrete one by worldsheet
instantons [489,490|) survives as an approximate symmetry in the large radius
limit ReT" — oo.

Based on these results, we propose a generalization involving background
values for untwisted matter fields as described below. It remains a task for the
future to check our proposal by calculating the relevant string amplitudes.

és a working hypothesis, we consEier the case where we si§ply replace
T +T in the large radius limit of Y(7,T), Eq. (12.5), by p=T+T =", |Pa?
1. €. We assume
T

Y(T,T,®,,®,) ~logp— G

pEAY IR HOET™),  (126)

where we have parameterized a breaking of the Heisenberg symmetry by the
term A |®,|*. The coefficient A would have to be computed directly from
string amplitudes and in general may depend on 7.

If the Heisenberg symmetry is badly broken by such corrections, one would
expect A ~ O(1). But in the large radius limit the continuous shift symmetry
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T — T+ia, which is part of the Heisenberg symmetry group, cf. Eqgs. and
(11.6), is broken only by exponentially small terms. Thus, we might assume that
the same happens for the Heisenberg symmetry, . e. A ~ e~ ™ is exponentially
small for large radius (i. e. large p). We will discuss the implications of these
two different possibilities for the size of A in more detail later on in Sec.

In the following, we apply this working hypothesis to the setup considered
in Sec.[I1.2] i. e. we consider

Kyx = (H(TJ +Tj)_qj>

Jj=1

T
1+ 0y + €03 (103;03 s + )\Za:|¢a|2>] ;
(12.7)

which has the same form as the Kéhler metric for X considered previously, cf.

Eq. [IT.11), with d(ps) = Y (13, T3, ®,, ®,) given by Eq. (12.6).

12.3 Stabilization of the Dilaton and the Kahler
Moduli

We again have to stabilize all the moduli during inflation, preferably with
masses m 2 Hing, since none of them is considered as the inflaton. The sta-
bilization of T; 2 and ps works essentially the same way as in the more phe-
nomenological approach in Sec. even though the dilaton complicates the
situation significantly. We will now discuss the moduli dependence of the scalar
potential and argue that all moduli can be stabilized. In particular, we show
that one can stabilize ps, as defined in Eq. , at a rather large value.
Note that the moduli dependence we expect for the potential during inflation
is again of a seperable form such that we can discuss the stabilization of ps
and ¢ and the stabilization of 7T} 5 independent of each other in Secs. and
12.3.2] respectively.

12.3.1 Stabilization of the Dilaton and p;

The typical scale of the gaugino condensate is around ~ 10! GeV and thus
it is negligible during inflation [464] (it is however crucial for stabilizing the
dilaton and the pattern of supersymmetry breaking after inflation). Since our
setup has the properties W =~ 0 and W, = 0 for all fields ®, except X, we need
to stabilize the dilaton solely by the contribution from the F-term of X. This is
done by invoking also non-perturbative corrections to the Kéhler potential in a
moduli stabilization scheme called Kéhler stabilization similar to what is done
in |464}487|, see also cf. Sec. . Therefore, we expect that the dependence of
the scalar potential on the dilaton ¢ and ps (as defined in Eq. (11.12))) can be
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Figure 12.1: Dependence of the potential Eq. (12.8) on ¢ with ps at its minimum, and

vice versa. For the example values n =1, ¢ = —%, v = 8% ~ 0.13, B3 = 83% ~ 0.38,

A= —0.7, B=20 and a = 1, there is a minimum at (/) ~ 1.13 with ¢ ~ 0.62 and
(p3) =~ 3.83. There is a pole at £ ~ 8.03 for (ps3) ~ 3.83, outside of the region shown
in the figure left figure, and at p3 ~ 9.37 for (¢) ~ 1.13 in the right figure. The overall
scale of the potential has to be set by (¥).

parametrized as follows

pggneg(f)
V x — o
1+€’Y+£63(10g,03—gp3+)\2a‘q)a| )

Recall that the F-term of X has a moduli dependence encoded in |a(T})[*[(X)|*
and also Kyx depends on the moduli, ¢f. Eq. ([L1.15). If for example (X) is
independent of ¢, we have n = 1, while otherwise n can be either enhanced or
reduced, but it is always an integer number (see also Sec. . Similarly, ¢
is some model-dependent rational number typically > —1. Whether ¢ and ps
are stabilized or not depends on the interplay of various parameters. We have
depicted the potential (in arbitrary units) as a function of £ and p; in Figs.[12.]]
and for an illustrative choice of parameters, which demonstrates that one
can indeed stabilize ¢ and ps.

Similar to [464,487|, if n < 1 the dilaton can be stabilized during inflation
at (¢) ~ O(1) and with reasonable values for the gauge coupling gEl By analogy
to the discussion in Sec. we expect a minimum for ps if ¢ < 0 and 33 > 0,
which indeed occurs. Interestingly, assuming v to be negligible, the values of ¢
and p3 at their minima appear to be parametrically related by (ps) ~ (B3(¢))~1,
up to a numerical factor which is roughly O(1). Hence, a minimum at rather
large values of p3 requires (3(¢) < 1 and since 5 is related to the beta function
coefficient of an A = 2 theory by B3 = bN=2/872, this can indeed be fulfilled if
(¢) ~ O(1). This requirement is important, because we expect the Heisenberg
symmetry to be preserved only in the large radius limit. Both ¢ and p3 can be

(12.8)

Note that as in [464,[487] at least one field contained in ¥, which collectively denotes a
product of fields, has to receive an expectation value through an F-term such that the net
dilaton dependence in the scalar potential satisfies n < 1.
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Figure 12.2: Dependence of the potential Eq. (12.8) on ¢ and p3. For the example

values n =1, ¢ = —3, 7 = g% ~ 0.13, 3 = 2% ~ 0.38, A = —0.7, B = 20 and

a = 1, there is a minimum at (¢) ~ 1.13 with g% ~ 0.62 and (p3) ~ 3.83. The overall
scale of the potential has to be set by (X).

stabilized at masses ~ Hinr. Note that analogous to the situation in Sec.
the potential has poles along a line in the ¢ and p3 plane.

Concerning the pole in Fig. the same discussion as under Fig. in
Sec. applies.

12.3.2 Stabilization of T’ »

So far, the dilaton ¢ and p3 can be stabilized during inflation, but we still need
to show that the remaining Kéhler moduli 77 and 75 can also be fixed during
inflation. They are defined as in Eq. since we assume ®,; = &, = 0.
The dependence of the scalar potential on 77 and T is then typically of the

form B B
Vo [(Ti+ T n(T)I*] ™ (12.9)

for some (in general rational) model-dependent numbers p;. For this form of
the potential, if p; > 0, the T} get stabilized at the self-dual value T} = /¢
with masses ~ Hj,¢. Note that the n-function also provides a potential for Im 7;
(via the terms ~ e=2T).

The stabilization of Re T} can be also understood from the simple example
of Sec. for ReT; 2 1, we can approximate n(7;) ~ exp(—157;). Thus,
we expect that even if T + T; and |n(T;)|* do not enter with the same power
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Figure 12.3: Form of the potential Eq. (12.9]) for the example values T; for p; = —1,
which yields a minimum at T; = /6, i.e. Re T; ~ 0.87 and Im T; = 0.5. The overall
scale of the potential has to be set by (¥).

into the scalar potential, we get a minimum at ReT; ~ O(1) as long as both
powers are negative. Note that if the two factors do not appear with the same
power, T; does not get stabilized exactly at the self-dual point. Fig. shows
a plot of the T; dependence of the potential Eq. for a sample choice of
parameters (in arbitrary units).

In the light of the considerations above, we may now assume that all moduli
are stabilized with masses ~ Hj,r and regard them as effectively constant in
the following discussion of the inflaton slope.

A Remark on o/-corrections

Due to the O(1) values for the Kéhler moduli, one might worry about higher
string-loop and «/-corrections which are controlled by them. The issue of /-
corrections is a difficult question in the context of orbifolds. They may or may
not respect the Heisenberg symmetry to a sufficient amount (similar to the
string-loop corrections to Ky ¢ in Sec. , but in any case their precise form
may affect the stabilization of the moduli.

At the orbifold point, . e. at a point where the expectation values of all
matter fields (in particular those of the twisted fields) vanish, one has a de-
scription in terms of an exact CFT. In the presence of an anomalous U(1)4,
however, some fields must acquire expectation values to cancel the Fl-term,
as is the case in all phenomenologically interesting orbifold models found so
far. If twisted fields acquire expectation values, some (or all) of the orbifold
singularities get resolved or “blown-up”. Further investigations of this issue are
required, e. g. along the lines of [428,429,491] by using gauged linear sigma
models, but are beyond our present scope.
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12.4 Contributions to the Inflaton Slope

So far, we have explained how to stabilize the moduli 7} 5, p3s and ¢. Now we
discuss a few sources for a slope for the inflaton direction, which according to
the classification given in Sec. are either violations of the Heisenberg
symmetry in the Ké&hler potential or the conditions W ~ 0, W, ~ 0 for all
o, #£ X.

We have already introduced a possible violation of the Heisenberg sym-
metry in the potential Eq. (12.8), namely the A|®,|? piece, which we use to
parametrize the amount of breaking of the Heisenberg symmetry by string-loop
corrections. With the moduli at their minimum (and before considering further
corrections), the inflaton potential has the form

v Vo
T L4 (O + (0) 55 (log(ps) — Fps) + A D ,|¢al?)

where Vj depends on the expectation values of (17 9), (p3) and (€) as well as
(3J) and we have replaced each ®, with its lowest component ¢,.

(12.10)

The kinetic terms of the ¢, are ~ p3'|0,,¢,|?. Due to the constraints from
D-flatness, the inflaton ¢ is a certain combination of the ¢, and to trigger the
waterfall phase transition, the inflaton has to roll towards ¢ = 0. If the A-term
dominates the slope, this requires A < 0 since 3 > 0 is necessary to ensure
stabilization of ps (cf. Sec. . Expanding around ¢, ~ 0 and canonically
normalizing, we can estimate the corresponding contribution to the slow-roll
parameterﬂ n as

il ~ Al (12.11)

where we used (p3) ~ (33(¢))~! and B3(¢) < 1. Since slow roll inflation occurs
only if |n| < 1, we would then have to require that |A\| < 1. If the Heisenberg
symmetry is broken only by non-perturbative effects such that A ~ e™™3 (see
Sec. [12.2)), this condition can be fulfilled with (p3) somewhat larger than 1.
The discussion of moduli stabilization in Sec. implies that this indeed
could be achieved. This would then result in a weak violation of the Heisenberg
symmetry in the Kéhler potential according to our classification in Sec. [I1.4.2}

If X\ is indeed exponentially small, however, the slope might actually turn
out to be dominated by other sources. One example would be the slope induced
by the one-loop corrections involving the waterfall fields. Another important
source is related to the necessity to stabilize the moduli also after inflation.
That is, there are additional terms present in the superpotential, denoted by
Winea in Eq. . Recently, a moduli stabilization scheme for heterotic orb-
ifolds was proposed in [166], which includes a gaugino condensate and a su-
perpotential term of the form wye™*" for some constant wy. The latter term is

2The slow-roll parameter 7 should not be confused with the Dedekind n-function 7(7)
introduced above.
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motivated from the breaking of an approxiamte R-symmetry at a high order
in the superpotential [419], which leads to (W) # 0 but parametrically small.
Such terms would induce a small slope for the inflaton due to a parametrically

small violation of W =& 0 (the gaugino condensate may also induce non-zero
F-terms for W, Wr,).

Note that o'-corrections might give rise to a violation of the Heisenberg
symmetry in the Kéhler potential. Note also that if a(7;) (or more precisely
la(T3)[2|{(X)]*) would depend on T3 not only through the combination p3, e. g. if
a term a(7;) e~T5 | this would generically lead to a large mass ~ Hins of
the inflaton which would spoil slow-roll inflation unless it is cancelled by some
other contribution. We therefore assumed the absence of such a term here since
studying potential cancellations between various terms in detail is beyond our
present scope and left for the future. Other possible sources for a slope could
be violations of D, = 0 or X ~ 0 and the stabilization of the complex structure
moduli.

To summarize, it appears in principle possible to find situations with the
slope dominated by a single source if the Heisenberg symmetry is not too
strongly broken and the conditions W ~ 0, W, ~ 0 (®, # X) are not too
strongly violated. In general, one may also imagine situations where various
sources contribute significantly to the slope for the inflaton and slow-roll in-
flation arises due to (accidental) cancellations between them. A detailed inves-
tigation of the phenomenologically interesting parameter space region of the
models presented here is left for the future.

12.5 Summary and Discussion

In this chapter, we have presented the requirements for embedding the matter
inflation models of Sec. [I1.3]into heterotic orbifold compactifications. The un-
twisted matter fields in heterotic orbifolds enjoy a Heisenberg symmetry and
thus they are a good starting point for a string theory embedding. Also there
has been a lot of progress constructing MSSM-like models from heterotic orb-
ifolds, see e. g. |[177,]178}/181,415-417|. Additionally, the condition that during
inflation W =~ 0, W, = 0 for all &, # X is well-suited for heterotic orbifold
models since the superpotential starts at cubic order in the matter fields.

Let us summarize the requirements necessary to successfully embed our
model into a heterotic orbifold.

We require that a tribrid-like structure in the superpotential of the mat-
ter fields emerges which may involve other fields taking expectation values (cf.
Sec . Also the existence of a D-flat and F-flat direction of untwisted mat-
ter fields in a torus with fixed complex structure modulus has to be verified.
However, it seems plausible that these conditions can be fulfilled. It is then
also particularly interesting if there is an overlap with models where spectra
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close to the MSSM can be achieved.

Constraints from target space modular invariance determine the T;-dependence
of the terms in the superpotential, which turns out to be of the form ~ et®7:
for ReT; 2 1. The coefficients a; are further constraint by allowing for suc-
cessful moduli stabilization and avoiding large contributions to the inflaton
slope. Actually, these constrains are most important for the function a(7;) in

Eq. (11.10) (cf. Secs. |12.3.2] and |12.4]).

Compared to previous studies of embedding inflation into heterotic orb-
ifolds (see e. g. [37,138,/464,487,1492]), we proposed a new way to stabilize the
Kahler modulus associated to the inflaton. This way is based on an ansatz
for the string-loop corrections to the Kéhler metric of the field X, which we
assumed to live in a twisted sector, more precisely an N = 2 twisted sec-
tor. In the presence of sectors with A/ = 2 supersymmetry, there are known
moduli-dependent threshold corrections to the matter Kéhler metrics of un-
twisted matter fields [488]. As a working hypothesis, we assumed that these
corrections have the same form for the twisted matter field Kéahler metrics and
parametrized a possible breaking of the Heisenberg symmetry (cf. Secs. m
and . It allows us to stabilize the radius of the corresponding torus at
rather large values and if the Heisenberg symmetry is only broken by non-
perturbative effects ~ e~*3 the induced correction to the inflaton slope is
small. Moreover, in our scenario we provide an explicit way to end inflation via
a phase transition.

We have arrived at the following conditions necessary for realizing matter
inflation in heterotic orbifolds.

e There exists a (tree-level) D-flat and F-flat direction of untwisted matter
fields in a torus with fixed complex structure modulus.

e The relevant part of the superpotential has a tribrid-like structure as

defined in Eq. (11.10)).

e There are suitable expectation values for the fields collectively denoted

by (), cf. Eq. (L1.15).

e The Kahler potential of X has a moduli-dependence which leads to the
stabilization of p3 and X = 0.

e The dilaton ¢ can be stabilized e. g. by non-perturbative corrections to
the Kéhler potential.

It seems plausible that the above scenario can occur in heterotic orbifold com-
pactifications, even though it remains to be checked whether our requirements
and assumptions are fulfilled in an explicit and phenomenologically interesting
model.
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We discussed sources for an inflaton slope in Sec. In particular, we
argued that some of these sources can in principle lead to a parametrically
small inflaton slope as is required for slow-roll inflation. For instance, if the
string-loop corrections to Ky 5 preserve the Heisenberg symmetry up to terms
which are exponentially small in the large radius limit. Unfortunately, the Kéah-
ler potential for twisted matter fields is typically only known at tree-level and
to quadratic order in the fields. We have proposed a form which is interesting
from the point of view of inflation and seems reasonable. However, it remains to
be seen whether our hypothesis can be fulfilled in an explicit and phenomeno-
logically interesting model.

Note that even if various contributions give large corrections, a sufficiently
small inflaton slope may still arise due to (accidental) cancellations. We leave
a detailed investigation of all kinds of corrections to the inflaton slope for the
future since such questions should be addressed in a more concrete model.

In summary, we have proposed a framework for realising inflation in the
matter sector of heterotic orbifold compactifications. Scenarios with a matter
field as the inflaton are phenomenologically attractive since they relate models
of inflation and particle physics. Our present work should be viewed as a first
step towards this goal and we have discussed the conditions which have to be
fulfilled in an explicit heterotic orbifold model.
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Brane Inflation on the Baryonic
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CHAPTER 13

The Baryonic Branch, a Master
Equation and a Rotation

In the preceding part, we have considered inflation in effective 4d N = 1
supergravity theories from a mostly bottom-up perspective. In this part, we
turn things around and consider a top-down approach. That is, we consider
inflationary potentials which are obtained from probe D3-branes moving in 10d
supergravity background solutions. More precisely, we will consider models of
inflation where the inflaton is associated with the (radial) position of a probe
D3-brane in a warped throat geometry. We have provided a brief introduction
into this idea in Chap. [§] and we have reviewed warped throat geometries, in
particular, the Klebanov-Strassler (KS) solution in Chap. [7}

The work presented here is based on [3|, where my collaborators and I
consider a certain class of supergravity backgrounds which are deformations of
the KS throat. In this chapter, we provide some general remarks about these
supergravity backgrounds and describe how to systematically construct those
we are interested in. The inflationary phenomenology is discussed in Chap.

Before we discuss the brane inflation models obtained from certain defor-
mations of the KS solution in the next chapter, we first review the material re-
quired to construct the supergravity backgrounds later on. All the backgrounds
we consider there belong to the baryonic branch of Klebanov-Strassler. That is,
the dual gauge theory is in a state where non-zero VEVs for baryonic operators
are switched on. We review some facts about this branch of the moduli space

of the dual gauge theory in Sec.

There is a fairly general procedure to obtain solutions to the type IIB equa-
tions of motion, including those belonging to the baryonic branch of KS. The
starting point is a master equation derived from a system of wrapped D5-branes
(cf. Sec. . That is, solving the equations of motion for this system boils
down to solving a single second order equation for one function. Afterwards, a
solution generating technique referred to as rotation is employed to generate
a whole family of supergravity solutions starting with a given solution to the
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master equation (cf. Sec. [13.3)). Finally, we briefly introduce the the type of
deformation of the baryonic branch of KS we will be interested in later on (cf.
Sec. [13.4). Namely, we modify the IR part of the geometry completely.

13.1 The Baryonic Branch of
Klebanov-Strassler

The Klebanov-Strassler solution, which we reviewed in Chap. [7} is dual to an
SU(N + M) x SU(N) gauge theory where N = MK with M and K specify-
ing the F3 and Hj fluxes threading the pair of Poincaré-dual cycles A and B,
respectively. This theory has a global SU(2) x SU(2) x U(1) g symmetry inher-
ited from the isometries of T"!. In addition, there is also a U(1)p symmetry
obtained from the RR 4-form C; by dimensional reduction using the harmonic
form ws associated to the S% in T%! as Cy ~ Ay A ws [401,/402]. This U(1)p
is interpreted as baryon number symmetry. In the non-compact infinite throat
limit the U(1)p is a global symmetry, but it is expected to become gauged
upon gluing the throat into a compact space [493|.

Flowing from the UV to the IR, this theory exhibits a cascade of Seiberg
dualities reducing the rank of the gauge groups by M units in each step. The
last step in the duality cascade, when the gauge group is SU(2M) x SU(M),
is believed to be on the so-called baryonic branch [135,405] with the SU(2M)
factor becoming strongly coupled. On this branch of the moduli space, the
U(1)p global symmetry, which in the dual field theory acts on the superfields
A;, B; as A; — €™ A;, B; — e **By, is broken by VEVs for baryonic operators
B, B. We will now review some facts about the moduli space of the SU(2M) x
SU(M) moduli space, in particular, about its baryonic branch, following the
discussion in section 4.5 of [113].

As mentioned in Sec. [7.2] the dual gauge theory has a set of chiral matter
fields, the SU(2) x SU(2) doublets A; and B; (each SU(2) acts only on one of
them) transforming in the (2M, M) and (2M, M) representations, respectively.
They interact via a superpotential of the form (cf. Eq. )

W =nh €ij€pq Tr (AprAqu) . (131)

The baryonic operators B, B are formed out of the A;, B; as

B = €ayann (A1)T (A1)y” o (A" (A2) 7T (A2 (A2)yf™ , (13.2)
B =0 (By). (B1)2, ... (By)a (Ba)s,,. (Bo)ar 2. (Bo)l . (13.3)

XM +1 Q20

These are invariant under the SU(2) x SU(2) global symmetry and under the
SU (M) flavor. Analogously, there are also mesonic operators M which we can
form out of the A;, B; as

(Mm)i = AmBjB, (13.4)
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which transform under SU(2) x SU(2) and SU(M). The expectation values
of M, B, B parametrize the moduli space of the theory. At the classical level,
they are subject to the constraint det M — BB = 0, but at the quantum level
this constraint receives (non-perturbative) corrections and reads [404,494] (see
also [495]).

det M — BB — A*M =0, (13.5)

with A denoting the UV scale of the SU(2M) gauge group factor. Expressing
the superpotential, Eq. (7.12), in terms of M, B, B leads to

h€ip€iq Tt (MijMypg) + A (det M — BB — A | (13.6)

with A a Lagrange multiplier enforcing the constraint. From this superpotential
one sees that the moduli space has two distinct branches.

e A mesonic branch characterized by B = B = 0 and det M = A*M with
complex dimension M.

e A baryonic branch characterized by M = A\ = 0 and BB = —A*M with
complex dimension one.

On the mesonic branch, the SU(2) x SU(2) symmetry is generically broken
which implies that the Klebanov-Strassler solution corresponds to a point on
the baryonic branch. A parametrization of the baryonic branch is given by

B=i(AM, B= %AQM, (13.7)

and the U(1)p corresponds to changing ¢ by a phase. Along the baryonic
branch, the U(1) s is spontaneously broken and the associated Goldstone boson
has been identified in the dual supergravity solution as a massless pseudo-scalar
state [493,496]. Due to N' = 1 supersymmetry, the Goldstone mode is in a chiral
multiplet with a massless scalar which corresponds to changing the magnitude
of ¢. This scalar is a modulus of the theory and corresponds to moving along
the baryonic branch. Consequently, there should exist a one-parameter family
of dual supergravity solutions and indeed a linearized deformation around KS
was found in [493,|496] and the full family in [136]. It interpolates between
the Klebanov-Strassler [135] and Maldacena-Nunez solutions [497]. In the field
theory, the dual operator is (see e. g. [495])

U="Tr (Z AAT =N B}Bj> : (13.8)
( J

In the dual supergravity backgrounds, it controls the resolution of the conifold
singularity [498|, i. e. the size of the S? at the tip, and hence, these supergravity
backgrounds have been termed warped resolved deformed conifolds in [493,/496|.
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The KS solution corresponds to a special point on the baryonic branch where
U=0or B=B=iAM,

In the next two sections, we review a technique which is useful to obtain
(among many other solutions) the dual supergravity solution for the baryonic
branch of Klebanov-Strassler.

13.2 The Master Equation

To describe solutions on the baryonic branch of Klebanov-Strassler and some
further deformations (as well as a much broader class of solutions), it has proven
to be useful to introduce a formalism based on a master equation combined with
a solution generating technique. We will now review this procedure following
[137] (cf. section 2).

13.2.1 Wrapped D5-branes and Master Equation

The idea is to start with a stack of N. D5-branes and use those to construct a
background dual to an N' =1 SYM theory. The stack of D5-branes is wrapped
on a 2-cycle in a very specific way such that precisely four supercharges are
preserved. Details on this interesting procedure can be found e. g. in [385[499-
503|, but for our purposes it is sufficient to know the form of the backgrounds
arising from such wrapped D5-brane stacks for CY-cones with topology R x
52 x S3. These solutions include a warped metric, RR 3-form flux F3 and a non-
constant dilaton ® and can be parametrized by the following ansatz, where all
functions are assumed to depend only on the radial coordinate p and the ranges
of the angular coordinates are 0 < 9,§ <m 0<p,¢<2mand 0 <y <A4m.

ds% = (o/gsN.) e2/2 <(o/gSNC)71 dsi3 + dsé) , (13.9)
dsg = e**dp* + € (d6” + sin” 0 dp*) (13.10)
e2g 9 5 er 5
+T((G)1+ad9) +(Gz2—asin0dgo))+T(@3+0089d¢) :
/
N,
=2 gi | — (@1 +bd6) A (&2 — b sinfdy) A (@3 + cosfdy)  (13.11)

+ 0,bdp N (—dO Ny +sinfdp A Dy) + (1 —b2) sinfdfd ANdp N\ ws| ,

the @;’s are defined as
@1 = costpdl + sine sin 0 dg
@y = —sintp df + cos 1 sinf d (13.12)
W3 = di) 4 cosOdp .
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The set of functions {a, b, ®, k, g, ¢} is then determined by solving the equations
of motion.

The F3 flux is quantized and satisfies

1
P Fy = N.T, (13.13)
10
5'3

with the S3 parametrized by 6, 3, 1.

Note that henceforth we will work in units where /g, = 1 unless stated
explicitly otherwise.

Requiring that the above ansatz preserves four supercharges leads to a set
of BPS equations, which are a set of coupled non-linear first order equations
for the functions {a,b, ®,k,g,q} (see e. g. appendix B of [504]). Now one can
introduce another set of functions {P, @, 7, ®,Y, 0} to rewrite the BPS equa-
tions into a set of (partially) decoupled non-linear first order equations [505].
The two sets of functions are related as follows:

2
421 = —P - @
Pcosht — Q'
e = Pcosht — Q,
e =4Y, (13.14)
Psinh 1
a=———
Pcosht —Q’
o
b=—.
N,

The BPS equations can now be rearranged in such a way that only a second
order equation for P needs to be solved, while all other functions are determined
in terms of P:

Q = (Qo+ N.)cosht+ N.(2pcosht —1) ,
1
sinh(2p — 2pg)
cosh 7 = coth(2p — 2py) ,
P/
Y =—, (13.15)

8
2N, N,
o =tanh7(Q + N.) = ( ,Cp+Q0+ <)
sinh(2p — 2pp)

sinh 7 =

AP _ A% COSh2(2P0)
(P2 —-Q*Y sinh? 7’

where Qo, po, Py are integration constants and the primes denote derivatives
with respect to the radial coordinate p. The function P satisfies a second order
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non-linear differential equation,

P+ Q' N P —qQ
P—-Q P+Q
which acts as a master equation. That is, by solving this equation we can gen-

erate a broad class of solutions belonging to the more general Papadopoulos-
Tseytlin ansatz [506] (see also [507]). The entire remaining background func-

tions are then obtained algebraically from Eqs. (|13.14]) and (13.15)).

To avoid a bad singularityﬂ in the IR, we will always set )9 = —N.. More-
over, we will also set pg = 0 such that the dynamical scale is equal to 1.

P"+ P ( — 4 coth(2p — 2p0)> =0, (13.16)

13.2.2 Some Solutions of the Master Equation

There are many solutions to the master equation, Eq. , in particular,
there are solutions which can be related to the baryonic branch of the Klebanov-
Strassler solution (and deformations of it). In the next section, we introduce
a solution generating technique which allows us to make this relation precise.
But before let us briefly mention some solutions of the master equation (cf. the
given references given for more details).

An Exact Solution A simple and ezact solution to the master equation is

P(p) =2N.p, (13.17)

which after inserting into Eqs. (13.14) and ([13.15)) yields the background al-
ready found in [497,508].

IR and UV Expansions One can consider functions with an IR expansion
(p — 0) of the form [504]

4h 4AN?
P(p):h1p+—1(1— c)p3

15 12
13.18
L l6h (AN 3N 5 4+ 00N (13.18)
525 3h2  3nd )’ gD

where hy > 2N, (choosing hy = 2N, we obtain Eq. (13.17))). By numerically
solving the master equation, one can show that such solutions are smoothly
connected to solutions which have a totally different behaviour in the far UV
(p — o), namely
€—4p/3
P(p) ~ce*3 4+ —— (256p* + 256Qop + 144N? + 64Q7)
64c (13.19)

— gc e 33+ O (6_8”/3) )

!This singularity is “bad” in terms of the criteria given in [357].
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Recursive Solutions Instead of an IR or UV expansion of P, one can recur-
sively construct solutions to the master equation as described in [509|. This
relies on first rewriting the master equation, Eq. (13.16]), as

9, (s(P* = Q*)P) +4sP'QQ' =0, s(p) =sinh’7 = (13.20)

sinh?(2p) ’

and then integrating it two times to obtain
P p p
P? —3Q*P +6 / dp'QQ'P + 12 / dp's™! / dp"sP'QQ’ = A R(p)*, (13.21)
P2 p2 1

with

R(p) = (cos® o + sin® a (sinh(4p) — 4p)) """ | (13.22)
and ¢, « denoting the two integration constants of the master equation. The
function P is then expressed as a formal expansion in 1/c¢ [505],

P(p) =) ¢ "Pi,, (13.23)
n=0

and the P; are then determined by inserting this expansion into Eq. (13.21]),
from which one finds e. g. P, = R and P, = 0.

Backgrounds of the above form have interesting applications. For instance,
solutions of the above form can describe the gravity duals of “walking” gauge
theories [137,509-512] or the cascades of quivers on the baryonic branch [513
514]. Later, in Chap. we will discuss applications of such backgrounds in
the context of warped brane inflation. But first let us finish the discussion of
how we actually generate warped throat backgrounds such as those dual to the
baryonic branch of KS.

13.3 The Rotation - Generating Solutions

where In [513], a solution generating technique was proposed which is based
on using a U-duality to map a background of the form in Egs. (13.9) to ((13.11])
(which as we have seen previously is equivalent to a solution of the master equa-
tion Eq. ) into a new background where additional fluxes are present
(namely F5 and Hj flux). The proposed U-duality can be regarded as a partic-
ular rescaling of the Kéhler form J and complex structure form €2 describing
the background geometry (see |514-517] for details). This technique has been
termed rotation in [137] and we will follow the notation used in [137],514].
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Let us define a basis of 1-forms as

1 e 19
e = h™iesdx,,, e’ =hietFdp,

e = hieitidh, e = hicitisinfdy,
o2+ o2+
el = h1€42 (@ +adf), e*= h1642 (Wy —asinfdyp), (13.24)
S+k
3 = hi 642 (W3 + cosBdyp) ,

where the @; are given by Eq. (13.12)) and the function h is defined as
h=ri?h, h=1-r2e?®. (13.25)

The rotated solution has a metric (in Einstein frame) and flux background
which in the above basis is parametrized as follows.

3
2 2 2 52 om )2 2 i\ 2
dsy = dsy + kidsg, ds; = E ™), dsg = g (e ) ,

m=0 i=p,¥
3%

- [flem + f2e%% — f3 (770 + €") + fi ("0 + e7?) ] ,

33

=

By = /{26 i [e”g + cos (66“" + 612) +sinp (e“"l + 662) } ,
Hi = —ro . [ F1e99P — foel? 4 £ ( 02p+eg01p) —f (6913 —e"ﬁ?’)} ’
1
d 29
F5 — '%Qd_p (%) hzefk 5<I> |:_ eTOT1T2TIP | 69<p123] :
(13.26)
where P Qcoth(2p)
— ( coth(2p
= - 13.27
cospt Pcoth(2p) — Q' ( )
and the functions f; specifying the fluxes are given by
—k—2 Nc 2 —k—2
fi=—-2N.e g, f2:—(a —2ab+1)e €
2 (13.28)
N .
fo = Nolb = )0, gy = ety

We have introduced ¥ = {1, 0, ¢, 0, @} to collectively denote all angular direc-
tions and the shorthand notation

Ul = gl NI A A el (13.29)

The parameter x; is an integration constant which is essentially the deforma-
tion parameter € of the conifold we used to describe the KS solution in Chap. [7}
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The parameter ko characterizes the effect of the rotation and the back-
grounds obtained from the wrapped D5-brane system correspond to ke = 0.
The rotation procedure requires that the dilaton e® is bounded from above and
monotonically increasing, i. e. the dilaton profile e® grows towards p — oo and
its maximum value is e®(®). Note that the dilaton ® and the F; flux are not
affected by the rotation, but we generate extra warping in the metric as well
as switching on additional Hs and Fs flux (see e. g. appendix A of [137]).

Finally, a conceptually very important comment is in order. Namely that in
particular the dilaton ® and the function P(p) are not affected by the rotation
at all.

In principle, any value of ky in the range 0 < ko < e~®(*) corresponds to

a valid background solutionﬂ In this thesis, however, we will focus on back-
grounds with sy = e~ *(*) since these are the ones which for p — oo asymptote
(at least at leading order) to the Klebanov-Strassler solution, or more precisely
its baryonic branch. For reasons explained in [137], the tuning ko = e~ ()
is equivalent to adiabatically switching off a dimension-8 operator. Effectively,
this amounts to keeping only the subleading term in the UV expansion of h and
dropping a possible constant part. Note that this is very similar to the near-
horizon limit of the D3-branes considered in the AdS/CFT-correspondence (cf.
Sec. , where one has a warp factor of the form

R4
h(r)=1+—%, (13.30)

and drops the 1 in the near-horizon limit.

13.4 Baryonic Branch and Deformations

All the explicit case studies of solutions to the master equation we consider
in the next chapter have a common leading behaviour in the UV (p — o0),
namely

P~ ey e 4 O(e /3 (13.31)

This choice of UV behaviour together with the tuning of ko = e~2(>) yields
supergravity backgrounds which are on the baryonic branch of KS. The expec-
tation value of the dimension-2 operator U is controlled by the parameter c, .
More precisely, the expectation value is (U) ~ N,/c;.

We will not consider the pure baryonic branch solution but focus on an
interesting type of deformation.

2The upper bound arises because the warp factor h should be positive. Note also that the
bound is actually on the magnitude of ko, not its sign.
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Modifying the IR Geometry

We strongly modify the IR geometry while keeping the UV geometry of KS
to leading order, i. e. we consider a solution P(p) which is essentially given
by Eq. in the UV but in the IR deviates from the one leading to
the baryonic branch of KS. These backgrounds have been constructed recently
in |137] and the modification can be understood as switching on an expectation
value for a dimension-6 operator, in addition to the expectation value for U.

The gauge theories dual to these supergravity backgrounds display a walk-
ing behaviour, i. e. there exists a region of energy scales over which the gauge
coupling almost does not run. The function P characterizing these backgrounds
has an expansion in the IR (p — 0) of the form

P ~ ¢y + coksp® + O(p°) . (13.32)

The original baryonic branch of the Klebanov-Strassler solution would instead
be obtained from a solution which in the IR behaves as

4h AN?
Pwhlp—i-—l(l— h;)p3+.... (13.33)
1



CHAPTER 14

Slow-Walking Inflation

The idea of this chapter is to realize inflation in string theory in terms of
the (radial) motion of a probe D3-brane moving in the class of supergravity
backgrounds we introduced previously, which are deformations of the baryonic
branch of the Klebanov-Strassler throat.

Brane inflation on the baryonic branch of KS [136] was first discussed
in [495], but the authors focused on the UV region. Here instead, we intend to
focus on the IR regime where, as we will see, an inflection point arises quite
generically due to the non-trivial dilaton profile along the radial direction.

We first derive the expressions for the potential along the radial direc-
tion and the relation between the radial coordinate p we use to describe the
backgrounds and the canonically normalized field ¢ in Sec.

To construct the supergravity backgrounds dual to the baryonic branch
[136] and (IR) deformations of it, we use the method with the master equation
and the rotation described in the previous chapter. We consider as an explicit
case study in Sec. the background obtained recently in [137].

In Sec. [[4.2] we first use three different analytic approximations which
are valid in the far UV (Sec. [14.2.2)), the deep IR (Sec. and for large
values of ¢, (Sec. , respectively. We use these to extract a universal
scaling behaviour in the limit of large ¢, for all the quantities of interest for
inflation. Afterwards, we solve the master equation numerically in Sec.
In particular, we will show the existence of an inflection point at a geometrically
defined location.

In Sec. we discuss the qualitative picture which emerges from the
combined analytical and numerical results. We also show that one can find
potentially realistic values for the inflationary observables. Some comments
about the dual field theory interpretation of the backgrounds can be found in
Sec. Finally, we summarize our findings in Sec. [[4.5
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14.1 Probe D3-branes & Inflaton Potential

We are interested in the dynamics of a probe D3-brane which extends along
all four non-compact directions and is moving along the radial direction in a
warped throat geometry.

Suppose that we start with a metric which in string frame reads
dsy, = Hi(p)dai s+ Ha(p)dp® + ..., (14.1)

where p is the radial coordinate introduced in the previous chapter and the dots
indicate the angular directions which we will ignore throughout this chapter.
The metric in Einstein frame is then given by a rescaling by e~®/? with the
dilaton @, i. e.

ds3; = H16_¢/2d$%73 + Hye ®Pdp* + ... . (14.2)
Suppose also that there is a RR 5-form flux whose 4-form potential is
Cy =C(p)dt Ndxy Ndxg N dxs . (14.3)
Now consider a probe D3-brane emedding of the form
Yu=(t,x1,m0,23), p=p(t). (14.4)

Then the induced metric on such a brane reads

H.
dsiq = e P H, (do} + da3 + da3) — e 2 H, (1 — FQ’OQ
1

) e~ ®2atr . (14.5)
The action for such probe branes is given by

Spz = —Tg/d4$ (\/ —0ind — C)

7 (14.6)
= —Tg/d% (a‘PHE, [1— 252 — c) ,
H,

with T3 = (27)73(a’) 2. Expanding this to second order in p?, we find

H Hye™® *C
Spy = T3/d4x (i/ﬂ - (1 + 6—2> e<I>H12) , (14.7)
and thus the potential for the probe D3-brane is given by
eC
Vos = Tse Y H? (1 + 6—2) . (14.8)
Hj

Introducing a “canonical” radial variable r in which the metric takes the form

ds® = f(r)™2dat 5 + f(r)Pdr® + ... (14.9)
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the relation between r and p turns out to be

dr = e *2/H,H, dp, (14.10)

and the canonically normalized inflaton is given by
o=+Tsr. (14.11)
Note that we seta’gs = 1 unless stated explicitly otherwise.

For the backgrounds of the previous chapter, we have

eQCID

H1 == h71/2€¢)’ H2 - K1h1/262k+¢’, C = —KQT y (1412)

where h = r;%(1 — k2e?®). Inserting these expressions into Eqs. ([4.8) and

(14.10) yields

dr = /R "t 2dp (14.13)
and -
K

Vigg = ——21 14.14

P34, ( )

respectively. The slow-roll parameters are defined in terms of ¢ but we construct

our backgroudns in terms of p. Using Eqs. (14.13]) and (14.14) as well as (14.11)),
we can express the slow-roll parameters €, n, cf. Egs. 3.28|) and ([3.29)),

1 [(dv\? 1V
=Mp— | — = Mi—— 14.15
in terms of derivatives with respect to p as follows
1 fdv?
€ = MIQJ (T3/€1€2k+q)) 2—‘/2 (d_p> y (1416)
11 [(d*V dk  1dd\ dV
= M2 (Tyre ) = (S5 — (2422 ) 28 ) . 14.17
n=Mp(Lme™™) "G\ ar @ T2 ) 4 (14.17)

The number of e-folds N, and the amplitude of the curvature perturbations P
are obtained as (cf. Eq. (3.38]))

be
1 d Vi T3t/

N, ~ — ¢ / at 36 , (14.18)

\/_ f 2Mp

and v
Pr=—F7—— 14.19
“ T U Mie (14.19)

respectively

The integration constant x; is fixed below by demanding that the warp
factor f(r(p)) = 1 at some arbitrarily chosen UV cutoff pyy > 1 where we
assume our warped throat to be glued into a compact spaceEl

!The constant k; is essentially related to the deformation parameter ¢ of the conifold
introduced in Sec.
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Why choosing k; = e~ ®(®)? At this point, a technical comment is in order.
Namely, why did we choose ks = e~®(*) if we intend to re-introduce gravity via
an explicit UV cutoff? The reasoning behind this choice is as follows. If we make
this choice for k9, the throat is strongly warped in its UV. Upon introducing a
finite UV cutoff and gluing the throat into a compact space, the graviton zero
mode will have most of its support in the essentially unwarped compact space
since it is exponentially suppressed in strongly warped regions (see e. g. the
discussion around Eq. (C.10) of |272]). That is, we can approximate the (four-
dimensional Planck-mass) Mp as

u2 a2V

L B 14.20
PR o i g (14.20)

where Vy is the volume of the compact space. Using this formula, we can express
the brane tension Ty ag]
Ts (2m)" gla/®
ML T 42
The numbers on the right-hand side depend somewhat on the details of moduli

stabilization, but reasonable values are for example g, ~ 0.1 and Vﬁl/ O~ 5Vl
which yield T3/M3 ~ 1074 [272).

The important point to takeaway from this section is that there is a non-
zero potential for the radial position of a probe D3-brane since the dilaton
®(p) has a non-trivial profile along the radial direction. We now move on to
discuss the potentials obtained for some explicit background solutions of the

form discussed in Chap. [I[3]

(14.21)

14.2 Case Study — Multi-Scale Solutions

As a case study, we consider the supergravity background obtained in |137]. In
these backgrounds, the function Q(p) is given by

Q(p) = N.(2pcoth(2p) —1). (14.22)

The class of backgrounds we consider now is obtained from a “seed solution”.
Namely, by observing that if P > (), the master equation is approximately
solved by
3 -3 . 1/3
Py(p) = c (cos® o + sin® o (sinh(4p) — 4p)) "~ , (14.23)
with two integration constansts (c,«). The full solution for P is then con-
structed by expanding in powers of N./c as

P =3 (%) R, (14.24)

&
n=0

2Note that unlike [272] we do not include a factor of g;! in the brane tension.
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and then iteratively solving for each P, as a function of (¢, «). This procedure
yields a smooth solution for P provided that P > @ for all p > 0. This yields

1)' O ~ eX . .

Now if o is small, the solution for P is approximately constant for p < p.

while for p > p, one has P o e*/3. Approximately, one finds that « and p, are
related by

4p, ~log(2cot® a). (14.26)

We can derive analytic expressions in the far UV and deep IR regions as asymp-
totic solutions to the master equation, Eq. (13.16]). We find that the asymptotic
expansions for large and small p are given by

AN? 13
P= 3c+e4p/3+ Ev £ (,02 —p+ —) e /3

16
“ (14.27)
-8 _ - —8p/3 4 (et
and
4

P=Co+00k3p3+500k‘3,05—00k:306
B2c0ks 16k NZY 7 8, 00 (14.28)

- — =

105 21c, )P 5L P

respectively. They are characterized by the two sets of integration constants
(cy,c_) and (co, k3), which are of course related to the integration constants
(c,a) of the seed solution. The relations between these pairs of integration
constants is not known in analytical form, but it can be determined numer-
ically. However, in [137] some approximate relations among them have been
determined by looking at the IR and UV expansions of the seed solution,

Eq. (14.23]), which yields

2600 1 < N2log?(2 cot® )
Co > CCosa, ks

' o 32 (2 COt3 OZ) 26(2) ) ’ (1429)
CS1n

Ccy SU53 c_ ~ —192012 cot® o

Moreover, for p, > 1, one has log(2cot® a) ~ 4p, and we can express ¢, k3
and c_ in terms of ¢, and p, as follows

64 512 N2 e=200+/3 2
co ~ 3 e /3 kg ~ —e 4 4 £ =
0 * 2T 81¢2 (14.30)

e~ —192¢3 e
These relations should be a good approximation if

N, 3etr/
— < —2:/3;) , (14.31)
—+ *
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and we will use them frequently below to derive some analytic results.

Recall from Chap. [13| that we only need to obtain the function P(p) for
given Q(p) (in the absence of flavor branes). The rest is just a straightforward
application of the formalism.

The information on the geometry relevant for the probe D3-brane moving
along the radial direction p is encoded in the two functions ¢*® and e?*. They
are determined by the functions P(p) and Q(p) ad]

2sinh?(2 P’
pAP—420 _ (PSQ—Hi Q(Q)p;' and e = 5 (14.32)

respectively.

14.2.1 Fixing Integration Constants

Before we can proceed, we need to fix a couple of integration constants related
to the dilaton and the warp factor, namely ®y and k5 (recall that we have
already fixed Qg = —N, and py = 0).

Fixing &) and ko

As mentioned already in Chap. , we will always demand ky = e~ ®(>) and

we fix &y by demanding that ®(co) = 0. Thus, we have Ky = 1 and P is
determined in terms of c, as
1
g = 7 In(72 ) & Po=T126. (14.33)
This can be seen by expanding ® for p — oo which yields
N2
D(p) ~ 4Py —In (72¢3) — =5 (8p — 1) e ™3 4 ... (14.34)

12¢2
These two choices, ko = 1 and ®(0c0) = 0, were also made in [495] and yield a
solution which in the UV asymptotes to the KS solution.
Fixing x;

As anticipated above, the integration constant x; is fixed by demanding that
at some arbitrary UV cutoff pyy > 1 the warp factor of the 4d part is ~ 1.

3Note that there is a factor of 4 difference to the expression for e*® provided previously,
which just amounts to a redefinition of ®.
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Using the UV asymptotic expansion, we can determine x; in terms of ¢, and
puv as

N. e—4ruv/3 \/W N. e—4ruv/3 ( A )
~ ~ , 14.35
2\/6C+ Cy

where in the last step we have dropped the |/puv piece and kept only the most
important scaling with N,/c, and e~%vv/3, Note that this normalization ; of
the warp factor enters into the potential and the relation between p and the
canonical field only as an overall factor, but does not affect the functional form.

R1

14.2.2 Far UV Asymptotics

As a first cross check, we consider the far UV asymptotics. In this limit, since
our background approaches the baryonic branch of Klebanov-Strassler (the
effect of the dimension-6 VEV parametrized by c_ enters only in the subleading
terms, cf. Eq. (14.27))), we should reproduce the results of [495].

In the far UV, i.e. for p — oo, the functions P(p) and Q(p) have the
asymptotic expansions (cf. Eqs. (14.27)) and (14.22))

4N? 1
Po~3c et ¢ pZ—p—i-—B e~/
3¢, 16

c_ _ 14.36)
—8cyp— /3 4 (
—l—( Cyp 19201>e + )
Q(p) ~ N.(2p—1)+4N.e ™™ +....

Using these expressions, one can find the UV expansions of the relevant func-
tions are given by (recall that h = r2h)

2
64<I> ~1— Nc (8p - 1>6—8p/3

1902 +..., (14.37)
+
N2 (4p — 5)°
e~ 2, et/3 — %6@/3 T (14.38)
+
. ONZ(8p—1
o Ne@Bo=l) s (14.39)

24 %

Canonical Radial Coordinate and Warp Factor

The relation between the coordinate p and the canonical radial coordinate r is

given by
3/ 2
e YEE B8 g p~ §ln V2 r|, (14.40)
\/§ 2 31 /Cy
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respectively. Including the fixed normalization, the warp factor is obtained to
leading order as

8p—1
h(p) ~ ———— = 8lp=puv)/3 14.41
(p) Spoy — 1 ( )

or schematically in terms of the radial variable r

a+ Bln(r)
r '

h(r) ~ (14.42)

Induced Potential & Slow-Roll Parameters

Putting everything together, we arrive at a potential for the D3-brane in the

UV which is of the form

T N2 6_8PUV/3 T. N4 €_8PUV/3 3
Vov(p) ~ == - e (8p — 1)~ (14.43)

Schematically, the slow-roll parameters are of the form

N3 eeuv/3
Cc

ey ~ ————e 203 (2p — 1)2, (14.44)
C+
and )
N, 4puv/3
oy ~ — 2 e (10p — 8). (14.45)
4

Now let us compare this to what has been found in [495]. The authors
find that the potential experienced by a probe D3-brane due to the non-trivial
dilaton profile in the UV is given by (cf. their Eq. (15.9)):

TU?  3T3U4
2v 256

Vov(t) ~ (4t — 1)e 4/3 (14.46)

where v~ ~ e~#vv/3 Using that the canonically normalized radial coordinate
in their notation is r ~ £2/3¢*/3 (see Eq. (15.6)), they calculate 1 as (cf. Eqgs.
(15.10) and (15.12)):

nuy(t) ~ U2 ¥3(5t — 8)e™ ~ U2e?uv /372 (14.47)
and note that € oc U* but do not give an explicit expression. To translate this

into our notation, we make use of the following dictionary between the radial
coordinates ¢ and p and the parameters U and N, /c; (see footnote 7 of [514]) [

4In |514], the notation is slightly different from ours. To convert it to our notation we

have to make the replacements ¢ — 3c; and N, — N,, as can be seen from comparing the
UV expansion of P(p) in Eq. (3.17) of [514] with our UV expansion in Eq. (14.27).
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We have the relationg’]
2N,

t=2p, U=="25, (14.48)

C+
and thus comparing their results, Eqs. (14.46) and ((14.47]), to our results in
Eqgs. (14.43)) and ([14.45)), we see that we find the same parametric and func-

tional dependence.

Including numerical factors, our expression for Vyy at leading order is

Vov =~ k1T L LCQ_Sp/?’(E%p D +... (14.49)
2 1922 ’

and the slow-roll parameters nyy and eyy are given by

M2 N? 1p
~ — e (10p —8 14.50
Thuv K,ngO/gs 97 Ci € ( P ) ) ( )
and
M3 N; 20p/3 2

~ C e 2p—1)7, 14.51
Euv k15 gs 324 Ci € (2p ) ( )

respectively.

14.2.3 Deep IR Asymptotics

Now that we passed this cross-check, we can look at the deep IR region, which
is quite different from that of the backgrounds considered in [495].

In the deep IR, i. e. for p — 0, the asymptotic expansions of P(p) and Q(p)

are given by (cf. Egs. ) and (14.22))

4
P~ Co+Cok3p3+gcok3P5—Cok§PG

3200]{33 16]{33]\[2 7 8 2 8
— < —=cok 14.52
AN, , 16N, , 128N, , 256N, ,
O~ T P T s P T

respectively. Therefore, the IR asymptotic expansions of the relevant functions

®The full mapping between the functions H, x,v, § used in [495] and ours is the following:

_ e’
H = he 2%, 3— = he?kt?
v

621 — he2<I>—‘,-2q—&-2g7 ng _ 4e2q—2g )
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can be determined as (recall again that h = r;2h)

T 256N2 , 2048N2 , 2048N? .

~ - - 14.53
3c3k:3 T ok, T 105cks” 180 T (14.53)
16coks  8kyN?
ek ~ —cokrgp +200k3p —3cok‘3p + 0 _ 28 p6+ .,
15 300
(14.54)
3/2 3/2 9 3/2 2
A 128¢7% N? 1024¢ % N?
h~1 Bv3 e 5¢ o 0 P+ (14.55)

+
3/%3  3v3e /W_g 45\/3 ¢ /W_

Canonical Radial Variable and Warp Factor

The relation between the canonical radial variable r and the coordinate p is
for small r given by

35/8 0(1)/8(0+k3)3/8 ) 93/8
r o~ p°+... and p=~ N
93/4 35/166(1)/16(C+k3)3/16
(14.56)
The warp factor in the deep IR is schematically of the form
h(p) =~ ho + hap* + ..., (14.57)
or equivalently
h(r) ~a+pri+.... (14.58)

Induced Potential & Slow-Roll Parameters

The potential in the deep IR region is then given by

3/4
ViR ~ KTy 126+/
(1201/4 + /2 33/4 (Cgk3)1/4>
64v/3Y" (/' VEs + 21284 (k)Y ( . ) )
+ .

pt——p0+...
5/4 <12 3/4+\/—33/4( 30 ) /4)3 15
(14.59)
and the slow-roll parameters ejg and nmr turn out to be
M2 44
~___P k S 14.60
m B(cy, co, k) (P 15,0) ( )

and

M3 18 , 3k .
~ k 1——p*— o 14.61
MR e Taol g, Y(cy, co, ks3) ( 5 P 5 P + ; ( )
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respectively. Here, 3 and v are some functions of the parameters c,, ¢y, k3 which
can be explicitly computed from the above but their precise form is not too
enlightening. Using the relations between the various expansions coefficients in
Eq. , we can perform the expansion in powers of 1/c, to find

1 678p*/3N2 2
vmmm((__—c”w...)

2 182
(14.62)
N 2e80+/3 N2 N 1_8 5.
31 Ci o p 15p o .
as well as )
M2 de ¥/3N4 (44
~ < [ — . 14.63
W Tg, 66l P 10 T ’ (14.63)
and

M? N? 18 32e 4P+ 1128
MR~ P c 1— _p2 o~ 4
175

~ L Rp— .. (14.64
kT3l gs 813 5 3 7 * P ) ( )

The important observation is now to notice that for p — oo we have nyy < 0

(cf. Eq. (14.50)) while for p — 0 we have nig > 0 (cf. Eq. (14.64])). That is, n

changes sign and thus there is at least one zero somewhere in between. since
e~?® is a monotonic function of p there should be exactly one zero. Hence, this
setup automatically provides us with an inflection point (and as we will see

later at this point € has its maximum value).

Another important thing to notice which we will heavily exploit later on
is that there is an approximate scaling behaviour in the limit of large ¢ . For
instance, comparing the expressions for 7 in the UV and IR, cf. Eqgs.
and , one see that for large values of ¢,

M3 N? N, etruov/3
~ P Tc 5 e = 7(p), 14.65
nlp) = % ] (p) + Z (p) (14.65)
where the dots denote higher order terms and 7(p) is a function which does
not depend on ¢, and in the last step we have used the expression for k; in
terms of pyy, Eq. (14.35]) and ignored the prefactor M3 /T3. The relation for €

is of a similar form,

M3 N} N3 e~teuv/3
~ Cip p)+~ = Ep p)). 14.66
e(p) T Ciﬁ(p,p ) + 7 €(p, ps) (14.66)

Similar scaling relations will hold for all the other quantities of interest for
inflation, in particular, for the amplitude of scalar perturbations P, and for
the number of e-folds N,. We will summarize them later in Sec. But first
let us try to understand the origin of the scaling with ¢, analytically.
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14.2.4 Analytic Derivation of ¢, Scaling Behaviour

It will prove useful to use the recursive technique of finding analytic solutions
to the master equation in terms of an infinite series of non-explicit integrals.
To this extent, we rewrite the master equation as

(P ? — Q2> / 4 / /
o|———PFP | +——P =0. 14.67

( sinh?(2p) sinh?(2p) Qe ( )
Integrating this expression twice and taking into account the asymptotics de-
scribed above, we find

p P <
P/ /
P 3rg? 16 [ apraq 12 [ gy smeiop) [ap Z9L
sinh*(2p)
0 0 p

p

=162 R(p) / dpsinh®(2p) | . (14.68)
0

Now make an ansatz for P(p) as an inverse series expansion in ¢,

P P
P=ciPi+B+—++..., (14.69)
where all the P, are independent of ¢, . Inserting this ansatz into the integrated
equation and matching powers of ¢ yields

o 1/3
P = 16/dﬁsinh2(2/3) ,
0
Ph=Py=---=Py=0,
1 , [ , (14.70)
P= g~ @2 [43PQQ
! 0
[ [ PIQQ
—4 [ dp sinh*(2p) [ dp ——==—|.
/ P (p)/ psinhQ(Qﬁ)
) /

A recurrence relation for P_(g;11) can be found in Eq. (B.7) of [505]. This
series converges quite rapidly to the numerical solution and is a very good
approximation especially for large values of the radial coordinate.

We are interested in the expressions for the inflationary potential and the
slow-roll parameters at leading order in an expansion in (inverse) powers of ¢, .
Using the above series expansion, we can find an expression for the dilaton ®

at leading order as

144 sinh?(2p) 1 (P, @ P
e _ 1 — — =/ = ! 14.71
¢ P2 z\ 5 )t , (14.71)
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where the dots indicate the higher order corrections. Now let us define

P, @* P
N2M(p) = ot P{l , (14.72)
and introduce the equality
144 sinh®(2p)\ "t
147

Using these two expressions, we can find the D3-brane potential at leading
orders to be

N2T —8puv/3 N2 —-3/4
_ N2 Tye ( 3 _Mip) ) (14.74)

A (1+ 3734 42 14373/

Similarly, we obtain the relation between the canonical radial coordinate r and
the coordinate p which does not depend on c; and reads

dr =338 \/T3 N. Pl e v /3 dp. (14.75)

Using these two expressions, it is straightforward to verify the above scaling
behaviour (keeping in mind that x; is given by Eq. (14.35))). For instance, we
can easily determine € at leading order in 1/¢; to be

3—3/4 Nc?) €4va/3 M/2
T I6(1+ 33Tyt P

(14.76)

Similarly, we can obtain the scaling behaviour for all quantities of interest.
Therefore, the origin of the scaling behaviour is that for large ¢, the solution
P(p) is determined essentially by Py only.

14.2.5 Numerical Solutions

To make the picture more precise we need to interpolate between the UV and IR
expansions by solving the master equation numerically. But before we present
the results, we briefly comment on the numerical method used to obtain them,
because obtaining accurate results turned out to be surprisingly difficult.

Comment on the Numerical Method

The first step is of course to solve the master equation numerically using the
built-in NDSolve routine of Mathematica to construct a numerical solution for
P(p) over a finite range of p values from say 1072 to 15. This was particularly
challenging since in order to achieve decent results for € and 7 one needs to de-
termine P” and P" very precisely. To achieve this goal, we used the NDSolve-
Method Extrapolation for high-precision numerics. Choosing the following
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options for NDSolve produced sufficiently good results: AccuracyGoal = 40,
WorkingPrecision = 80 and MaxStepSize = 107°. Afterwards, a second nu-
merical interpolation step is performed to reduce the memory consumption
by getting rid of unnecessary points. The outcome of this numerical method
is a set of interpolating functions for P and its first three derivatives. Accu-
rate input values at p = 1072 are achieved by constructing the IR asymptotic
expansion to a sufficiently high order in p.

Using the leading term in the UV asymptotic expansion for P(p), we de-
termine the expansion coefficient ¢, from the numerical value of P at some
point where the behaviour is very close to P ~ c,e*/3. We fix ky = 1 by
hand and the remaining integration constants ®, and x; are then fixed using
their analytic expressions in terms of ¢, and pyy, cf. Egs. (14.33)) and ((14.35)).
We checked that this yields accurate results by comparing it to fixing these
integration constants directly from the numerical solution.

The rest is to simply use the explicit analytic expressions to determine all
the other functions and repeat the procedure for varying input parameters.

Background Solution

10° [
107 b
105 L
P 1000}

104

100k, . . . . . = 0.001 L

Figure 14.1: Plots of numerical solutions P to the master equation and its first
derivative P’ for different values of ¢y and k3. The color coding is such that the red
and orange curves, the light blue and green curves and the dark blue and purple
curves have the same value of ¢y, respectively, but differ by their value of p,.

We show the results for a set of numerical solutions P(p) obtained by the
procedure described above in Fig. [[4.] for different values of ¢; and p,. As
can be seen from these plots, the value of p, characterizes the point where the
solution changes from P ~ const to P ~ e*/3.

In Fig. [14.2] we show plots of the relevant background functions, ® and k&
as well as their derivatives. We also show the warp factor f(p). The important
points to notice here are that &’ does not depend on ¢, but only on p, and
that the value of the warp factor at the tip is determined entirely by pyy and
P+, where the later marks the point where the warp factor starts to become
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Figure 14.2: Plots of the relevant background functions obtained from numerical
solutions to the master equation. From upper left to lower right we plot e, e2*, @/,
k', ® (with an overall factor of N2/c2 factored out) and the warp factor f for three
different values of ¢y and two different values of k3. The color coding is such that
the red and orange curves, the light blue and green curves and the dark blue and
purple curves have the same value of ¢y, respectively, but differ by their value of p,.
The warp factor f is shown for four different values of the UV cutoff pyy at which

flpuv) =1.

practically constant. Note also that once we factor out an overall prefactor of
N2/c%, & depends only on p, (lower left plot in Fig. [14.2).

The divergence of k' as p — 0 is related to a curvature singularity for
R, R*P? (with all other curvature invariants finite) in the deep IR [137].
The appearance of the singularity is connected to the fact that P ~ const for
p — 0. However, this singularity does not show up in any of the quantities
we compute (or those computed in [137]) and is rather “mild”, which is why it
was suggested in [137] that this singularity might be resolvableﬂ For this work,

SMoreover, in [518], we will consider backgrounds where we deform the baryonic branch
by adding flavor D5-branes, but keep the P ~ hjp behaviour in the IR. With some well-
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we do not worry about this issue too much and assume that the singularity
is resolvable and that the resolution does not strongly affect the quantities we
are interested in.

Dilaton Induced D3-Potential
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Figure 14.3: Plots of the D3-brane potential induced by the dilaton profiles obtained
from the numerical solutions. Note that we have factored out a universal prefactor
k2 T3. From upper left to lower right we plot V, V/, |[V”| and V for three different
values of ¢y and two different values of k3. The color coding is such that the red and
orange curves, the light blue and green curves and the dark blue and purple curves
have the same value of ¢, respectively, but differ by their value of p,.

The resulting D3-brane potential induced by the dilaton is shown in Fig.[14.3]

We have factored out the overall prefactor 2 Ts. What is important to notice
from these plots are the following things. First, the potential is monotonically
increasing towards the UV and thus the force V' is always positive and be-
comes maximal at p &~ p,. Second, at the point where the force is maximal of
course V" changes sign — it is positive in the IR and negative in the UV. This
is important since it will translate into 1 changing sign, albeit at a somewhat
shifted position because of the required canonical normalization.

motivated assumptions about the flavor profiles (see e.g. section 2 of [519]), this yields
perfectly regular backgrounds. We do not include the flavor branes here, but note that
we recover the baryonic branch for Ny = 0. From the point of view of the inflationary
phenomenology the pure baryonic branch behaves qualitatively similar to the case study we
present here, except that we have to drop the terms involving p, and change the actual
numbers somewhat.
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Slow-Roll Parameters
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Figure 14.4: Plots of the slow-roll parameters ¢ and n as well as the amplitude
of scalar perturbations P; obtained from the numerical solutions. Note that we have
factored out some universal prefactors of either M2 /(k1 T3) for € and n or M3/ (k3 T)
for P;. From upper left to lower right we plot €, P, |n| and 5 with an additional N2/ czj_
factored out for three different values of ¢y and two different values of k3. The color
coding is such that the red and orange curves, the light blue and green curves and
the dark blue and purple curves have the same value of ¢y, respectively, but differ by
their value of p.
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The resulting the slow-roll parameters ¢ and 7 as well as the amplitude
of scalar perturbations P, are shown in Fig. [14.4, We have factored out some
universal prefactors of either M3/(k,T3) for € and n or Mp/(k3T3) for P.
Perhaps the most important of these plots is that of n(p) in the lower right. It
shows that 7 starts out negative in the UV and then becomes positive at some
value which depends on p,. As anticipated, n does change sign when going from
the UV to the IR.

The position of the inflection point depends on p,, but not on c¢,. The
role of ¢y is to control the strength of the force. For the shown solutions, the
inflection points are located at p ~ 0.844 and p ~ 0.973 for p, ~ 1 and p, =~ 2,
respectively. Note also that the change of sign takes place in a rather small
region of p values — 7 is changing sign rather abruptly.

Correlation between maxima of ® and V

We have found something very interesting. Namely, we have an inflection point
where 1 does change sign at a geometrically determined point. Let us now make
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more precise what we mean by “geometrically determined”.
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Figure 14.5: Plots of the derivatives of V' and ® with respect to the canonically nor-
malized field ¢ = \/T37r. We have again factored out some universal overall prefactors
depending on x; and T3 as indicated. From upper left to lower right we plot %, ‘227‘2/,
% and “57%’ for three different values of ¢y and two different values of k3. The color
coding is such that the red and orange curves, the light blue and green curves and
the dark blue and purple curves have (roughly) the same value of ¢4, respectively,

but differ by the value of p.

We have visualized in Fig.[14.5] the correlation of the maximum of % with
the maximum of %. As we will explain now, this is a consequence of the large
cy limit. Note that we are taking derivatives with respect to r, not with respect
to p.

The D3-brane potential is proportional to

1
Vo ——. 14.77
X e + Ko ( )
If we are looking for an inflection point, one can show that the following equa-
tion must hold.

a*V PO [(dD\ kge® — 1
_ ar_ (82 R T (14.78)
dr? dr? dr? ) koe® 41
Now, we know that for large-c, we can expand ¢ as
1 .
d =)+ Z@(p) +.... (14.79)

Then one can check that the correlation is indeed enforced by making ¢, large.
This is because for large-c, the right-hand side is much stronger suppressed by
c; than the left-hand side (recall that we have set ky = e~ ®(>)).



14.3. QUALITATIVE PICTURE AND PHENOMENOLOGY 197

Finally, we can use the numerical solutions to confirm the approximate
scaling behaviour of all the quantities (see Sec. . We have verified the
scalings obtained from the asymptotic expansions and they provide a very
good approximation.

14.3 Qualitative Picture and Phenomenology

Let us briefly summarize the most important points we have learned in the
previous sections. First, we have used the IR and UV expansions of n and found
that it changes sign between the IR and the UV. This implies the existence of
an inflection point. Using numerical solutions we have confirmed this picture
and located the inflection point.

Second, from the IR and UV asymptotic expansions, we also managed to
extract some universal scaling behaviour of all the quantities of interest. We
have confirmed this scaling behaviour both by an analytical argument and by
comparing to the numerical solutions. We will make use of these scalings in a
moment.

Most importantly, we have shown both numerically and by an analytic
argument that the origin inflection point is directly related to the fact that the
profile of ® has an inflection point, cf. the lower left plot in Fig. [14.2

In the following, we will heavily exploit the scaling behaviour in a semi-
analytic way to obtain predictions.

Approximate Scaling Behaviour

We now summarize the scaling behaviour of the quantities relevant for the
inflation phenomenologyﬂ

M? N3 € > 0,
e oMb capes Ne ovlp), PR P (14.80)
13 cy e 3 Ber(p), pS1
M? 2 Ng -
N~ Vi3 S i(p, p) s (14.81)
3 CL
T2 2 ]S > ),
P, v =3_e~touv S cov(p), PR P , (14.82)
Mp Ne et Pew(p), pS1
T35 puvss Ci ~
Ne =~ Vl%e PUV/ ﬁc Ne (pstarta pend) . (1483)

Note that € and thus also P have a scaling which depends on p, in the deep
IR but not in the UV. For 7(p, p), we see from Fig. [14.4] (lower two figures)

"For the pure baryonic branch the scalings would look similar — one just has to drop the
p«-dependence.
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that the main effect of p, is to shift around the precise location of the inflection
point a bit. The profiles for 7 etc. are determined numerically (but see also the
analytic derivation of the ¢, scaling in Sec. [14.2.4]).

The number of e-folds N, is given by the overall factor and a numerical
factor which depends on where inflation starts and ends, pgas and peng, but
the dependence is rather weak. We have checked numerically that if we fix
Pstart = 1 but vary pepnq between 0.5 and 0.01, N, changes by only about a
factor of 4. Hence, where inflation ends will affect the actual number in the
end, but not strongly. Moreover, note that we will want to start somewhat
above the inflection point since close to the inflection point the spectral index
ns — 1 =~ 0 and it is negative slightly above the inflection point. We also do
not want to start too far away from the inflection point since we do not expect
our potential to be the correct description in the UV due to corrections from
gluing the throat into a compact space.

With the above potential, inflation could proceed until p = 0. However,
there are two reasons why we expect inflation to end earlier. First, we have a
singularity at p = 0 and one may expect curvature corrections to the probe
brane action will end inflation. Second, in the deep IR also the backreaction of
the probe D3-brane becomes important which may also end inflation earlier.
In any case, because of the weak dependence of the number of e-folds on the
value of penq this will affect the numerical values slightly, but not significantly
affect our conclusions.

One final comment: Since € is suppressed by an additional factor of e~57+/3
one might expect that N, is enhanced by a factor of e*+/3. This is, unfortu-
nately, not the case since the dependence of 1/,/¢ on e*+/3 cancels against a
contribution from the canonical normalization involving e*+®/2.

Semi-Analytic Predictions

We will now exploit the above scalings to make some semi-analytic predictions.
By “semi-analytic” we mean that the scalings are known analytically, but we
have to extract the numbers from the universal part from a numerical solution.

It is useful to rewrite the above expressions in terms of the number of
e-folds N,. This yields

1 ch —8p+/3 NT =
(e E E e °F / Ne €IR (1484)
1 ~
~ — N,7(p. 14.85
n = 5 Neilp:) (14.85)

14.86
Mé Ne ? ( )
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where N, as above is given by

N B e oo sCE 14.87
e — M}%a gse FG e ( . )

but we have reinstated a factor of o’g, to get the units correct (recall that we
have set a/g; = 1).

To illustrate the procedure, assume that we start at psiary = 1 and inflation
ends at peng = 0.1. Using the numerical solutions and the (IR) scaling behaviour
of €, N, etc. we find the following universal values at p = 1.

) ~2x107°
77(1) ~ _10_3a
ﬁ(,IR(l) ~ 3 X 102,
N.(1,0.1) ~ 10%.

Gl

Y

(14.88)

For the following numerical estimates we will use Eqs. (14.20)) and (|14.21)) with
go ~ 0.1 and Vs ~ (5v/a’)""° such that /M ~ 6 x 105,

First, we need to match the observed amplitude of the scalar perturbations,
Pr~2x 1079 at N, ~ 60 e-folds before the end of inflation. Note that from
Eq. we see that P; depends on ¢y only via N, and since we fixed T3/M3p
by hand, F; only depends on Ap = pyy — p.. Let us estimate which value we
would need to match observations. With T5/M3 ~ 6 x 107 and N, = 60 and
the values in Eq. (14.88)), requiring Pr ~ 2 x 1072 at p = 1 yields

Ap = puy — pa =~ 4.96. (14.89)

Note that Ap is the distance over which the warp factor changes significantly,
cf. Fig. [[4.2] which has p, = 1 and p, ~ 2 and four different choices of pyv.
This is also what is done in appendix C of [272] to match the observed amount
of density perturbations.

Let us now try to estimate which values for ¢, and pyy we need to choose
to get N, ~ 60. Using Eq. , for a given pyy we can always adjust c,
to get N, ~ 60 by making c, large enough. For instance, using Ap ~ 4.96
and p, &~ 2 as in some of the numerical examples we constructed, we should
have pyy ~ 6.96E| Putting everything together with Eq. , we find that
N, ~ 60 is achieved for ¢, ~ 3 x 103,

This choice of parameters would imply that € at p =1 is roughlyﬂ

e~1071 (14.90)

8Note that this is sufficient to have e 8Pvv/3 « 1 such that it is justified to estimate x4

as in Eq. (|14.35)).

9Note that the maximum value of € is reached precisely at the inflection point.
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and thus the tensor-to-scalar ratio r = 16 ¢ is
r~2x10712, (14.91)

Hence, the production of gravitational waves is completely negligible. Note that
this is a generic feature of warped D-brane inflation models (see [295,296| for
a recent systematic analysis). As an estimate for the energy scale of inflation
we find from the above values

1/4 1 T3 NZ —8puv/3 i -5 -13

‘/;nf ~ EWC—QG MPNlo MPN2><10 GeV . (1492)
p G+

Which is considerably lower than the GUT-scale and again a quite generic

feature of warped D-brane inflation models

For n at p =1 we find
n~ —0.02, (14.93)

such that the scalar spectral index ny, = 1 + 217 — 6¢ is roughly
ng~1—3x10"2~0.97. (14.94)

The tensor-to-scalar ratio r is consistent with the non-observation of gravita-
tional waves in the CMB data by WMAP (cf. Tab. , but the model would
be ruled out if the ongoing PLANCK satellite detect gravitational waves. The
value of the spectral index n, we obtained is consistent with the WMAP data

(cf. again Tab. [3.2).

Note, however, that the above picture is too simplistic. We did not take
into account corrections to the potential sourced in the UV from gluing the
throat into a compact space. In particular, one expects a correction sourced
by the non-zero curvature in 4d dimensions which gives rise to a contribution
An = 2 [272]. Hence, to make reliable predictions a systematic study of various
corrections is necessary. This requires to extend the analysis performed for
the regime rr < r < pyy in [295] (see also [296] for a study of multi-field
effects) over the entire throat. And, in particular, include also the evolution of
the angular modes and the perturbations sourced by them. Nonetheless, the
inflection point appears so generically in the IR due to the dilaton profile and
1 changes quite drastically around it. Hence, there is hope that the inflection
point may not be completely destroyed by corrections sourced in the UV. Note
that in the language of [284] (on which the construction of the potentials used
in [295,)296| rests) the UV corrections correspond to non-normalizable modes,
while our potential is sourced by a normalizable mode which is similar to the
anti-D3-brane at the tip in [272]. This is why [495] suggested to use the baryonic
branch instead of an anti-D3-brane at the tip. A detailed investigation of this
issue is beyond our present scope and we leave it for the future. Let us now
comment about the dual field theory interpretation of the backgrounds we
considered here.
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14.4 Dual Field Theory Interpretation

The dual field theory analysis for all the backgrounds is usually done using the
Klebanov-Witten solution [394], whose UV is AdS; x T, as an approximation
since the Klebanov-Strassler solutions all have a UV which is AdSs x T%! up
to a logarithmic factor. The KK-reduction of type IIB on AdSs x T! is known
explicitly [401,/402| and thus one knows the dimensions of the dual operators
(see also [385] for a summary).

A probe D3-brane moving in a warped throat background dual to the
baryonic branch of KS corresponds to a meson in the dual field theory [495]. In
a full-fledged flux compactification, which contains the baryonic branch of KS
as an approximate description of some region, the U(1)z symmetry is expected
to become gauged [493] and may acquire a non-zero Fayet-Iliopoulos (FI) term]
& # 0. This Fl-term would then force the VEV of the dimension-2 operator
(U) ~ 1/cy to a non-zero value and thus also ¢, as in [495].

The backgrounds of [137] which we studied above have in addition to the
dimension-2 VEV also a VEV for a dimension-6 operator. For a thorough
discussion of the dual field theory interpretation we refer to [137], in particular
section 3 (see also [495,513|). Here we will be rather brief and first start to
collect a few important points.

The ‘rotation’ with fine-tuned ky = e~®(*) corresponds to switching off a

dimension-8 source (in a somewhat subtle way) and thereby yields a healthy
UV completion of the wrapped D5-brane system by turning it into a quiver
gauge theory as in KS with the correct field content to cancel the dimension-8
operator.

The dimension-6 VEV affects the IR but leaves the UV unaffected. From
the viewpoint of the geometry, it introduces a second scale p, — the dimension-
6 VEV is controlled by c_/c% [137], which is oc e, cf. Eq. (14.30). Since
the backgrounds are asymptotically KS, the dual gauge theory is a quiver
theory which undergoes a cascade of Seiberg dualities. However, the cascade
does not last until the end. At a scale determined by p,, the cascade of Seiberg
dualities stops and the gauge group gets higgsed by a non-trivial VEV, SU (N, .+
M) x SU(N.) — SU(N,.) with M = gN,. Below this scale, the effective field
theory with gauge group SU(N,) is dual to the wrapped D5-brane system. The
higgsing replaces the last steps of the cascade, which is also indicated by the
fact that By, Hs and Fj are strongly suppressed relative to F3 below p, in the
ten-dimensional backgroundﬂ Consequently, using the standard logic of the

10Recently, it has been shown that a constant FI cannot be consistently coupled to su-
pergravity. However, Fayet-Iliopoulos terms arising in string theory are typically moduli-
dependent, see for instance [210,/520-523| for some discussions of D-terms from string theory
and their consequences e. g. for moduli stabilization.

HTn this sense, these supergravity backgrounds may be interpreted as interpolating be-
tween the KS and the wrapped D5-brane system.
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gauge/gravity correspondence, the dual gauge theory is in a Higgsed phase and
the Higgs VEV is controlled by the dimension-6 operator.

Due to the dimension-6 operator, the dual gauge theory shows a ‘walking’
behaviour below the scale corresponding to py, i. e. there is a range of scales
where it almost does not run. One phenomenological application of these back-
grounds (besides that to inflation which we discuss here) would therefore be to
describe strongly-coupled versions of electroweak symmetry breaking such as
walking technicolor [16{{18]| or extended technicolor [19,20] (see e. g. |21}22]).

Let us now try to see if we can understand /interpret the existence of the
inflection point from a field theory point of view. In the dual supergravity
background, it was related to the particular shape of the dilaton profile. The
dilaton @ starts out constant in the IR, then grows but stabilizes again at a
scale p, and becomes practically constant in the UV.

Geometrically, this is related to the following. Let us consider the situation
before the rotation. The position of the inflection point is related to p.. It
signals the region in which throat starts to unwarp and the space becomes
flat space. From the IR until p,, the force on a moving D3 keeps increasing
since the cumulative effects of the F3 fluxes continue to warp the geometry
(recall that Vp3 oc h~! — Cy). After p,, however, the fluxes become too weak
to warp the geometry significantly and the magnitude of the force on the D3
starts decreasing. But note that the force is always positive, only its magnitude
starts to decrease. The inflection point around which we are doing inflation is
at p,. In the dual field theory, this corresponds to the presence of the irrelevant
dimension-8 operator which starts to control the dynamics towards the UV.

The dimension-8 operator is the reason why the dilaton stabilizes in the
UV. Its effect is to “recouple” gravity to the system. Consider the warp factor
sourced by a stack of D3-brane,

R4
h=1+—7. (14.95)

For a solution which in the deep IR this solution is AdSs x S°® and in the far
UV it is flat space, the “1” represents a dimension-8 operator in the Lagrangian
— namely F%. In the case of the D5’s it is also a dimension-8 operator which
brings the geometry back to flat space in the UV.

After the rotation, the interpretation remains more or less similar. What
is changing is that now the effect of the new Fj fluxes prevent the geometry
from unwarping completely (i. e. to open up into flat space in the UV). The
geometry starts to open up around p, where both the dilaton and the warp
factor (after the rotation with ry = e~®(°)) change their profile. But at this
point the D3 Maxwell charge turning on rather abruptly at p. acts such that
it decouples gravity in the UV and warps back the throat. Nevertheless, the
inflection point for the dilaton remains and we can use it do to inflation.

Note that the origin of the inflection point is not related to the presence
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of the VEV for the dimension-6 operator and thus will be present in all back-
grounds belonging to the baryonic branch.

In the dual field theory, what happens is that the dimension-8 operator
which is starting to take over at the energy scale corresponding to p, is tamed by
the VEV of the dimension-2 operator. That is, its coupling is controlled by the
VEV of the dimension-2 operator. A very nice analogy of this effect to the UV
completion of the Fermi theory (or more precisely its generalization including
SU(3) x U(1) interactions), which has higher-order operators suppressed by
My, from integrating out the W-bosons, was given in |137]. In this situation,
the couplings of these higher-order operators, i. e. My, are controlled by the
VEV of the Higgs.

In other words, to switch of the dimension-8 operator in the UV, we intro-
duce a large number of D3-branes. This can be seen from the Maxwell charge
growing like Q)ps ~ log p in the UV while Q)ps = N.. Hence, the system be-
comes dominated by D3-branes in the UV which implies a constant dilaton
and a space which is almost asymptotically AdSs.

14.5 Summary and Discussion

Let us summarize what we have found in this part. We have considered warped
D3-brane inflation in a class of recently constructed supergravity backgrounds
which are dual to a walking gauge theory [137]. These backgrounds are a mod-
ification of the baryonic branch whose application to inflation was first studied
in [495], but focused on the UV region. Here, we considered the IR regime. The
difference between the original Klebanov-Strassler solution [135] and its bary-
onic branch [136] is encoded in the VEV of a dimension-2 operator & which
controls the resolution of the conifold singularity. In our notation, the VEV is
controlled by a parameter c, related to U as (U) ~ 1/c,. Hence, for ¢, — oo
one recovers the KS solution. However, for any finite value of ¢, , a D3-brane
in this background breaks supersymmetry (see Eq. (15.3) of [495] for a nice
check of this by computing the Killing spinors in 10d). A finite value for ¢,
is assumed to be due to the presence of a Fayet-Iliopoulos term for the U(1)g
symmetry, which is expected to become gauged once the throat is glued into
a compact space [493]. Our backgrounds are a deformation of both KS and its
baryonic branch in the IR due to the presence of the VEV of a dimension-6
operator. This operator generates us a new scale p,.

To construct the supergravity backgrounds, we used a formalism using a
master equation and a solution generating technique called ‘rotation’;, which
we reviewed in Secs. [13.2] and [13.3] respectively. This formalism describes a
much broader class of solutions which includes the one we discussed and the
baryonic branch of KS. We have picked the solution of [137] as a case study
to investigate inflation in the IR region in Sec. [[4.2] Using a combination
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of analytic expansions and numerical solutions, we arrived at the following
qualitative picture (see Sec. [14.3)).

The potential generically has an inflection point which is related to a par-
ticular feature of the dilaton potential. Namely, that it starts out constant,
then starts to grow until some value of the radial coordinate p ~ p,, where
it stabilizes again to a constant. We provided both numerical evidence and
an analytic argument why this statement is correct. This is interesting since

this inflection point does not arise by chance but is instead at a geometrically
defined position, cf. Sec. [[4.2.5

Interestingly, the quantities of interest for inflation obey a universal scaling
behaviour in the limit of large-c, , which we derived analytically in three differ-
ent limits in Secs. [14.2.9] [14.2.3] and [T4.2.4] and verified numerically to be valid
on the entire throat (cf. Sec. . Geometrically, the limit of large-c, corre-
sponds to pushing the background close to KS. We have exploited this scaling
behaviour in Sec. to study the inflationary phenomenology implied by the
presence of the contribution to the potential we have studied. This serves as
an illustration how one can derive predictions for inflationary observables and
we found reasonable values.

In Sec. we commented on the field theory interpretation of the quali-
tative picture. The dilaton profile relevant for the inflection point is before the
rotation related to the presence of a dimension-8 operator. After the rotation,
where the dimension-8 operator is adiabatically switched off, the picture nev-
ertheless stays the same since in this process we induce a large number of D3
charge which dominates the UV and ensures a healthy UV completion [137].

Note that despite the rather nice numbers we presented as an illustrative
example, the above should be viewed as a first step. To derive reliable pre-
dictions, especially for 7, a more sophisticated analysis is necessary. This pre-
sumably requires to extend the analysis of the structure of the potential [284]
and its phenomenological consequences [295,296|, which made use of the limit
pIrR < 1 < puyy to describe inflation in this “near UV” regime and included the
evolution of the angular modes. In contrast, we are interested in inflation in
the IR of the baryonic branch (for previous work on brane inflation at the tip
of the KS solution see e. g. [292]). However, since 1 changes quite drastically
around the inflection point, we have hope that the inflection point will not be
completely destroyed by adding UV corrections. Thus, it can serve as a starting
point for trying to find viable models in an expansion around this inflection
point and we do not have to rely on an inflection point arising by chance.
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CHAPTER 15

Conclusions and Outlook

We have now reached the end of this thesis and it is time to wrap up. In the
following, we will briefly recall the important results obtained in Parts [[II] and
[[V] and provide an outlook on further directions of research.

The aims of this dissertation were to explore new approaches to address the
problems discussed in Chap. 2] and to realize inflation in the matter sector. To
gain new insights, we employed both a bottom-up and a top-down approach.
Let us now go through the results of our different approaches one by one.
For more complete summaries and detailed discussions confer the individual
summary sections at the end of the appropriate chapters — for Part [[T]] see

Secs. [10.5], [T1.5 and [12.5] and for Part [[V] see Sec. [14.5]

Combining Low-Energy SUSY and High-Scale Inflation

The first problem we have addressed was related to moduli destabilization in
a KKLT-type framework by the presence of an inflationary sector. Avoiding
moduli destabilization then puts an upper bound on the Hubble scale during
inflation in terms of todays gravitino mass, Hins < mg‘;gay. We studied a 4d
effective supergravity model to cope with this problem in a novel way.

We have proposed a general scenario where low-energy supersymmetry and
high-scale inflation can be accommodated simultaneously in Chap. The
idea is to stabilize the modulus during and after inflation by two different
mechanisms. In this way, we evade the upper bound on Hj,s since the scale
for moduli stabilization is now set by H;, itself and no longer by mg}gay. To
avoid an overshooting problem at the end of inflation, we have to tune some
coefficients to ensure that the minima during and after inflation are not too

far apart.

We have illustrated that our general idea works in two explicit examples.
In both cases, we modelled the inflationary sector by a simple toy model, shift
symmetric F-term chaotic inflation. After inflation, the modulus is stabilized
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by a superpotential contribution Wy0q(T), e.g. of the KKLT-type. But we
have shown that even for general Wy,0q(7") the corrections to the inflationary
observables are small. Both the spectral index n, and the tensor-to-scalar ratio
r receive only corrections which are schematically of the form

2 Fr 2 ms/2 ?
s l=—— 1 O e ) )
" N, ( i ((FX) ( Fx
8 Fr\’ mg/o ?
=—\|1+0| (= —= .
' Ne( i ((FX) ’(FX
These corrections are negligible when we have high-scale inflation and low-
energy supersymmetry breaking, 4. e. when Frp,mg/, < Fx. Thus, we recover
the standard predictions of chaotic inflation: for N, &~ 60 one finds n, ~ —0.97

and r =~ 0.13, which are consistent with the constraint from the WMAP-7yr
data, cf. Tab. 3.2

(15.1)

Outlook

Despite the nice phenomenological picture for inflation we have obtained, there
are some open questions left. Let us point out some interesting directions for
future research.

An interesting aspect which deserves further investigations is to quantify
the tuning required to avoid an overshooting of the modulus after inflation. One
may also imagine to modify our setup somewhat to embed a dynamical mech-
anism which smoothly transfers the modulus from its inflationary minimum to
its post-inflationary minimum.

It is also worthwhile to study the non-thermal history which emerges from
our scenario. Typically, the modulus T is the lightest field and oscillates the
longest. Thus, the reheating of the visible sector and the subsequent cosmo-
logical history are typically determined by the decays of the modulus and not
by decays of the inflaton. This should allow us to constrain some parameters
of the model e. g. by demanding successful BBN or generating enough baryon
asymmetry.

Since our model is strictly speaking string-inspired but not string-derived,
it is certainly interesting to find a string theory realization of our scenario.
This is particularly interesting for models of large-field inflation due to their
enhanced sensitivity to the physics of moduli stabilization.

It would also be nice to demonstrate explicitly that our approach works
for hybrid models of inflation as well. There are good indications that this is
possible. That is, the suppression of corrections to the inflationary observables
seems to rely only on the hierarchy Fr,ms/, < Fx and not on the fact that
we used a large-field chaotic inflation model.
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Matter Inflation in Supergravity

Let us now move on to one of the guiding themes of this thesis — the phenomeno-
logically motivated framework for supergravity models of inflation which we
have termed matter inflation.

We have constructed a fairly general class of supergravity models which
describe matter inflation in Chap. [[I] Our starting point were the models
discussed in [297|, which feature a tribrid structure in the superpotential [227,
228,1351]. Unlike the standard F-term hybrid inflation model [218-220], they
allow a solution to the n-problem with a specific form of the Kéhler potential
enforced by a symmetry [38].

In matter inflation models, where the inflaton resides in gauge non-singlet
matter fields, one generates the inflaton-dependent mass term for the water fall
fields by non-renormalizable terms, as e. g. in sneutrino hybrid inflation [221].
A Heisenberg symmetry protects the inflaton since a shift symmetry cannot be
used for gauge non-singlets. We have generalized the models of [297] with some
inspiration from string theory. In particular, we replaced all constant couplings
in the superpotential by functions of a set of moduli 7; and generate the scale
of the F-term driving inflation dynamically. All fields except the inflaton can
be stabilized with masses of at least m = Hi,r and one of the T; is stabilized
by essentially the same mechanism we used in Chap. [10[to combine low-energy
SUSY and high-scale inflation.

We discussed the sources for generating a small slope both at tree-level and
loop-level. Assuming possible tree-level corrections to be parametrically small,
the loop corrections dominate the inflationary predictions. This is the case if
the sector responsible for moduli stabilization during inflation does not break
the Heisenberg symmetry strongly. Then generically the loop corrections from
the gauge fields are negligible and the loop corrections from the waterfall fields
dominate such that the inflationary phenomenology is expected to be similar to
[297]. If, however, there are large tree-level corrections, e. g. corrections induced
by moduli stabilization, one may still find viable inflationary models due to
cancellations between various terms. The phenomenology is then presumably
similar to inflection point inflation.

Towards Matter Inflation in Heterotic Orbifolds

One of the main motivations for the generalization of the models of [297] con-
sidered in Chap. [L1| was to study the conditions under which models of matter
inflation can be embedded into heterotic orbifolds in Chap. As we explained
in Sec. this is important since quantum gravity corrections may spoil an
effective field theory solution to the n-problem.

Heterotic orbifolds constitute an interesting playground to search for mat-
ter inflation models. First, they feature a Heisenberg symmetry for a certain
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class of matter fields. Second, the structure of their matter superpotential
makes it plausible that a tribrid structure can arise, e.g. after other fields
acquire suitable VEVs. Third, MSSM-like models have been found [177-H182,
415-417,1427,524). Moreover, the moduli potentials in heterotic orbifolds are
often too steep to allow for slow-roll inflation and thus looking for inflation in
the matter sector seems attractive.

We proposed a new way to stabilize the modulus associated to the inflaton,
which is a string-inspired version of the mechanism used in Chap. (albeit
in a somewhat different context). We suggest an ansatz for the form of the
string-loop corrections to the Kéhler metric of the driving field X living in an
N = 2 twisted sector in the background of non-trivial untwisted matter fields.
This ansatz allows us to parametrize a possible breaking of the Heisenberg
symmetry due to moduli stabilization. The dilaton is stabilized entirely by non-
perturbative corrections to the Kéhler potential as in [464] since the gaugino
condensates are typically negligible during inflation.

We used our ansatz for the parametrization of the Heisenberg symmetry
breaking effects by moduli stabilization via the string-loop corrections. The
inflationary phenomenology depends on whether or not these loop corrections
respect the Heisenberg to a sufficient amount. In any case, our parametrization
of the breaking effects allows for a systematic investigation of the phenomenol-
ogy in 4d effective supergravity.

Outlook

Our present work is a first step towards realizing inflation in the matter sector
of heterotic orbifold compactifications. Hence, it is of course very interesting
to find explicit realization of the our scenario. Moreover, one can then check if
there is an overlap with models which yield a MSSM-like spectrum.

The new way to stabilize one of the Kahler moduli by the F-term of a matter
field and its Kéahler metric might be relevant also for moduli stabilization in
heterotic orbifolds, independently of the issue of inflation. For instance, in [166]
a non-zero matter F-term provides an uplifting contribution.

From the phenomenological point of view, it is interesting to explore the
parameter space of our matter inflation models in more detail. Especially, by
systematically searching for regions where cancellations between various terms
yield a small inflaton slope. Moreover, we typically have a couple of fields
with masses around H so it would be nice to explore their phenomenological
implications along the lines of [245].
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Slow-Walking Inflation

In the second part of this thesis, we considered a genuine top-down approach
and considered warped D3-brane inflation in a class of supergravity back-
grounds dual to a walking gauge theory [137]. These backgrounds are inter-
esting for applications of gauge/gravity duality to beyond the standard model
physics (see e. g. [21,22]).

The backgrounds we considered are deformations of the baryonic branch
[136] of the Klebanov-Strassler throat [135]. They feature a non-trivial dilaton
profile which induces a potential for a probe D3-brane. We studied the impli-
cations of this potential for brane inflation in the IR region, where the walking
backgrounds deviate from both KS and its baryonic branch.

We found that there is generically an inflection point whose position is
determined geometrically in terms of the dilaton profile. Around this inflec-
tion point, n changes sign and its magnitude varies quite strongly. Exploiting a
universal scaling behaviour of the quantities of interest, we explained a way to
make semi-analytical predictions. That is, we use the analytically derived scal-
ing behaviour and a numerical solution to extract the required information. We
demonstrated this procedure for an illustrative example for which we found rea-
sonable values for n, and r. The particular feature of the dilaton profile, which
causes the inflection point to appear so generically, can be understood also from
the point of view of the dual field theory using the AdS/CFT-correspondence.

A nice but crude physics analogy Finally, let us mention a physics analogy
for the D3-brane force. Moving from the IR to the UV, it grows, reaches a
maximum and then decreases. This behaviour is qualitatively similar to the
force exerted on a probe charge by a uniformly charged sphere. There the
force grows as r inside the charged sphere, but outside it drops as r=2. The
inflection point is then at the surface of the sphere where the solutions inside
and outside have to be matched. A smooth transition as in the probe D3 case
would correspond to a “fuzzy” spherical charge distribution.

Outlook

Even though we find that the potential induced by the non-trivial dilaton profile
yields a nice phenomenology, the study presented above is a first step. Namely,
one expects important corrections from bulk moduli stabilization which are
particularly important for the value of 77 and thus the spectral index n,. Hence,
it would be interesting to extend the analysis of the structure of the potential
for the regime rig < r < pyy which was completed in [284] to our case where
inflation takes place in the IR. The phenomenological consequences then should
be explored as in [295,[296] by sampling over the a priori unknown coefficients
of the perturbations sourced in the UV. Since 7 changes quite strongly around
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the inflection point, we may expect that it will not be completely destroyed by
adding corrections in the UV. Thus, our geometrically defined inflection point
can serve as a starting point for a search for viable models in a systematic
expansion around our setup.

D-brane inflation may also take place at very high velocities for the inflation
due to the so-called DBI effect [301,302|, which is related to the particular
form of the kinetic term for the D-branes. It would certainly be interesting to
explore the possibilities for DBI inflation in our scenario. Moreover, including
the angular modes may also lead to interesting effects.

Another interesting research direction would be to explore reheating after
inflation in such a setup.

To conclude, we have explored some novel ideas to address inflation and its
related problems both from the point of view of effective supergravity theories
and from a string theory perspective. They are a step in the right direction
and deserve further investigations.
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CHAPTER A

Notations & Conventions

Metric Conventions

Throughout this work, we will use the “mostly minus” convention for the metric,

1. e. the flat 4d Minkowski space metric is given by

-1 0 0 0

10 100
Nuw = 0o 01 0]l°

0 0 01

and all other metrics g, considered have the same signature.

Spinor Conventions
The matrices o,, are defined as
Om = (]]-7 O_:) )

with indices (0,,),,. The convention for the Pauli matrices are

o (-1 0 . (01
0_<0 1) 2~ o
, (0 —i 5 (10
U_(z' 0)"’_0—1'

such that

(A.2)

(A.3)
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The matrices o™, 6" satisfy

Tr(o™a") = —2n™" | (A.6)
and , .
oM g = —26P57 (A7)

Unit Conventions
We work in natural units where

h=1, and c=1. (A.8)
We use the reduced Planck-mass (in 4d)

s 1
P_8’71'Gr1N7

(A.9)

where Gy is the Newton constant and we conveniently set it equal to 1 unless
stated explicitly otherwise.



CHAPTER B

Actions for Dp-branes

The action of a probe Dp-brane is given by the sum of the Dirac-Born-Infeld
(DBI) and Wess-Zumino (WZ) (or Chern-Simons (CS)) actions. Sppr encodes
the couplings to the metric, the dilaton and the NS 2-form, while Swz encodes
the couplings to the RR p-forms under which the branes are charged.

In string frame, the DBI and WZ actions of a Dp-brane are given by

Sppr = — T, / dPT¢ e/ —det (Gup + Bap + 210/ Fp) (B.1)
Wh+1
and]
Swz = Hyp Z / C, A 2 F+B (B.2)
T Wpi1

respectively. Here, G, and B,, denote the metric and 2-form induced on the
brane, respectively. ¢ is the dilaton and F is the field strength of the world-
volume gauge theory. C; are the RR ¢-forms, while 7, and p,, are the tension
and charge of the Dp-brane, respectively. They are given by

T, = || = 27) P/~ . (B.3)
The sign of p, depends on whether we are considering a Dp- or an anti-Dp-
brane. In our conventions, the sign is positive for a Dp-brane.

Throughout this thesis, we will consider only vanishing background values
for the worldvolume field strength F. Then the action of a Dp-brane simplifies
somewhat to

'SDp = —Tp / dp+1fef¢\/— det (Gab + Bab> + Hp / Cp+1 . (B4)
Wpia Wpt1

Tn general, there are also couplings to curvature, see e. g. [49.50./103,(104], but we neglect
those here since they arise at higher orders in the o/-expansion.
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